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1. Summary/Zusammenfassung

1.1 Summary

Heterosis is the phenomenon that heterozygous Fi-hybrids outperform their distinct
homozygous parental inbred lines for many agronomically important traits. Despite its
economic importance and utilization for alomst 100 years, the molecular mechanisms
underlying heterosis are not fully understood. It has been demonstrated that genes with
expression differences between parents and their hybrid progeny are involved in heterosis.
However, quantitative associations between gene expression differences and heterosis are
scarce, and the regulation of these differences is not yet established. This thesis aimed to close
these knowledge gaps and advance the molecular understanding of heterosis. We analyzed
112 lines of the intermated B73xMo17 recombinant inbred line (IBM-RIL) population of maize
and their backcrosses to B73 and Mol17. These backcross hybrids contain heterozygous and
homozygous genomic regions and allow for the identification of genomic locations regulating
specific gene expression patterns.

In chapter 3 of this thesis we investigated single parent expression (SPE). These genes, which
are active in only one of the parents and in the hybrid, explained up to 29% of the heterotic
variance in the backcross hybrids. This pattern of expression complementation in hybrids is
consistent with the dominance model of heterosis. Moreover, expression quantitative loci
(eQTL), regulating SPE genes are predominantly located in heterozygous regions of the
genome, highlighting the importance of the genomic architecture of regulatory elements for
gene expression. As a consequence, heterozygosity leads to a higher number of active genes
in the backcross hybrids by SPE complementation. Finally, we identified an SPE gene that
regulates lateral root density in hybrids. Notably, the activity of this gene depends on the
presence of a Mol7 allele in the eQTL that regulates it. This highlights the pivotal role of
distantly located regulatory elements for the activity of heterosis-associated genes.

In chapter 4 we analyzed non-additive gene expression, a pattern in which genes in the hybrid
are expressed significantly different from the average of the two parents. In most instances,
these genes exceeded the mean of the parental expression. Non-additive gene expression
explained up to 27% of the heterotic variance. Consistent with our observation for SPE genes,
complementation of non-additive genes is consistent with the dominance model and is
regulated almost exclusively by eQTL in heterozygous genomic regions. Moreover, regulation
of non-additively expressed genes depends on the genetic origin of the higher expressed
parent.

In summary, gene expression complementation contributes substantially to heterosis, likely by
increasing the number of active genes by SPE or by higher expression levels of non-additive
genes in the hybrids. Heterozygosity and the genetic architecture of hybrids might be aspects
of how genetic variation is translated into vigorous hybrids via the regulation of heterosis-
associated gene expression patterns.



Chapter 1: Summary/Zusammenfassung

1.2 Zusammenfassung

Heterosis beschreibt das Ph&nomen, dass heterozygote Fi-Hybriden in vielen
landwirtschaftlich wichtigen Merkmalen ihren homozygoten Elterninzuchtlinien Gberlegen sind.
Trotz der wirtschaftlichen Bedeutung und Nutzung von Heterosis seit tiber 100 Jahren sind die
zugrunde liegenden molekularen Mechanismen nicht vollstandig geklart. Gene mit
unterschiedlicher Expression zwischen Eltern und Hybrid, stehen vermutlich im
Zusammenhang mit Heterosis. Es gibt jedoch nur wenige Studien Uber die quantitativen
Zusammenhange zwischen Expressionsunterschieden und Heterosis, und die Regulation
dieser Unterschiede ist unklar. Ziel dieser Arbeit war es, diese Wissensliicken zu schliel3en
und das molekulare Verstandnis von Heterosis zu verbessern. Wir analysierten dazu 112
Maislinien der rekombinanten B73xMol7 Inzuchtpopulation (IBM-RIL) und deren
Ruckkreuzungen mit B73 und Mol7. Diese Ruckkreuzungshybride bestehen aus
heterozygoten und homozygoten Regionen und ermdglichen die Identifizierung von
genomischen Positionen, die spezifische Genexpressionsmuster regulieren.

In Kapitel 3 dieser Arbeit untersuchten wir ,single parent expression“ (SPE) Gene. Diese Gene,
die nur in einem der Elternteile und im Hybrid aktiv sind, erklarten bis zu 29% der heterotischen
Varianz in den Rickkreuzungshybriden. Die Komplementierung der Expression in Hybriden
durch SPE steht im Einklang mit dem Dominanzmodell der Heterosis. Dariliber hinaus befinden
sich die ,expression quantitative trait loci“ (eQTL), die genomischen Positionen, die SPE-Gene
regulieren, Uberwiegend in heterozygoten Regionen des Genoms. Dies unterstreicht, wie
wichtig die genomische Architektur der regulatorischen Elemente fur die Genexpression ist.
Folglich fuhrt die Heterozygotie zu einer hoheren Anzahl aktiver Gene in den
Ruckkreuzungshybriden durch SPE-Komplementierung. Schlie3lich haben wir ein SPE-Gen
identifiziert, das die Seitenwurzeldichte in Hybriden reguliert. Bemerkenswert ist, dass dieses
Gen nur aktiv ist, wenn ein Mol7-Allel im regulierenden eQTL vorliegt. Wir konnten somit
zeigen, wie zentral die Rolle von weit entfernten regulatorischen Elementen fur die Aktivitat
von Heterosis-assoziierten Genen ist.

In Kapitel 4 analysierten wir die nicht-additive Genexpression. Dises Muster liegt vor, wenn
sich die Expression eines Gens im Hybrid signifikant vom Durchschnitt der Eltern unterscheidet.
In den meisten Féllen liegt die Expression diese Gene Uber dem Mittelwert der elterlichen
Expression. Die nicht-additive Genexpression erklarte bis zu 27% der heterotischen Varianz.
In Ubereinstimmung mit unseren Beobachtungen bei den SPE-Genen ist die
Komplementierung nicht-additiver Gene mit dem Dominanzmodell konsistent. Sie wird
ebenfalls fast ausschlie3lich durch eQTL in heterozygoten genomischen Regionen reguliert.
DarlUber hinaus héangt die Regulation nicht-additiver Gene von der genetischen Herkunft des
Elternteils mit héherer Expression ab.

Zusammenfassend tragt die Komplementierung der Genexpression wesentlich zur Heterosis
bei. Wahrscheinlich durch eine Erhéhung der Anzahl aktiver Gene durch SPE sowie durch
hohere Expression der nicht-additiven Gene in den Hybriden. Die Heterozygotie und die
genetische Architektur von Hybriden kdnnten Aspekte davon sein, wie genetische Variation
Uber die Regulation von Heterosis-assoziierten Genexpressionsmustern in leistungsfahige
Hybride umgesetzt wird.



2. Introduction

2.1 Maize — a versatile component of global agri-food systems

Maize (Zea mays L.) is a versatile component of the global agri-food system and one of the
most important staple cereals, reaching a global production of 1,163 million tons in 20221.
Together, the three major staple cereals, maize, rice and wheat, provide an estimated 42% of
the global human calorie consumption?2. Global maize production has increased by 46% since
20104 due to multiple uses including animal feed and increasing industrial uses such as

biofuels.

The concentration on a few crops, such as maize leads to shorter crop rotations. In
combination with high input of fertilizers, this leads to vulnerability of the agricultural system>®.
At the same time, maize is particularly resistant to the effects of climate change. It has relatively
low sensitivity to early summer drought and high yield stability®. Due to C4 carbon fixation,
maize has one of the most favorable water footprints relative to the nutritional energy (0.41 L
of water/kcal) among crops’. In addition, diversity in photoperiod sensitivity® allowed maize,
originally a short-day plant, to thrive under continental long-day conditions. As a consequence,
maize is now grown on a geographically wider range than any other important crop®. Maize is
also used for various products. It is primarily used as animal feed (56%), followed by non-
food/industrial use (20%) and food (13%). Regional differences regarding these preferences
range from 66% of maize used for food in southern and eastern Africa to 76% animal feed in
Europe?. With increasing economic development in the Global South, this usage is expected

to increase even further?.

2.2 Plant description — What made maize a model organism

Maize originates from southern Mexico, where it was domesticated from its wild ancestor
teosinte (ssp. Parviglumis) around 9.000 years ago™®. It is an annual monocotyledonous crop
of the Poaceae family, also known as grasses!!. In addition to the outstanding economic
importance, several morphological and genetic aspects of maize made it an ideal model
organism for biological studies??. The tall grass shows monoecious floral development, where
female and male flowers are physically separated*?. The male germ cells are produced in the
tassel that develops at the top of the stem. The female germ cells form in one or more ears,
which develop at the base of leaves around the middle of the stem, five to six nodes below the
tassel'>!3. This characteristic allows for controlled pollinations, which is essential for genetic
experiments. Controlled pollinations also facilitated the development of hybrids, which largely
contributed to the agricultural success of maize®!4. The ear structure, with many large seeds

in rows, enables discoveries in connection with kernel colour, like the discovery of jumping
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Chapter 2: Introduction

genes or transposons®. This discovery paved the way for the development of a large range of
populations with induced transposon mutations for gene analyses!®-!8, For studying the genetic
basis of quantitative traits, a range of mapping populations exists!®%L. In addition, the
relatedness between the grasses and the resulting collinearity is exploited in evolutionary
studies®® and to infer knowledge on orthologous genes. Due to all these aspects, maize has
remained a model organism with diverse research applications. Today it ranges from
methodological research on genome editing with CRISPR/Cas9 and genomic selection to

foundational research on maize morphology and stress resistance?.

2.3 Maize roots

The maize root system is responsible for nutrient and water uptake as well as stable anchorage
in the soil. All of these functions are important to meet global agricultural challenges??4. The
root system of maize is defined by early embryonic roots (primary and seminal) (Figure 1.1)
and later post-embryonic (crown, brace, lateral) roots?. Initially, the primary root develops at
the basal pole of the embryo, followed by the initiation of seminal roots that develop at the root-
shoot junction, known as the .
scrutellar node (Figure 1.1). .f

About two weeks after

Scrutellar ;

germination, crown roots

initiate at belowground shoot /) a

nodes and form the post- /| fj }
embryonic root system together / ,

with brace roots that initiate at & J Lateral
aboveground shoot nodes. “ Tt
Lateral roots develop on all root
types of the embryonic and
post-embryonic root
system?-28, The embryonic root
system establishes early Figure 1.1: Root types of a 7-day-
seedling vigour. In mature " old maize seedling.

maize at flowering, the root system predominantly consists of shoot borne roots that provide
enhanced lodging resistance and take up nutrients and water?>?’. In the embryonic root system,
lateral roots absorb the majority of water, while primary and seminal roots mainly transport the
absorbed water to the shoot?®. Upon maturation, the majority of water uptake switches to the
crown roots and their laterals®®. Efforts have been made to understand and adapt the root
system to agricultural challenges?24. The early root system reacts to environmental cues and

is especially important for drought adaptation. Upon water deficit, there is an integrative and
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Chapter 2: Introduction

coordinated response of all root types, characterized by rapid changes in hydraulic
conductance and high plasticity to resume growth under normalized conditions®!. Natural
variation towards water as well as nutrient acquisition has been utilized to identify genetic
features associated with beneficial traits, that can be used for breeding improvements?’. It has
been shown that reducing the number of seminal roots in favour of increasing the lateral root
density can help the embryonic root system in drought adaptation32. Recently, also interactions

between the plant and the microbiome have gained increasing recognition®,.

2.4 Heterosis — a transformative phenomenon

The development of hybrids largely contributed to the agricultural success of maize®!*. The
underlying phenomenon is called heterosis. It describes the observation that Fi-hybrid
offspring of two distinct inbred parental lines outperform the parental average in agronomically
important traits3+%. Heterosis is often investigated in above ground traits, such as yield,
biomass and disease resistance*® and can also be measured in plant height or cob size®’.
Typical quantifications of heterosis are better-parent heterosis (BPH), referring to the
difference between hybrid and better performing parent and mid-parent heterosis (MPH),
referring to the difference between hybrid and parental average. Many traits can show
substantial heterosis, while the correlation between heterosis for different traits on the same
plant is generally weak®®. The importance of root related traits for overall plant performance
have previously been established. In maize roots, heterosis manifests as early as 5 to 7 days
after germination (DAG) (Figure 1.2). It becomes measurable in terms of a consistent increase
in primary root length and an increase in the number of seminal roots. An average MPH of 51%
was measured for the density of lateral root primordia®® (compare Figure 1.2). Heterosis
influences maize roots also at later developmental stages and is especially prominent under
water stress*®4l. Other crops, such as wheat and rice benefit from heterosis in root related

traits as well*244,

While the seed of inbred lines can be saved by farmers and planted with a comparably stable
phenotype across generations, this is not the case for hybrid seed. Self-fertilization of fully
heterozygous hybrids results in recombination and an average loss of 50% heterozygosity in
each generation, leading to genetically diverse plants with generally lower yields*>e.
Therefore, hybrid seed must be produced each season by crossing the distinct parents. This
way, hybrids provide a form of indirect biological intellectual property*” and thereby pose an
incentive for increased private sector involvement in seed production on markets with no plant

variety protection, as in many Sub-Saharan African countries*4°,

Largely due to the yield and performance advantage, hybrid maize has been adopted in many

areas globally®. Since the 1930, when most breeders introduced hybrid varieties, grain yields
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Chapter 2: Introduction

of maize increased more than six-fold (reviewed in'#3751), Hybrid breeding in rice increased
food security in China, where the average vyield increased by 47% within 15 years of hybrid
introduction®2. The adoption of hybrid canola in Canada indicates that famers deem the

advantages of hybrid seed worth the extra cost>® and decrease in independence.

Parent 1 Reciprocal F,-Hybrids Parent 2

1cm

Figure 1.2: Heterosis during early seedling root system development. Root scans of 7-day-old B73 and Mol7
seedlings and their reciprocal hybrids.

Nevertheless, the yield increases in maize and rice were accompanied by changes in
agricultural practices, often involving mechanization, fertilization and chemical plant
protection'*°2, which can negatively affect the environment. But hybrids also have the potential
of tackling these environmental impacts with their greater yield stability regarding marginal
environments and the possibility to combine dominant genes faster*’. Given the wide range of
agricultural, environmental and socio-economic implications of hybrids, knowledge of the
underlying heterosis phenomenon should be of interest, not only to scientists and breeders,

but decision to makers across various disciplines.

2.5 Evolution of the maize genome

Maize displays an exceptional degree of structural genomic diversity between different
genotypes®, facilitated by the predominantly out-crossing nature!?. For illustration, there are
on average about as many nucleotide polymorphisms between humans and chimpanzees, as
between two maize lines®. This diversity is reflected by the 50 different fully sequenced

reference genomes of distinct maize lines (https://www.maizegdb.org/genome, checked:
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14.01.2025). The first fully sequenced genome of a maize inbred line was B73 in 2009, which
has been updated four times by sequencing and annotation advances®®-°8. The maize genome
is diploid and consists of 10 chromosomes. Compared to other grass species, it is of medium

size (~2.5 Gb), bigger than rice or sorghum, but smaller than those of barley and wheat*2.

Contributing to the complexity of the maize genome is the history of polyploidy events that led
to duplications in the genome. The last whole genome duplication resulted from an
allopolyploid hybridization around 5 million years ago (mya)®®. Preceding this hybridization, the
progenitors of maize split from one another and from sorghum around 12 mya®® (Figure 1.3).
Therefore, the sorghum genome did not undergo the same duplication as maize. After the
hybridization of the two maize progenitors, breakage, fusion and reassembly resulted in the 10
diploid chromosomes of modern maize® (Figure 1.3). Consequently, this genome can be
divided into two subgenomes, Maizel and Maize2, which are each homologous to the entire
genome of sorghum (Figure 1.3). During continuous evolution and purifying selection
frequently only one of the gene copies was retained, with a bias towards the Maizel copy®'2,
Generally, those genes that were retained and are syntenic to sorghum were conserved
through evolution and therefore often have conserved roles in determining phenotype and
fitness®3. In addition, a portion of genes does not have syntenic homologs in sorghum or other

related grass species®.

Sorghum
o —
Common ancestor Maize progenitors [0 Maizel syntenic region
Andropogoneae . . .
|:|_|:H:|\ 0 Maize2 syntenic region
I CHTHH HA R
C HH < 7 0 Non-syntenic region
. HCH Maize
| |
~11.9 mya ~ 4.8 mya

Figure 1.3: Schematic depiction of maize and sorghum synteny. Genomic regions are depicted as boxes. Maize
progenitors and sorghum separated ca. 11.9 million years ago (mya). The hybridization of two maize progenitors
resulted in the modern maize genome with duplicated genomic regions that are syntenic to sorghum and additional
non-syntenic regions.

They were probably transposed by a copy-and-paste mechanism to non-syntenic positions,
after the divergence of maize and sorghum®€3¢4 This process can alter their functionality®.
The non-syntenic genes can be described as evolutionary younger, due to their more recent
history, in contrast to the evolutionary older or conserved syntenic genes®*®. While on a
macro-scale ~15% of maize genomic regions were classified as non-syntenic blocks®, on the
gene level around 1/3 of genes are non-syntenic®*. These non-syntenic genes are
underrepresented among curated genes and less likely to show a mutant phenotype®,

hindering the unambiguous identification of their functions. Nevertheless, non-syntenic genes
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have repeatedly been associated with disease resistance®. Remarkably, while there is little
variation in presence-absence variation (PAV) or transcriptional variation among syntenic
genes between different maize inbred lines, this is not the case for non-syntenic genes. As
non-syntenic genes were under different evolutionary constraints, they may be a source of
variation regarding agronomic traits®. In further support of this notion, non-syntenic regions

were correlated with the level of heterosis, while syntenic regions were not®’.

2.6 Heterotic groups of the B73xMo17 hybrid and mapping population

Early on, researchers and breeders observed that the phylogenetic distance between parental
lines is positively correlated with heterosis®®. This observation has led to the clustering of
parents into heterotic groups so that they exhibit especially high levels of heterosis when
combined with another heterotic group. There are typical female and typical male heterotic
groups and advantageous combinations of them are called heterotic pattern®®7°. Other crops,
such as rice, also benefit from the classification of parental lines into heterotic groups’ .
Consequently, breeders selected inbred lines not only on their general performance, but also
their combining ability in heterotic patterns. This limits the variability within the heterotic groups
and probably facilitates their conservation’2. A better understanding of the underlying principles

of heterosis might therefore directly influence breeding approaches.

The B73xMo17 hybrid represents the common heterotic pattern of crossing a parent from the
stiff stalk and non-stiff stalk heterotic groups”"*. This hybrid was used commercially in the
1980s and as one of the last hybrids developed in the public sector, became a popular research
hybrid. Today, these genetic resources are still relevant commercially, as large proportions of
contemporary germplasm are descended from B737°76, In addition, B73 and Mo17 are among
the most widely used lines in research'?. There is a high level of variation between B73 and
Mo17, such as single nucleotide polymorphisms (SNPs) and structural variants or PAV. For
example, PAVs of genomic segments longer than 500 Kbp, only present in one of the genomes,

sum up to more than 25 Mbp in total’’.

This variation facilitated the success of the intermated B73xMo17 recombinant inbred line
(IBM-RIL) population*®. Recombinant inbred lines (RILs) are generated by crossing two distinct
homozygous lines, followed by repeated rounds of selfing. This results in a set of homozygous
lines whose genomes are mosaics of the original parents’®. In addition, intermated RILs (I-RILS)
are crossed for several generations before selfing”, generating even denser breakpoints. In
case of the IBM-RIL syn. 4 population, four generations of intercrossing were performed
resulting in ~300 highly homozygous lines with a high degree of variance in phenotypic traits
and genomic regions?®. These RILs or I-RILs can be backcrossed to their original parents to

create backcross populations showing high diversity in heterozygosity and heterosis (chapter
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3). In contrast to backcross populations generated directly from Fi-offspring, RIL backcross
populations are obtained by crossing fully homozygous lines. This means that they can be
regenerated eternally and therefore are often termed immortalized backcross populations®.
The genotypic and phenotypic diversity of RILs and backcross populations can be used to
identify genomic locations that are associated with a phenotypic trait, also called quantitative
trait locus (QTL)®-#2 (Figure 1.4). Additionally, RILs and backcross populations can be used
for candidate gene identification or heterosis studies®, If instead of a phenotypic trait, the
expression of a gene is associated with a genomic location, an expression QTL (eQTL) is
identified® (Figure 1.4). Depending on their distance to the gene of interest, they can be
classified into cis- (in close proximity) or trans-regulating (at a distance, for example on a
different chromosome) (Figure 1.4). In QTL studies, the resolution may not be sufficient to
identify single genes or exact genetic position, but instead regions of several Mbp are identified.
Transcriptome wide association studies (TWAS) directly correlate gene expression values with
phenotypic traits (Figure 1.4). It was shown, that TWAS can successfully complement results

from genomic analyses and identify confirmed candidate genes®.

GWAS/QTL
| QL | |
\OROR 0N M
) cis O Si Qﬁ gﬁ
Genetic marker g Gene *g‘ Xf 2\{
(e.g. SNP) expression & %
* > Phenotype

Chr1 Chr8 Chr1 Expression

Figure 1.4: Whole genome analyses - overview. Genetic markers that are associated with quantitative traits are
identified via Genome Wide Association Studies (GWAS) or as Quantitative Trait Loci (QTL). Genetic features that
regulate gene expression can be identified as expression QTL (eQTL). Those can regulate nearby genes in cis or
at a distance in trans. Genes affecting phenotypic quantitative traits by their expression can be identified via
Transcriptome Wide Association Studies (TWAS), which correlate the expression of a gene with the phenotype.
Adapted from https://BioRender.com/j69i24685.

2.7 Heterosis — explanatory mechanisms

Despite the global success and long-standing exploitation of heterosis, no unifying model
combining all observations in relation to heterosis has been identified®. Nevertheless, during
the last 100 years, several mechanisms have been proposed which evolved with the
technological advancements and general research progress made in molecular biology. The
most important historical mechanisms to explain heterosis are the dominance and

overdominance model together with epistasis®’.

The dominance model assumes that many slightly deleterious alleles are complemented in the

hybrid by dominant or at least stronger alleles®8°. Consequently, it should be theoretically

possible to obtain the same phenotype in an inbred line that combines all the advantageous
9
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alleles in homozygous form. While this is virtually unattainable, substantial progress has been
made in the performance of parental inbred lines. At the same time, no dramatic decline of
heterosis was observed®!. This makes it unlikely that dominance is the sole explanation for
heterosis®’. In the second historical model of overdominance, two different alleles at the same
locus cause heterosis by their interaction in hybrids, which is superior to the interaction of
homozygous alleles in the parental lines®. While there have been single gene evidence
examples for overdominance®:?2, they do not account for the full scale of heterosis and such
observations are rare compared to the occurrence of heterosis. Since current inbred lines
outperform early heterozygous hybrids, overdominance cannot be the sole mechanism
underlying heterosis®. Another concept suggests that, like leaf area is a product of width and
length, genes or effects of genes might interact with each other and thereby further increase

heterosis®, a concept known as epistasis.

Since these early concepts, huge strides have been made in agricultural sciences by the
molecular understanding of genes and their functions. Driven by the observation of progressive
heterosis in polyploids, the gene-balance theory was proposed. The authors suggested that
subunits of regulatory complexes have to be present in the optimal ratio for efficient gene
expression®. A similar effect would be expected for gene products, acting downstream of one
another in a cascade®. Those ratios of gene products would then be most optimal in case of
equal genome numbers in polyploids. On a similar note, a study proposed an additional model,
in which divergent gene expression levels between parents are buffered towards an often
advantageous mid-parental level in the hybrid®. A positive association between this
expression pattern and yield heterosis was found in commercial maize hybrids, supporting this
theory®”. With the advent and ongoing improvement of high-throughput RNA-sequencing,
understanding of the transcriptome was revolutionized®®. It was since established that
hybrids and their parental inbred lines vary in their expression profiles in terms of allele-specific,
differential or non-additive expression®’1%-1% Genes which are expressed at higher or lower
levels in the hybrid than the parental average are called non-additively expressed. Genes with
this expression pattern are specific to the tissue, developmental stage and genotype!©2:105-107,
hindering the establishment of their connection to heterosis. Nevertheless, some general
features emerged. Differential expression and allele-specific expression in hybrids are
probably linked!® and influenced by the parent of origin, with emphasis on,maternal
effects96198109 " Transcriptome studies also revealed single parent expression (SPE)
complementation in hybrids, where a gene that is active in only one of the two parental lines is
also active in the hybrid!®?, This leads to higher numbers of active genes in the hybrid
compared to the parents!®?11° This pattern is in line with the dominance model of heterosis°?.
It was shown, that the number of SPE genes is positively associated with MPH of several
phenotypic traits!'!. Notably, SPE genes were significantly more often non-syntenic than
10
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syntenic, linking them to the adaptability of hybrids to different environments!'?-114, Next to
SPE as a possible source contributing to heterosis, regulatory patterns of gene expression
have gained increasing recognition in relation to heterosis!®. For example, trans-regulation
was associated with paternal dominance in IBM-RIL hybrids implicating strong parental
imprinting of gene expression'’®. In addition to the transcriptome, also epigenetics, the
metabolome and proteome and more recently also the microbiome are studied in associated
with hybrid vigour®116117 ~As mentioned previously, structural variants as well as PAVs,

especially related to non-syntenic regions contribute to heterosis®’.

Generally, researchers agree, that not one explanatory mechanism is responsible for heterosis,
but several aspects contribute together and are not mutually exclusive. On the genetic level, a
wide range of genes that differ between tissue and trait most likely contribute to heterosis of
different traits. A better understanding of this phenomenon is of outstanding economic
importance and might directly influence maize breeding programs.

11
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2.8 Aims of the study

The general objective of this work was to quantify how single parent expression

complementation and non-additive gene expression in maize hybrids contribute to phenotypic

heterosis and how these gene expression patterns are regulated.

Specifically, we tested the following hypotheses:

1.

Non-additively expressed genes and SPE are mainly located in heterozygous regions
of the hybrid genomes and the number of these expression pattern genes is associated
with the degree of heterozygosity in the hybrids.

Substantial proportions of phenotypic heterotic variance can be attributed to SPE
complementation and non-additively expressed genes.

Closely as well as distantly located expression QTL regulate gene expression patterns
that contribute to hybrid vigour.

The parental genetic origin of expression pattern genes is associated with their
regulation.

Association of phenotypic traits with gene expression patterns (Transcriptome wide
association analysis: TWAS) can identify candidate genes related to hybrid vigour in

roots.

12
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Abstract

Classical concepts of heterosis attribute the superiority of F1-hybrids over their homozygous
parents to the complementation of unfavorable by beneficial alleles (dominance) or to
heterozygote advantage (overdominance). Here we analyzed 112 intermated B73xMol17
recombinant inbred lines of maize and backcrossed them to their original parents to obtain
hybrids with an average heterozygosity of ~50%. This genetic architecture allowed us to study
the influence of homozygous and heterozygous genomic regions on gene expression in
hybrids. We demonstrated, that up to 29% of the heterotic variance in these hybrids is
explained by single parent expression (SPE) complementation. In this mode of expression,
consistent with the dominance model, genes are expressed in only one of the parents and in
the hybrid. Furthermore, we demonstrated that eQTL regulating SPE genes are predominantly
located in heterozygous regions of the genome. Thus, we demonstrated that dominance of
SPE genes is important for gene activity, while heterozygosity is instrumental for the regulation
of these genes. Finally, we identified an SPE gene that regulates lateral root density in hybrids.
Remarkably, the activity of this gene depends on the presence of a Mol7 allele in an eQTL
that regulates this gene, supporting the notion that the genetic constitution of distant regulatory
elements plays a key role for the activity of heterosis-associated genes. In summary, the
prevalence of dominance at the level of gene activity and overdominance at the level of gene
regulation reconciles these classical genetic concepts and explains how they could both
contribute to heterosis.
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Introduction

Heterozygous Fi-hybrids are more vigorous and show higher fithess and biomass production
compared to their homozygous parental inbred lines!, a phenomenon called heterosis?. The
introduction of hybrids in plant breeding was one of the landmark innovations of agriculture.
Among crops, outcrossing species such as maize display the highest degree of heterosis?.

Heterosis is typically measured for above-ground traits related to yield and biomass*, but root
traits, which have been largely neglected in the past, are also important for future crop
improvement®. In maize roots, heterosis manifests as early as 5 to 7 days after germination for

traits such as primary root length or lateral root density®.

One classical genetic mechanism to explain heterosis is the dominance model, which assumes
that many slightly deleterious alleles are complemented in the hybrid by dominant or at least
stronger alleles’. On the gene expression level, single parent expression (SPE)
complementation, where the hybrid expresses a gene that is only active in one of its parents
is consistent with the dominance model®®. SPE complementation results in hundreds of
additionally active genes in hybrids. It probably plays a role in translating parental diversity into
phenotypic heterosis and has been linked to hybrid vigor®®. It was further established that SPE
genes are significantly enriched among evolutionarily younger, non-syntenic genes and might
function in the adaptation of hybrids to different environments'®-12, Additionally, variation in
transcriptional regulation of cis- and trans-acting factors has been highlighted in relation to
hybrid performance®®. Trans-regulated gene expression in hybrids was associated with
paternal alleles in maize!4. Moreover, an association between SPE and cis-regulation was

suggested®?.

Intermated recombinant inbred lines (I-RILs) are the result of crossing two distinct inbred lines,
followed by several generations of intercrossing and subsequent self-pollination of their
progeny®®. In maize, the intermated B73xMol17 recombinant inbred line (IBM-RIL) syn. 4
population, a set of ~ 300 highly homozygous intercrossed RILs (4 generations of
intercrossing), shows a high diversity of phenotypes and of genomic regions contributed by the
two parental genotypes!®. By backcrossing RILs to their original parents, backcross
populations can be generated which show varying degrees of heterozygosity and heterosis.
Genetically and phenotypically diverse RILs and backcross populations are an important
resource for QTL mapping, as well as for candidate gene identification and heterosis

studies!’-20,

We used the IBM-RIL population and two backcross populations to study how varying
heterozygosity and the regulation of SPE complementation influences the manifestation of

heterosis in seedling root development. We demonstrated, that SPE genes are predominantly
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regulated from heterozygous regions of the genome and that depending on the genetic
constitution of the active parent, cis- or trans- regulation of SPE is prevalent. We hypothesize
based on our findings, that differences in regulation of the parental lines of a hybrid contribute

to heterosis.

16



Chapter 3: Regulation of heterosis-associated gene expression complementation in maize
hybrids

Results

Transcriptome profiling and sample evaluation via SNP calling reveals cross-over
locations and IBM-RIL specific regions

After seed propagation, we selected 112 IBM-RILs and their B73xIBM-RIL and Mo17xIBM-
RIL hybrids (Figure 1A) based on seed availability together with the reciprocal hybrids
Mo17xB73 and B73xMo17 as well as the parents B73 and Mol17 (Figure 1B) for subsequent
phenotyping and RNA-sequencing of young primary roots. After SNP calling and quality control
(see methods), we classified the IBM-RIL genomes into B73 and Mol7 regions. During this
process, we masked IBM-RIL specific regions which contained SNPs not present in Mol17 or
B73 and are thus likely the result of contamination from other genotypes. In total, 834 out of
1152 sequenced samples passed all quality thresholds and were subjected to further analyses.
They consist of 2-3 biological replicates of 85 B73xIBM-RIL and 82 Mo17xIBM-RIL backcross
hybrids and their IBM-RIL parents together with 23 (B73xMo017) and 24 (Mo17xB73) biological
replicates of the full reference hybrids and 47 biological replicates of B73 and 42 of Mo17 (Data
file S1). The categorization of the IBM-RIL genomes revealed the putative recombination

breakpoints between Mol17 and B73 regions (Figure S1).

We explored the sample quality and the relationship among the 834 RNA-seq samples in a
multidimensional scaling (MDS) plot (Figure 1C). The different genotypes (B73, Mol7,
B73xMo17, Mol17xB73) and populations (IBM-RILs, B73xIBM-RILs, Mo17xIBM-RILs) form
distinct clusters, which are clearly separated from each other. As expected, the clusters of the
two reciprocal reference hybrids B73xMo17 and Mo17xB73 overlap because their genomes
are identical. These hybrid samples are located in between their parental inbred lines on
dimension 1 of the MDS plot (Figure 1C). Similarly, the IBM-RILs are located between their
original parental inbred lines B73 and Mol7. Finally, as expected the two backcross
populations B73xIBM-RIL and Mo17xIBM-RIL are located between their parental lines (Figure
1C).

Root traits display heterosis in backcross populations

For each parent-hybrid combination, we determined lateral root density (Figure S2A), total
number of root tips (Figure S2B), total root length (Figure S2C) and total root volume (Figure
S2D). The inbred line B73 outperformed the inbred line Mo17 in all measured root traits. The
B73xMo17 hybrid displayed higher values than the Mo17xB73 hybrid for the total number of
root tips, total root length and total root volume. In contrast, Mo17xB73 displayed a higher
lateral root density than B73xMo17 (Figure S2). In addition, we estimated mid-parent heterosis

(MPH) for all measured root traits. The level of MPH of the fully heterozygous B73xMo17 and
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Mo17xB73 hybrids (from 49% for lateral root density to 127% for the number of root tips)
exceeded the average of the partially heterozygous B73xIBM-RIL and Mo17xIBM-RIL hybrids
(from 25% for lateral root density to 62% for total root volume) in all traits. Nevertheless, most
of the IBM-RIL backcross hybrids displayed substantial MPH (Figure S2, Data file S2).
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Figure 1: Plant genetic material and sample information. A Schematic depiction of the 112 IBM-RILs and their B73-
and Mo17-backcross hybrids. B Schematic depiction of the reference genotypes. C Multidimensional Scaling Plot
of 834 high-quality RNA-seq samples. Each genotype group is highlighted by a different colour. The reference
genotypes B73, Mol17, B73xMo17 and Mo17xB73 are depicted as triangles, IBM-RILs and their backcrosses as
circles. The leading Log2FC between two samples can be interpreted as expression difference between those two
samples.
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Heterozygosity promotes single parent expression complementation

Genes which are active in one parental inbred line and in the Fi-hybrid offspring, but inactive
in the second parent, display single-parent expression (SPE). In the highly heterozygous
reference hybrid B73xMo17 we identified 1297 SPE B73/Mo17 genes, active in the hybrid and
the maternal inbred line B73 (pattern 1, Figure 2A; allele contributed by active parent in bold).
In the reciprocal hybrid Mo17xB73 we identified 1241 SPE Mo017/B73 genes active in the
hybrid and only in the maternal inbred line Mol7 (pattern 5, Figure 2B). In addition, we
identified 1228 SPE B73/Mo17 (pattern 2) and 1253 SPE Mo17/B73 (pattern 6) genes active
in the paternal inbred line and the hybrid, but not the corresponding maternal parent. Between

both reference hybrids, 85% of the SPE genes were conserved (Data file S3).

Within the two IBM-RIL backcross populations we identified eight different SPE patterns, four
in each backcross population, depending on the genomic composition of the gene in the
paternal IBM-RIL. SPE genes of all patterns are expressed in the hybrid. But we can distinguish
them by the active parent (Figure 2A, B; allele contributed by active parent in bold). Pattern 1
(B73xIBM-RILs): Genes lie within heterozygous regions of the hybrid and the expressed parent
is B73; Pattern 2 (B73xIBM-RILSs): Genes lie within heterozygous regions of the hybrid and the
expressed parent is the IBM-RIL, which contributes the Mo17 allele for these genes; Pattern 3
(B73xIBM-RILS): Genes lie within homozygous regions of the hybrid and the expressed parent
is B73; Pattern 4 (B73xIBM-RILS): Genes lie within homozygous regions of the hybrid and the
expressed parent is the IBM-RIL, which contributes the B73 allele for these genes; Pattern 5
(Mol17xIBM-RILs): Genes lie within heterozygous regions of the hybrid and the expressed
parent is Mol17; Pattern 6 (Mol17xIBM-RILs): Genes lie within heterozygous regions of the
hybrid and the expressed parent is the IBM-RIL, which contributes the B73 allele for these
genes; Pattern 7 (Mol17xIBM-RILs): Genes lie within homozygous regions of the hybrid and
the expressed parent is Mo17; and Pattern 8 (Mo17xIBM-RILs): Genes lie within homozygous
regions of the hybrid and the expressed parent is the IBM-RIL, which contributes the Mo17
allele for these genes. (Figure 2A, B).

We observed in the B73xIBM-RIL and Mol17xIBM-RIL backcrosses on average 1229 (Figure
2C) and 1247 (Figure 2D) SPE genes per hybrid, which is ~50% of the number of SPE genes
in B73xMo17 and Mol17xB73. Across B73xIBM-RIL and Mol17xIBM-RIL backcross hybrids,
SPE patterns in heterozygous regions (Figure 2C, D: patterns 1, 2, 5, 6) occurred more often

than in homozygous regions (Figure 2C, D: patterns 3, 4, 7, 8).
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Figure 2: Single-parent expression (SPE) complementation. A SPE pattern present in B73xIBM-RIL backcross
hybrids relative to the genomic composition of the paternal IBM-RIL and the active parent (Pattern 1-4). B SPE
pattern in Mo17xIBM-RIL backcross hybrids relative to the genomic composition of the paternal IBM-RIL and the
active parent (5-8). A simplified depiction of the activity (on/off) of SPE genes is shown for each SPE pattern above
the genotypic composition of the respective pattern for each parent and hybrid. Pattern 1, 2 and 5, 6 are also present
in B73xMo17 and Mol17xB73 respectively. C Boxplots displaying the total number of SPE genes for each of the
possible SPE pattern (1-4) in the B73xIBM-RIL hybrids (N= 85). D Boxplots displaying the total number of SPE
genes for each of the possible SPE pattern (5-8) in the Mo17xIBM-RIL hybrids (N=82). Asterisks indicate significant
differences (a<0.0001, p-values given as <0.0001 in other words, zero) identified by a gaussian mixed model with
the hybrid as random effect, the SPE pattern and non-SPE pattern as a fixed factor and a diagonal variance
component for the SPE pattern. E For each IBM-RIL line (red) and the corresponding B73xIBM-RIL (blue) and
Mo17xIBM-RIL (yellow) backcross hybrids the number of active genes is displayed. The dashed lines represent the
number of active genes in the inbred lines B73 (blue) and Mo17 (yellow). The dotted lines represent the number of
active genes in the reciprocal hybrids B73xMo17 (blue) and Mo17xB73 (yellow).and Mo17xB73 (yellow).

We identified more SPE genes in heterozygous regions with B73 as the active parent (Figure
2C, D: pattern 1 and 6) than with Mo17 as the active parent (Figure 2C, D: pattern 2 and 5). In
regions homozygous for B73, more genes with paternal activity were observed (Figure 2C:
patterns 4 vs 3), whereas in regions homozygous for Mo17 more genes with maternal activity

were determined (Figure 2D: pattern 7 vs 8).

As a consequence of expression complementation of genes expressed in only one parent,
which are then also active in the hybrid (SPE), we observed that hybrids express more genes
than their parental lines (Figure 2E). While the inbred lines B73 and Mo17 express 22 658 and
22 635 genes, respectively, their reciprocal Fi-hybrid offspring B73xMol7 and Mol7xB73
display 736 and 692 more active genes than their parental average. The corresponding
B73xIBM-RIL and Mol7xIBM-RIL backcrosses expressed on average 278 and 253 more
genes than their parents. Furthermore, the number of active genes in the backcross hybrids is
positively correlated with the fraction of heterozygous genomic regions in the hybrid (Figure
S3). These results indicate that the level of heterozygosity is important for expression

complementation in hybrids.

Contribution of SPE to heterosis

To estimate the proportion of heterosis variance explained by the number of SPE genes
underlying MPH of root traits, we determined in each backcross population the coefficient of
determination prer. Across the four examined root traits, 12% (total root volume) to 29% (total
number of root tips) of the heterotic variance was explained by the number of SPE genes
across the four different patterns in the B73xIBM-RIL backcross hybrids. In contrast, in the
Mol17xIBM-RILs only between 4% (lateral root density) and 9% (total root volume) of the
heterotic variance was explained by the total number of SPE genes. For the traits of total
number of root tips and total root length in the Mol7xIBM-RILs we observed a negative
proportion (-8% and -0.5%) of explained heterotic variance of the number of SPE genes on
MPH (Table 1).
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Table 1: Proportion of heterotic variance explained by the number of SPE genes on mid-parent

heterosis for different root phenotypes

Trait B73xIBM-RILs Mo17xIBM-RILs
O Het 0% PHet Ohet 0% PHet
No. Of root tips 0.232 0.325 0.29(29%) 0.205 0.190  -0.08 (-8%)

Total root volume 2.366 2.701 0.12 (12%) 1.022 1.121 0.09 (9%)
Total root length 2715 3.561 0.24 (24%) 2.202 2.191 -0.01 (-1%)
Lateral root density 5.461 6.805 0.20 (20%) 6.675 6.925 0.04 (4%)

0%Het = Unexplained genetic variance of heterosis effect, not associated with SPE genes; 0% = total genetic variance
among the hybrid genotypes; pret = Coefficient of determination: proportion of the heterotic variance explained by
the number of SPE genes.

Trans-regulatory elements are more frequent in Mo17 than B73

An expression quantitative trait locus (eQTL) is a position in the genome that is significantly
associated with expression variation of a gene and thus likely regulates this gene. We identified
13,778 eQTL for 13,434 protein-coding genes. While most genes were regulated by a single
eQTL, 334 genes were regulated by two eQTL and five by three eQTL (Data file S4). We
categorized all eQTL into either cis- or trans-regulating by their location relative to the starting
position of the corresponding gene. We defined cis-regulating eQTL as located at a distance
of <2.5 Mbp from the start codon of their target gene on the same chromosome. In contrast,
most trans-regulating eQTL were located on chromosomes other than those of their target
gene (83%). The remaining trans eQTL were located on the same chromosome as their target
at a distance of 22.5 Mbp (and the target gene was outside of the eQTL confidence interval).
The logarithm of odds (LOD) is the significance measure of an eQTL being present using the
Haley-Knott regression. The median LOD was 15.5 for trans- and 16.3 for cis-eQTL (Data file
S4). Effect sizes usually estimate how big the effect of each identified locus is on the
phenotype, or in this case on gene expression. As LOD values and effect size estimates of the
eQTL on the gene expression are correlated??, this indicates similar effect sizes of cis- and
trans-acting eQTL. In total, 88% (12,057/13,778) of all identified eQTL acted in cis, while 12%
(1,701/13,778) acted in trans on their target genes. For genes active in the B73 reference
genotype 7% (771) of their eQTL were acting in trans while for genes active in the Mol17
reference genotype almost twice as many eQTL acting in trans were identified (13%, 1,439).
This suggests that Mo17 contains more trans-acting eQTL than B73. The values for all other

genotypes show trans-acting eQTL ratios between the B73 and Mo17 values (Table 2).

Heterozygous SPE genes with Mol7 activity are trans-regulated disproportionately

more often

In both fully heterozygous reference hybrids B73xMo17 and Mol7xB73, we detected eQTL
for 85% of the SPE genes (Data file S3). Overall, 95% of eQTL for SPE genes with B73
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contributing the active parental allele were cis-regulating (Figure S4). By contrast, SPE genes
with Mo17 as the active allele were predominantly (58 - 59%) trans-regulated (Figure S4).

Table 2: Trans eQTL for active genes

- i HI) _
Genotype Trans-regulating eQTL [in % Number of trans

of eQTL for active genes] regulated genes
B73 7 771
B73_Mol7 11 1365
Mo1l7 13 1439
Mol7 B73 11 1363
IBM-RILs* 10 1107
B73xIBM-RILs* 9 1066
Mo17xIBM-RILs* 12 1385

*Values are the mean of the respective category

Similarly, in B73xIBM-RIL and Mol17xIBM-RIL backcross hybrids (Figure S5), heterozygous
SPE genes where B73 is the active allele are regulated almost exclusively by cis eQTL (on
average 95% and 96%) (Figure S5A: pattern 1; Figure S5B: pattern 6). By contrast, on average
only 60% (Figure S5A pattern 2) and 62% (Figure S5B pattern 5) of heterozygous SPE genes
with an active Mo17 allele are cis-regulated. Hence, in general heterozygous SPE genes with
an active Mo17 allele are significantly more frequently trans-regulated than those with B73 as
the active parental allele (Table 2).

Homozygous SPE genes are partially trans-regulated

SPE genes located in homozygous regions showed different ratios of cis- to trans-eQTL
regulation, based on the active parent. While in homozygous B73 regions (occurring in
B73xIBM-RILs), SPE with maternally active alleles (B73/B73, Figure S5A, pattern 3) were
primarily cis-regulated (87%), those with paternally active alleles (B73/B73, Figure S5A pattern
4) were primarily trans-regulated (67%). In homozygous Mol7 regions (Mol17xIBM-RILs) we
saw the opposite. SPE genes with maternally active alleles (Mo17/Mol17, Figure S5B pattern
7) showed more trans-regulating eQTL (58%) and for SPE with paternal activity (Mo17/Mo17,
Figure S5B pattern 8) the majority of eQTL (81%) were cis-regulating. Interestingly, the SPE
patterns 4 and 7, which are primarily regulated by trans-eQTL, also had higher absolute
numbers of SPE genes (Figure 2A, B). The observed proportions of trans-regulation for SPE
patterns 1 to 8 were significantly different from the ratios in non-SPE genes, of which 91%

were cis-regulated (Figure S5).

SPE genes are predominantly regulated in heterozygous regions

Overall, we observed that for heterozygous SPE genes, both cis- and trans-regulating eQTL

are predominantly located in heterozygous genomic regions (Figure 3). We observed that cis-
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regulating eQTL located in hetero- and homozygous regions regulate SPE genes which are
also hetero- or homozygous as the corresponding eQTL. This is expected, as cis-eQTL are
located in close proximity to their gene (Figure 3A, Figure 3B). In contrast, target genes of
trans-regulating eQTL are randomly distributed across the genome. Accordingly, trans-acting
eQTL regulate SPEs in both homozygous and heterozygous regions with equal frequency,
independent of whether the eQTL is homo- or heterozygous (Figure 3A, Figure 3B). Together
with the association of Mo17 activity with trans-regulation, this leads to the observed ratios of
cis- to trans-regulation in homozygous SPE patterns. For instance, eQTL regulating
homozygous genes in trans (Figure 3A and 3B, patterns 4 and 7) were located almost
exclusively in heterozygous regions. In both cases, the active parent carries the Mo17 allele
at the eQTL position which is responsible for the gene activity of those SPE genes (Figure S6
A, B). This further explains the higher proportion of trans-regulation of pattern 4 and 7 as well
as the generally higher number of SPE genes for these patterns compared to pattern 3 and 8.
In summary, SPE patterns with parental B73 activity showed a slightly higher proportion of
regulation by cis-acting eQTL compared with non-SPE genes, while the SPE patterns with
Mo17 activity showed substantially lower regulation by cis-acting eQTL and thus higher trans-

regulation (Figure 3, Figure S5).

Trans-regulated genes and SPE genes are often non-syntenic

The maize genome contains genes with orthologs of positional synteny in sorghum, suggesting
these genes are highly conserved across evolution, and a set of genes without syntenic
partners (non-syntenic) in sorghum and other grass species, which are therefore most likely
evolutionarily younger or changed their position during evolution??. In the B73v5 maize
genome, 40% (15 612) of genes can be classified as non-syntenic. Among the active genes in
this study, 27% (7622) were non-syntenic. By contrast, on average 58% of SPE genes in the

hybrids are non-syntenic.

Interestingly, genes with trans-eQTL were more likely to be non-syntenic (70%) than genes
with cis-eQTL (22%) across all expressed genes (Table S1). Both cis- and trans-regulated
SPE genes were more frequently non-syntenic than non-SPE genes (Figure 4). Additionally,
non-syntenic genes were particularly prominent among the trans-regulated SPE genes with
Mo17 activity. For example, 96% of trans-regulated pattern 2 genes (B73/Mo17) were non-
syntenic (Figure 4). It should be noted that these are relative values: the absolute numbers of
genes in patterns 3 and 8 are low in general, and patterns 1 and 6 are not often trans-regulated
(Figure 3).
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Figure 3: The average number of eQTL per genomic region for different SPE pattern in A B73xIBM-RILs and B
Mo17xIBM-RILs. The width of the connecting bands corresponds to the average number of eQTL. The shade
indicates the genomic region of the eQTL, (dark = heterozygous, light = homozygous) and blue colour corresponds
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SPE gene expression influences lateral root density in different ways

We performed a transcriptome wide association analysis (TWAS) to identify genes whose
expression values associate with phenotypic traits. We analyzed four root traits (lateral root
density, number of root tips, total root length, total root volume) and the two IBM-RIL backcross
hybrid populations B73xIBM-RIL and Mo17xIBM-RIL separately, as different mechanisms of
expression regulation and expression levels might be observed between the populations. We
found 18 positively and 17 negatively correlated genes across the two populations. Only one
gene was identified in both populations (Data file S5). Therefore, different genes might control
hybrid vigor of roots in the different populations.
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Figure 4: Synteny of SPE pattern genes. The average proportion of hon-syntenic genes (vs. syntenic genes) among
cis- (blue) and trans (yellow)-regulated SPE genes. Percentages are an average of genes in the respective category
across all A B73xIBM-RILs (N=85) or B Mo17xIBM-RILs (N=82).

Among the 35 TWAS genes whose expression correlated with phenotypic traits, 7 showed
SPE complementation in more than 10 hybrids. We designated these TWAS & SPE (TSG)
genes (Data file S6). All of the TSG were identified in the B73xIBM-RIL hybrid population. For
lateral root density, 10 TWAS genes were identified by the BLINK and MLMM models of GAPIT
in total, and 4 of these genes also showed an SPE pattern (TSG) (Data file S6, Figure 5A). We
followed up on the two TSG which showed an SPE pattern in most hybrids (TSG 1 & TSG 2)
(Figure 5B, C). TSG 1 (Zm00001eb349930) showed an SPE pattern in 30 of the 85 B73xIBM-
RIL hybrids (Figure 5B, Data file S6), predominantly the SPE B73/Mol17. The gene was cis-
regulated and non-syntenic. B73xIBM-RIL hybrids with an active TSG 1 showing an SPE

pattern had significantly lower lateral root density (a <0.05, Figure 5B).
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A TWAS for lateral root density in B73xIBM-RILs
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Figure 5: Transcriptome Wide Association Analysis (TWAS). A Manhattan plot of TWAS analysis for lateral root
density in B73xIBM-RIL hybrids. Each point shows a gene with the p-value of the association between the gene’s
expression with lateral root density. Results for the analysis with the BLINK model are shown as circles, results of
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the MLMM model are shown as triangles. Filled points indicate significant TWAS genes, that also show SPE pattern
(TSG), with the number of hybrids where the gene shows an SPE in brackets. The horizontal line indicates the
fdr = 0.05 by Bonferroni correction. B, C P-values correspond to Student’s t-test independent from the TWAS
analysis based on gene activity. Points show lateral root density of each B73xIBM-RIL with either inactive (off) or
active (on) B TSG 1 Zm0001eb349930 or C TSG 2 Zm0001eb339600 in the hybrids. Shape corresponds to the
SPE pattern and colour to the genotype at the eQTL position (yellow = cis regulating, blue = trans regulating, dark
= heterozygous regions, light = homozygous regions). The colour shows the genotype of the hybrid at the eQTL
position. D shows a model of gene expression of the non-syntenic gene TSG 2 and the syntenic paralog of TSG 2,
TSG 2 like, which are regulated from the same eQTL. Depiction shows activity in Mo17 and B73 inbred lines. In
heterozygous genotypes, TSG 2 is active, when at least one Mo17 allele is present at the eQTL position. TSG 2
like is active in all genotypes.

A different effect was visible for TSG 2 (Zm00001eb339600), which showed B73/IBM-RIL
pattern in 33 B73xIBM-RIL hybrids (Figure 5C Data file S6). As there were no SNPs near the
gene to classify the paternal allele of the gene itself, the SPE pattern was called B73/IBM-RIL,
instead of B73/Mo17 or B73/B73. Interestingly, TSG 2 was trans-regulated and the genotype
at the eQTL position could be determined. In the B73xIBM-RILs, the hybrids with an active
TSG 2 had a significantly (a <0.05) higher lateral root density and showed the heterozygous
B73/Mo17 genotype at the eQTL position (Figure 5C). When searching for sequences similar
to TSG 2 (Zm00001eb339600) in the B73 reference genome, we identified a paralog
(Zm00001eb039610) and called it TSG 2-like. TSG 2-like is located close to the eQTL position
of TSG 2 (<2.5 Mbp) (Data file S7, Figure 5D). While the TWAS gene TSG 2 is non-syntenic
and trans-regulated, its paralog TSG 2-like at the eQTL position is cis-regulated from the same
eQTL position and syntenic (Figure 5D). The syntenic TSG 2-like gene is expressed in Mol17
and in B73 and expressed in all genotypes. However, the non-syntenic TSG 2 is only active in
Mo17, but not in B73 (Figure 5D) and subsequently only active in those hybrids where at least
one Mol7 allele is present at the eQTL position (Figure 5C).
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Discussion

SPE complementation, where the hybrid expresses a gene that is only active in one of its
parents, was suggested to contribute to the translation of parental diversity into phenotypic
heterosis'®. This concept is in line with the dominance model of heterosis which assumes that
many slightly deleterious alleles of the parents are complemented in the hybrid by dominant
alleles’. The number of SPE genes identified in this study is similar to previous studies for
B73xMol7 and Mol7xB73 seedling roots'*!223, |In the IBM-RIL backcross hybrids, we
identified on average a substantially lower phenotypic mid-parent heterosis, fewer SPE genes
compared to the fully heterozygous hybrids and a lower average heterozygosity. We also
observed that SPE genes are mainly located in heterozygous regions of the genome, thus
explaining the lower numbers of SPE in the backcross hybrids (Figure 2). Hence, the
association of the number of SPE genes with heterosis is not only conditioned by genetic
diversity!® but also by the degree of heterozygosity. As a result of SPE complementation, the

number of active genes increased with heterozygosity (Figure S3).

We demonstrated that the number of genes showing SPE complementation in homozygous
and heterozygous regions of the genome (Figure 2A-D) explains up to 29% of the heterotic
variance in the phenotype of the hybrids (Table 1). As different genes are likely responsible for
heterosis in different traits?4, our finding suggests that SPE as a group of genes are in general

responsible for heterosis, but to a different extent for different traits.

It is for instance likely that SPE genes influence heterosis in B73xIBM-RILs but to a smaller
degree in Mo17xIBM-RILs, which in general generate less vigorous hybrids. In our study we
detected different ratios of cis and trans regulation among active genes in inbred lines
(M017:13% trans-regulation; B73; 7% trans-regulation; Table 2). In the reciprocal hybrids, this
difference was significantly amplified for SPE genes (Mol7 active: ~60% trans; B73

active: ~5% trans; Figure S4), similar to the IBM-RIL backcross populations (Figure S5).

Previously, contrasting cis- and trans-regulation was associated with parental alleles in another
eQTL study, using IBM-RIL backcrosses from a smaller subset of the IBM-RIL population!4. In
that study, 86% of trans-regulation was associated with paternal dominance, where the
expression level of the paternal allele was adopted!. In our study, investigation of the eQTL
positions revealed that most SPE genes are regulated by eQTL located in heterozygous
regions. Substantial proportions of SPE genes located in homozygous regions are regulated
in trans- from eQTL in heterozygous regions, leading to higher numbers of these specific SPE
patterns (Figure 3, pattern 4 and 7). We showed that for many trans-regulated SPE genes, the
presence of the Mo17 allele in the eQTL is required for gene activity in the SPE pattern genes

in the hybrid (Figure 3, Figure S6). Thus, we did not observe paternal dominance of trans-
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regulated genes regarding SPE genes, but rather a Mo17 dominance of trans-regulated SPE

genes.

Our present data confirms findings that non-syntenic genes are enriched among SPE genes'!
and are correlated with heterosis?® (Figure 4). We further expanded this concept by
demonstrating that non-syntenic genes are enriched among trans-regulated genes. Non-
syntenic genes have been associated with disease resistance genes?® and were suggested to
function in environmental adaptation of plants and help hybrids to cope with abiotic stress?.
We identified a trans-regulated non-syntenic SPE candidate gene TSG 2
(Zm00001eb339600), which controls lateral root density in hybrids, whose expression was
induced by the Mo17 allele at the eQTL position (Figure 5 B). This gene has a syntenic paralog
Zm00001eb039610 (TSG 2-like), which is located close to the eQTL position (<2.5Mbp)
(Figure 5C, Data file S7). Interestingly, this paralog is cis-regulated from the same eQTL
position as TSG 2 (Figure 5C) and expressed in B73, Mol7 as well as heterozygous
genotypes. We hypothesize that there might be a regulatory connection of the trans-regulated
non-syntenic gene to the syntenic paralog, in the Mol17 genotype. Regulatory interactions of
paralogous genes have been previously reported. For instance, the paralogous genes rcts and
rctl are regulated by the same transcription factor?” and the syntenic gene rtcs recruited
younger non-syntenic genes during seminal root evolution?. A regulatory connection of trans-
regulated non-syntenic genes with their syntenic cis-regulated paralogs in the Mo17 genotype
could explain the high number of trans-regulating eQTL among non-syntenic SPE patterns
associated with the Mo17 allele. The regulatory differences (B73: cis, Mo17: trans) between
the parents of a hybrid and their different contributions to SPE pattern might be an aspect of

how phylogenetic distance is contributing to heterosis.

Among the TWAS genes whose expression correlated with phenotypic traits, we identified
genes in the B73xIBM-RIL population for lateral root density, which displayed SPE in a
substantial number of parent-hybrid combinations (Data file S6, Figure 5). We surveyed the
two candidate genes which displayed SPE in the highest number of parent-hybrid
combinations in more detail. They showed significantly different lateral root density, based on
the activity or inactivity of the gene in the hybrid, and thus the presence or absence of SPE.
For the cis-regulated gene TSG 1 (Zm00001eb349930) (Figure 5B), a lower lateral root density
was observed upon gene activity. In contrast, gene TSG 2 (Zm00001eb339600) (Figure 5C)
is trans-regulated and displayed a higher lateral root density, upon gene activity, which is

induced by the Mo17 allele at the eQTL position.

Thus, we observe regulatory effects of single genes displaying SPE on lateral root density,

which might help maize to adapt to changing local environmental conditions such as water
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availability where disparate lateral root densities are beneficial?®®. In summary, we also
demonstrated that the association of the number of SPE genes with heterosis is not only
conditioned by genetic diversity but also by the degree of heterozygosity. Additionally, SPE
mediated phenotypic heterosis, as well as the regulation of SPE genes in IBM-RIL backcross

populations depends on the genetic background of the population.
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Material and Methods

Plant genetic resources

The IBM-RIL syn. 4 population®® represents a collection of highly diversified genotypes with
respect to the genomic regions contributed by their two parental inbred lines B73 and Mo17
(Figure 1A). To study the phenotypic and transcriptomic plasticity of maize Fi-hybrids relative
to their parents, a random subset of 112 IBM-RILs, was backcrossed to their original parental
inbred lines B73 and Mo17. In all crosses, B73 and Mo17 were selected as the female parent
to secure a homogenous phenotype of all plants on which the pollinated ears will develop and
thus similar seed quality. Each of the two Fi-backcross hybrids of a specific IBM-RIL (hereafter
named B73xIBM-RIL and Mol17xIBM-RIL backcross hybrids) show contrasting homozygous
and heterozygous genomic regions and genes (Figure 1A). For example, if a region between
two recombination breakpoints is homozygous in a B73xIBM-RIL backcross, it is heterozygous

in the corresponding Mo17xIBM-RIL backcross hybrid and vice versa.

Experimental design

We studied the phenotypic and transcriptomic plasticity of the IBM-RIL backcross hybrids
relative to their parental inbred lines. A selection of 112 IBM-RILs were used as paternal inbred
lines, corresponding to 112 B73xIBM-RIL and 112 Mo17xIBM-RIL backcross hybrids (Figure
1A). To optimally fit the experimental design and increase the precision of subsequent pairwise
comparisons with the common parental inbred lines and reference hybrids both common
maternal inbred lines B73 and Mo17 and the two reference hybrids B73xMo17 or Mo17xB73,
respectively, were included (Figure 1B). For each sample, 25 kernels of the same genotype
(parent or hybrid) were surface sterilized in 10% H>O> for 20 min, rinsed with distilled water
and afterwards pre-germinated in filter paper rolls with five kernels each in a climate chamber
with a 16 h light (26 °C), 8 h dark (21 °C) cycle in distilled water!!. After three days, eight
seedlings per genotype with approximately the same length of primary root and, if already
present, shoot length were selected and transferred into a row of an aeroponic growth system
for four additional days. Each aeroponic growth system (“Elite Klone Machine 96”, TurboKlone,
USA) was composed of 12 rows each with eight planting sites. Thus, we could fit 12 different
genotypes into one aeroponic growth system and eight systems at the same time into our
climate chamber (16 h light, 26 °C; 8 h dark, 21 °C) (Figure S7). We analyzed three
independent biological replicates, each comprising all IBM-RIL inbred lines and hybrids. Due
to the large number of samples and space limitations, the different genotypes of each biological
replicate were grown in four batches distributed across four weeks, also called alpha-design
with incomplete blocks®. Within each batch, the eight aeroponic growth systems were

randomly assigned to eight positions in the climate chamber. Three successive rows of an
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aeroponic growth system represent one triplet. To each triplet an IBM-RIL and its
corresponding B73 and Mo17 backcross hybrids, or both common maternal inbred lines B73
and Mol17 and one of the two reference hybrids B73xMo17 or Mol17xB73, respectively were
assigned. The randomization process was conducted at the replicate level for the ftriplets,
whereas it was ensured, that in each batch two reference triplets each of B73, Mol7,
B73xMol17 and B73, Mol17, Mo17xB73 were distributed. Thus, in each batch we surveyed 30
IBM-RIL triplets and both reference hybrids and the common inbred lines B73 and Mo17 in two
additional triplets (Figure S7). So that in total, 3 samples of each IBM-RIL and each backcross
hybrid, 48 samples (biological replicates) of the maternal inbred lines B73 and Mol17, and 24
samples of the reciprocal hybrids B73xMol17 and Mol7xB73 as reference hybrids were
analyses. In other words, each independent biological replicate contained 384 samples (in
total: 384 x 3 replicates = 1,152 samples). The number of individual samples per replicate was
designed to also fit one sequencing run on the NovaSeq 6000 S4 flow cell machine (Illumina,
San Diego, USA), described later.

Root phenotyping and sampling for RNA-seq

Seven days after germination, all seedlings per sample (maximum eight seedlings) were
removed from the aeroponic growth system and the seedling root system was scanned using
an Epson Expression 12000XL scanner (Epson, Meerbusch, Germany) with up to four plants
per image. The resulting images were cropped to create single plant images that only showed
the root system and the maize kernel. We used the RootPainter software client (version 0.1.0)
and server component (version 0.2.7) to train a convolutional neural network to recognize and
segment roots in images®. We then analyzed the segmented images in a batch using
RhizoVision Explorer (version 2.0.3)%?. After inspection and cleanup, we determined the total
root length, total root volume and number of root tips for each plant for subsequent analysis
(Details in Supplement Material SM1).

After imaging the seedlings, the primary root was separated from the kernel to collect (i) the
proximal first centimeter with emerged lateral roots in 80% Ethanol to count the number of
lateral roots per cm as density and (i) the distal region of the primary root, composed of the
root tip and the meristematic zone followed by the elongation zone, in liquid nitrogen for

subsequent RNA extraction.

Analysis of phenotypic data

To evaluate the phenotypic data of each genotype a linear mixed model (baseline model 1)
with a fixed effect for block (three replicates as levels) and genotype (263 levels) was fitted.

According to the layout of our experimental design (Figure S7) we included random effects for
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row, triplet, system and batch effect in the model. The residual error assesses the within-row

variance among plants.

Yikimnpy =R+ 9i +bj+ 0+ s1+ tn + o+ €rummpy (D

Yiimnp (i) represents the mean phenotypic value of a specific trait of interest of the respective

genotype i, U represents the intercept, g; represents the fixed effect for genotype i,

b; represents the fixed effect for block j, p, represents the random effect for batch k nested

within block |, s; represents the random effect for system | nested within batch k and block j,
t., represents the random effect for triplet m nested within system |, batch k and block j, n,
represents the random effect for row n nested within triplet m, system |, batch k and block j,
and ejimnp (i) represents the random error effect for plant p of genotype i in block j, batch k,
system |, triplet m and row n. To fulfil the assumptions of linear models, the phenotypic values
for the traits “total root length”, “total root volume” and “total number of root tips” had to be
square root-transformed. An offset of 0.5 was added to each phenotypic value before
transformation. The resulting modelled means were transformed back to their original scale for
visual inspection (Figure S2). Modelled means on the transformed scale (and original scale in

case of lateral root density) were used for TWAS analysis (described below).

RNA-sequencing and preparation of alignments

For subsequent RNA extraction and sequencing, a maximum of eight primary roots of each
genotype grown in the same row of an aeroponic system were pooled. These root samples
were manually ground in liquid nitrogen and total RNA was isolated with the RNeasy Plant Mini
Kit (QIAGEN, Venlo, the Netherlands). RNA quality was assessed with a Bioanalyzer (RNA
ScreenTape + TapeStation Analysis Software 3.2, Agilent Technologies, Santa Clara, CA,
USA) by the Next Generation Sequencing (NGS) Core Facility in Bonn, Germany
(https://btc.uni-bonn.de/ngs/), which subsequently constructed cDNA libraries for RNA-seq
according to the TruSeq stranded mRNA library preparation protocol (lllumina, San Diego,
USA). Sequencing was performed on a NovaSeq 6000 S4 flow cell machine (lllumina, San
Diego, USA), generating 100-bp paired-end reads. This allowed for processing all 384 samples
of a single replicate in one flow-cell and each batch of 96 samples on one lane. The obtained
reads are reversely stranded. The raw reads were trimmed and filtered using Trimmomatic
(version 0.39) in paired-end mode with the following settings:
ILLUMINACLIP:adapters/TruSeq3-PE-2.fa:2:30:10:8:True, LEADING:3, TRAILING:3,
MAXINFO:30:0.8, and MINLEN:40. With this step, remaining adapter sequences were
removed, low quality bases from the start and end of the reads were cropped and adaptive
quality trimming was performed. After these quality control, reads with a minimum length of 40
bases were retained and resulting single-end reads were excluded®. The maize reference
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genome B73 version 5 (B73v5, ftp.ensemblgenomes.org/pub/plants/release-
b2/fasta/zea_mays/dna/Zea _mays.Zm-B73-REFERENCE-NAM-5.0.dna.toplevel.fa.gz) was
indexed with exon information from the corresponding annotation file
(http://ftp.ensemblgenomes.org/pub/plants/release-52/gff3/zea_mays/Zea_mays.Zm-B73-
REFERENCE-NAM-5.0.52.gff3.gz). The trimmed reads were aligned to the indexed reference
genome using Hisat2 (version 2.2.1)3* with the appropriate input file settings and intron lengths:
-q —phred 33 —rna-strandedness RF --min-intronlen 20 —max-intronlen 60000. The data was
then saved in BAM format using the samtools view command from htslib (version 1.14)%,
Picard tools (version 2.27.1; http://broadinstitute.github.io/picard/) was used to remove
duplicates using MarkDuplicates.

Reads aligned to exons of genes were counted using htseq-count (version 2.0.1), with
specifications to only count uniquely mapped reads®¢. Samples with less than 5 million counted

reads were excluded.

Preparation of alignments for SNP calling

For SNP calling between the genotypes of this study and the B73 reference genome, the read
alignments were processed using the HaplotypeCaller of GATK (version 4.2.6.1) with respect
to GATK's best practices for RNA-seq data (https://gatk.broadinstitute.org/hc/en-
us/articles/360035531192-RNAseg-short-variant-discovery-SNPs-Indels-, checked on
12/14/2023). First, Picard's AddOrReplaceReadGroups (version 2.27.1) was used to add
readgroup information to the alignments of all samples. The replicate humber was set as
RGLB, the RGPL field was set to 'ILLUMINA', the RGPU field was set to ‘unknown', and the
RGSM field was filled with the sample name. The samtools view (version 1.14) command was
used to filter for uniquely mapped reads by only including reads with mapping quality of 60 or
higher and to format and index the alignments. Second, GATK's SplitNCigarReads was used

to split alignments at positions with N in the CIGAR field, such as intron-spanning alignments®’.

SNP calling between B73 and Mo17 samples and B73v5 reference for sample evaluation

In brief, the GATK HaplotypeCaller was used to identify variants between the Mo17 samples
and the B73v5 reference genome. The frequency of the B73 and Mol7 alleles at each SNP
locus was previously identified in a similar manner®®3°, The ratio of homozygous loci was
calculated and samples with less than 95% homozygosity across expectedly homozygous loci
were excluded (details in Supplementary Material SM2). A total of 175 RNA samples were
excluded because they did not meet the criteria of being homozygous in 295% of the
supposedly homozygous loci. Additionally, 10 samples were excluded beforehand due to their
library size being <5 million read counts. Moreover, 17 samples were excluded because only

one out of three replicates was left for the respective genotype. Since downstream analyses
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include the comparisons between both parents and their resulting hybrids, we had to further
exclude 90 hybrid RNA-seq samples because all corresponding paternal IBM-RIL RNA-seq
samples were excluded. In addition, 8 IBM-RIL RNA-seq samples were excluded because the
corresponding hybrid samples were missing. Finally, 852 RNA-samples remained for

subsequent SNP calling as described below (Data file S1).

SNP calling between all high-confidence samples and the B73v5 reference

In the second SNP calling, SNPs between each sample and the B75v5 reference were called.
We included the previously identified variants between our Mol7 samples and the B73v5
reference, as well as variants from our B73 samples vs. the B73v5 reference. They were
filtered based on several criteria. The mapping quality (MQ), variant site quality (QUAL), Fisher
strand (FS) and allele depth (AD) of SNP alleles were used with different thresholds for InDels
and SNPs with respect to GATKs guide on hard-filtering short variants
(https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-germline-short-
variants, checked on 12/18/2023). For the SNPs the filters QD >2, SOR <3, MQ >40, QUAL
>30, FS <60 and FORMAT/AD|0:1] >5 were applied. For the indels, the filters QD >5, QUAL
>30, FS <200 and FORMAT/AD[0:1] >5 were applied. The base qualities of each sample were
then recalibrated using the filtered SNPs and indels as known-sites with GATK (version
4.2.6.1). BaseRecalibrator was run to generate recalibration tables, which were then applied
to the aligned reads with ApplyBQSR (https://gatk.broadinstitute.org/hc/en-
us/articles/360035531192-RNAseq-short-variant-discovery-SNPs-Indels-, checked on
12/14/2023). The HaplotypeCaller was run with the recalibrated samples in BP_RESOLUTION
mode and reported the SNP sites at each individual position. The resulting variant files were
then filtered for positions with a coverage (DP) of 21, to eliminate loci without any information.
The variant files from Mol17 and B73 samples were combined by GenomicsDBImport. The
samples of a triplet (IBM-RIL samples plus corresponding B73xIBM-RIL and Mo17xIBM-RIL
hybrids) were combined with the Mo17 and B73 samples, resulting in one database per triplet.
Genotyping of all samples within each database was performed using the GenotypeGVCFs
function. Since the Mol7 and B73 samples are present in each database, we ensured that
genotyping was performed on the loci differentiating B73 and Mo17 in each database®’. The
genotyping data was then filtered for SNPs with QD >2, SOR <3, MQ >40, QUAL >30 and FS
<60 using bcftools (version 1.17). A list of high confidence SNPs was created in R using the
results from the HaplotypeCaller of the Mo17 and B73 samples (Data file S8). For these loci,
it was established that the genotyping results of the HaplotypeCaller (B73v5 reference allele
vs. non-reference allele) correspond to the B73 and Mol7 alleles of the germplasm of this
study (reference = B73, non-reference = Mo17): The HaplotypeCaller reports for each SNP
locus of each sample the most likely genotype, which we term genotype-call in the following
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and the corresponding genotype quality (GQ), a measure for the confidence of the genotype-
calls. Only genotype-calls of bi-allelic loci with a GQ of 210 were considered. The loci were
filtered to include only those where 290% but a minimum of three remaining genotype-calls in
Mo17 samples are homozygous for the non-reference allele, and 90% but a minimum of three
remaining genotype-calls in B73 samples are homozygous for the reference allele. Next to the
high confidence B73 vs Mo17 SNPs, we identified SNPs which did not belong to B73 or Mo17
as IBM-RIL specific (homozygous or heterozygous and regardless of GQ). Loci genotyped with
a GQ of <10 were filtered. Only loci that were either in the high confidence SNP list of B73 vs.
Mo17 alleles or which were IBM-RIL-specific (for masking putative IBM-RIL specific regions)
are considered further.

Classification of IBM-RIL genomic regions

The filtered SNP data were used to classify each IBM-RIL genome into B73 or Mo17 regions
and to mask regions which were not B73 or Mo17. A distance-function was used to calculate
the distance between the IBM-RIL specific loci. Loci with a distance of <2.5 Mbp were grouped
together as a block. Blocks containing a minimum of 10 IBM-RIL-specific loci, with 25 of those
being homozygous, were identified and masked as IBM-RIL-specific third origin regions. The
start and end positions of these regions were recorded and loci within those regions were
dropped. Next, a sliding window approach was used to eliminate singular loci that did not match
their surrounding loci. A window of 15 loci was used, and =211 had to be homozygous for the
Mo17 allele for the window to be considered a Mo17 window. For a B73 window, 212 out of 15
loci must have homozygous B73 alleles. The values for the windows were obtained by
computing the minimum number of matching loci in a 15-loci window across B73 and Mol7
samples. Otherwise, the window was considered ambiguous*®. Loci within an ambiguous
window were dropped, as well as loci which were classified differently from their window. The
previously mentioned distance-function was utilised to calculate the distance between the
remaining loci. Loci that carried the same allele and which were less than 0.5 Mbp apart were
grouped together as a block, and all blocks were retained. The start and end positions of these
blocks were recorded as the Mo17 and B73 regions within each IBM-RIL (Data file S9). Two
IBM-RILs which had more than 50% of their genomes consisting of IBM-RIL specific regions
from a third parental origin were excluded along with their hybrids (Data file S1), leaving 834
samples for final analyses. The data set of each triplet reported by the HaplotypeCaller was
filtered to only include loci within the B73 or Mo17 regions of the IBM-RILs and within exons of
protein-coding genes. We checked for all protein-coding genes whether they were located in
a B73 or Mol7 region or masked as neither a B73 or Mo17 region, or whether they were
located in a genomic region without SNP information. This verification was performed for each
IBM-RIL separately. Centromere locations of the 10 chromosomes were taken from the
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genome assembly of MaizeGDB by selecting the “Knobs, centromeres and telomeres”
information https://jorowse.maizegdb.org*'. The proportion of heterozygous to homozygous
regions was calculated for each backcross hybrid by dividing the total lengths of classified
heterozygous regions (B73 regions of the IBM-RIL for the Mo17xIBM-RIL and Mo17 regions
of the IBM-RIL for B73xIBM-RIL) by the total lengths of all classified regions (not considering
IBM-RIL specific masked regions and regions without SNP information).

Multidimensional Scaling (MDS)

To evaluate the quality and the structure of the RNA-seq samples in this study, a
multidimensional scalig (MDS) plot was used. The active genes of the 834 filtered samples
were compared by the plotMDS() Bioconductor package limma (version 3.50.3)*? in R.

Analysis of expression complementation

The activity/expression status of each gene was determined as previously described!® based
on thresholding normalized read counts. In short, fitting a generalized additive model (R
package mgcv)* using guanine-cytosine (GC) content and log-transformed gene length as
explanatory variables to account for artifactual read count differences across genes** resulted
in a predictive count for each gene. The inverse of the predictive count was used as a
multiplicative gene-specific normalization factor. In addition, sample-wise scale factors using
the trimmed mean of M-values (TMM) method were estimated to adjust for differences between
library sizes*®. Each raw read count was multiplied by the product of the corresponding gene-
specific normalization factor and the TMM scale factor to obtain a normalized count. The
average expression level of each gene was represented by the mean normalized count across
all replicates of each genotype in our data set. After estimation of the density distribution, the
0.25 quantile of the non-zero average expression levels was set as the threshold for calling
the activity status of each gene in each sample. Thus, a gene was called active if the average
expression level across all replicates was greater than the threshold and otherwise inactive for
each genotype. Genes active in only one parent but also the hybrid are designated single
parent expression (SPE) or SPE complementation genes, as the expression of only one parent
is complemented in the hybrid. We identified these, by comparing the activity of each gene in
the hybrids and their corresponding parents. From the classification of the IBM-RIL regions,
we can deduct the genotypes of the SPE genes in the hybrids. Based on these genotypes, we
classified our SPE genes into those within heterozygous (B73/Mol7 in B73xIBM-RILs,
Mol17/B73 in Mol17xIBM-RILs) or homozygous regions (B73/B73 in B73xIBM-RILs,
Mo17/Mol17 in Mo17xIBM-RILs). We further distinguished the SPE by which parent was active
and indicated the active parent in bold. So, for example a SPE gene in a heterozygous region
of a B73xIBM-RIL, where the IBM-RIL parent is active, but the B73 is not, the pattern would
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be B73/Mo017 (Figure 2A). For a SPE gene in a homozygous region of a Mo17xIBM-RIL, where
the Mol7 parent is active, but the IBM-RIL is not, the pattern would be Mo17/Mol7 (Figure
2B).

Proportion of heterotic variance explained by the number of SPE genes underlying mid-

parent heterosis (MPH) of root phenotypes

To estimate the fraction of the heterotic variance explained by the number of genes displaying

2
SPE patterns, we propose the parameter py.; = 1 — 22t where o2, defines the total genetic

o2
variance across the hybrid genotypes and ¢ is the genetic variance of the heterosis effect not
associated with the number of SPE genes*®4’

For each backcross population, the genetic variance of the mid-parent heterosis (MPH) effects
oj.. was estimated separately in a “full” regression model (2) based on an extension of the
baseline model (1). For this purpose, we defined for each parental genotype (i.e. each the IBM-
RIL and the two common parental inbred lines B73 and Mol7) covariates (x;;_,). These
covariates were initially all set to O for each observation. For observations on the parental
genotypes, the corresponding covariate for that specific parent was set to 1. For the
observation on the hybrids, the two covariates corresponding to its two parents were set to 0.5.
Thus, collectively these x;;_, covariates model the effect of the per se performance of the
parents and the mid-parent values of the hybrids.

MPH was modelled by a regression on the number of SPE genes. For this purpose, the number
of SPE genes was set to O for all parental genotypes. This was done to be able to include them
in the overall model. However, the parental genotypes have no impact on the regression,
because their effect is fully absorbed by the covariates for the parental genotype effects.
As the MPH effects of the hybrids were not expected to fall on the regression line, we allowed
for deviations from the regression by adding a random effect for hybrids. This was implemented
by fitting the random effect z*genotype, where z is a continuous dummy covariable with z=0
for the parental genotypes and z=1 for the hybrids. This dummy variable acts as a switch that
turns the random effect off for parental genotypes and on for hybrids 2.

Yikimnp(ing = B+ Brxin + -+ Bgxiqg + by + yysan + y;sby + y;scp + yysdp + 2+ gy + e + 51 +

tm + Ty + ejklmnp(i) (2)

Yikimnp(in) represents the parental effect value contributing to MPH of the corresponding hybrid
h of a specific trait of interest. u represents the intercept, x;, represents the parental
covariables of parent g for genotype i, b; represents the fixed effect for block j, say , sby,, scp
and sd;, represent the covariables for the number of genes displaying pattern 1-4 (Figure 2A)
or 5-8 (Figure 2B) for hybrid h, respectively. z; * g; represents the random effect for hybrid h
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(corresponding to genotype i), z is a dummy variable with z = O for parents and z = 1 for
hybrids*. Variable p, represents the random effect for batch k nested within block j, s;
represents the random effect for system | nested within batch k and block j, t,, represents the
random effect for triplet m nested within system |, batch k and block j, r;, represents the random
effect for row n nested within triplet m, system |, batch k and block j, and ejxmnp(i) represents
the random error effect for plant p of genotype i in block j, batch k, system |, triplet m and row
n.

The analysis was implemented in R (version 4.0.1) using the Ime4 package (version 1.1-29).
In contrast to the baseline model, the fixed effect for genotype was replaced by individually
defined covariates of the parental genotypes and fixed effects for the number of SPE genes.
To determine ¢ a “null” model (3) excluding the fixed effects of the covariates accounting for

the number of SPE genes, was fitted.
Yikumnpcing = H+ Brxip + -+ BgXig + bj + zi * gy + D + Si+ tn + T+ Cjramnp() (3
where the notations are the same as in model (2).

Expression Quantitative Trait Loci (eQTL) analysis

An eQTL analysis was performed with the R/qtl2 package (version 0.22)* to identify positions
that were significantly associated with gene expression values based on the masked and
filtered SNP data. For each of the three cross-types (IBM-RIL, B73xRILs, Mo17xRILs) the
classified and filtered SNP loci within B73 or Mo17 regions in the IBM-RILs were taken as
marker input data. The positions of these SNP loci were used as preliminary genomic positions,
as well as physical positions. The estimated expression means obtained from the model
coefficients within the differential expression analysis of each genotype and gene were used
as the phenotype data input in R/gtl2. As additional specifications to write the control file, the
cross type was set to “rilself” for RILs by selfing, the alleles were set to “A” and “B” for B73 and
Mo17 and the genotype codes were set to A/A=1 and B/B=2 to specify the transformation of
homozygous alleles into numeric values (https://github.com/agroot-ibed/r-qti2-analysis,
updated on 12/19/2023, checked on 12/19/2023). Samples with more than 19% missing
genotypes were dropped, as well as duplicated genotypes and markers with more than 60%
missing genotype information. The genetic map was estimated from the physical positions and
genotype information by the est_map() function with parameters maxit = 2000, error_prob =
0.001 and tol = 0.0001. The reduce_markers() function was used to retain only markers that
were 21 centiMorgan (cM) apart to avoid retaining an excess of redundant markers.
Pseudomarkers were inserted at a distance of 1 cM to the existing markers. A hidden Markov

model calculated the genotype probabilities at all positions, with error_prob = 0.001. This was
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followed by a genome scan, which was done by a Haley-Knott regression® to establish the
association between genotype and expression phenotype with a linear model. In simple words,
within each eQTL analysis, each marker is tested to see whether there is an association with
the expression of single genes, the result is an LOD curve. In order to find out whether the
highest LOD value is significant, a permutation was carried out and all significant peaks were
saved. In more detail, to calculate the adjusted p-values for the resulting logarithm of odds
(LOD) scores for a single gene, 10 000 permutations were done, reshuffling the expression
data randomly and recording the maximum LOD score of each permutation. Selecting a
significance threshold of a <0.001, we used the 99.9™ percentile of the ordered LOD maxima
as the threshold to detect a significant eQTL for the gene®.. The genomic map was converted
to a physical map with the interp_map() function. By selecting the respective threshold, the
physical position, confidence interval and LOD of significant peaks was obtained by the
find_peaks() function*®. The exact adjusted p-values were determined by calculating the
percentile of permutation maxima, higher than the respective LOD®.. This process was
repeated for all (37782) active genes. To subsequently also correct for the testing of multiple
genes, the false discovery rate was used on the adjusted p-values of the LOD peaks of all
genes with p.adjust() function setting method to “FDR” and n to the total number of genes plus
the number of second and third significant peaks. Peaks with an FDR < 0.001 were considered
significant. Start and end position of genes were added from the annotation file. The same
procedure was performed on all three cross-type data sets (IBM-RIL, B73xIBM-RIL,
Mo17xIBM-RIL). The resulting eQTL peaks were combined and distinct eQTLs were selected:
in cases where multiple eQTLs were identified for a gene, we assessed whether the different
peak positions corresponded to different regulatory elements. If eQTLs for the same gene were
225 Mbp apart or on different chromosomes and their positions did not lie within the confidence
intervals of each other, they were considered to be different from each other and were retained.
If multiple eQTLs for the same gene did not differ by the specified standards but were in close
proximity to each other, only the eQTL with the shortest confidence interval or the highest LOD
in case of equal confidence intervals was retained in the merged list. The eQTLs were
classified into cis and trans eQTLs based on their distance from the start of their respective
gene. Trans-regulating eQTLs were defined as located at a distance of at least 2.5 Mbp from
the start of the gene and where their confidence interval did not include the start of the gene.
Cis-regulating eQTLs were defined as located in proximity to the start of the gene (<2.5 Mbp)

or located such that their confidence interval includes the start of the gene (Data file S4).

Transcriptome Wide Association Analysis (TWAS)

A TWAS was conducted to associate gene expression levels of active genes with phenotypic
traits. The active genes were filtered to select those genes which were active in at least 5% of
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all genotypes (14). We used the MLMM?®2, BLINK®® and FarmCPU®>* models, implemented in
the R package GAPIT (version 3)%, including the three first principal components for the initial
identification of genes and in case of the MLMM the variance-covariance matrix between
individuals as kinship. Each population (IBM-RILs, B73xIBM-RILs, Mol17xIBM-RILs) was
analyzed separately. For use in GAPIT, expression values were rescaled to values between 0
and 2 for each population. The presented TWAS + SPE candidate genes (TSG) were
additionally investigated using Student’s t-test.

Determination of syntenic and non-syntenic genes

The syntenic and non-syntenic genes were determined by comparison against a published list
of syntenic grass genes®. Those genes with cis-regulatory eQTL were compared against those

with trans-regulatory eQTL using the Fishers’ exact test in R with fisher.test().
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Abstract

Hybrid plants often perform better than their homozygous parents, a phenomenon that is
commonly referred to as heterosis. Heterosis is widely utilized in modern agriculture, although
its molecular basis is not very well understood. In this study, we backcrossed an intermated
recombinant inbred line population of maize with its parental inbred lines B73 and Mo17. The
resulting hybrids exhibited different degrees of heterozygosity and heterosis. Non-additive
gene expression was consistently higher than mid-parent expression across these partially
heterozygous backcross hybrids. We surveyed the regulation of these non-additively
expressed genes in the hybrids by investigating expression quantitative trait loci (eQTL). We
demonstrated that non-additively expressed genes explain up to 27% of heterotic variance.
Furthermore, our data demonstrated that non-additively expressed genes are regulated almost
exclusively from heterozygous regions of the genome. Moreover, we observed that non-
additive expression patterns are distinctly regulated depending on the genetic origin of the
higher expressed parent. As a consequence, these regulatory regimes lead to higher gene
activity in most non-additively expressed genes in the hybrids and might contribute to the
hybrid performance. The results of this study reconcile the dominance and overdominance
model of heterosis by demonstrating that expression of many non-additively expressed genes
is dominant while their regulation from heterozygous regions is consistent with the

overdominance model of heterosis.
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Introduction

The term heterosis describes the observation that hybrid progeny of genetically distinct parents
display superior agricultural performance?. The introduction of hybrids in maize breeding in the
1930s is considered as one of the landmark innovations of modern agriculture and has
contributed to an enormous increase in yield®>™. It has been observed that the phylogenetic
distance between the parental inbred lines is positively associated with heterosis®. The
observation that specific combinations of parents result in especially high levels of heterosis
has resulted in the definition of typical female and male heterotic groups®. Other crops, such
as rice, also benefit from the classification of genotypes into heterotic groups and their

combination as heterotic pattern’?,

Heterosis is observed in all parts of the plant throughout development, but is typically
investigated for above-ground traits related to yield®. In maize roots, which play an important
role for the overall performance of plants, heterosis becomes apparent 5 to 7 days after

germination?.

Classical genetic concepts to explain heterosis include the dominance and overdominance
model. The dominance model postulates that heterosis is caused by complementation of
slightly deleterious alleles at many loci in the hybrid by dominant or at least stronger alleles?.
The overdominance model postulates that two different alleles at the same locus cause
heterosis by their interaction and that the heterozygous state itself is advantageous to the
homozygous situation of the parents®. Despite examples of single genes displaying

overdominance?*3 none of these models alone can fully explain heterosis**1°,

Genes with differential expression between two maize lines can show a variety of expression
levels in the resulting hybrid. They can display additive expression, reflecting the average
expression of their parents, or deviate from this pattern and display non-additive expression?®.
Depending on the surveyed tissues, developmental stages and genotypes, maize displays a
highly variable degree of non-additive gene expression'’-2°. Reciprocal maize hybrids of B73
and Mo17 generally share the same non-additive pattern®22, In early primary roots and
developing ear shoots of the same hybrids, a trend towards adoption of high parent expression,
rather than low parent expression was observed!®?12 put not further investigated in detail.
Both additive and non-additive expression have been considered to contribute to
heterosis’?1222425 The observation that non-additive genes are conserved under stress
conditions and mostly belong to evolutionary less conserved non-syntenic genes suggests that

they are involved in adaptation to different environments or stress conditions?126,

Gene expression differences are the result of alterations in gene regulation. Regulatory

elements can be classified as cis, if they are positioned close to the regulated gene, and trans,
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if the element is located at a different position, often on a different chromosome?’. A possible
connection between transcriptional variation in the regulation of cis- and trans-acting factors
and hybrid performance was discussed®® and an association of trans-regulated gene

expression in hybrids with paternal alleles was shown in maize?®.

Recombinant inbred line (RIL) populations as well as backcross populations have been
extensively used in genetics for quantitative trait locus (QTL) mapping, candidate gene
identification and heterosis studies®>=3. They can further be used to identify expression QTL
(eQTL). These are genomic regions associated with variation in gene expression across the
mapping population and provide direct insights into the regulation of gene expression?’.

In this study, we analyzed the transcriptomes of the maize intermated B73 and Mol7 (IBM)
RIL syn. 4 population®* and their partially homozygous and heterozygous backcross hybrid
populations with the original parents B73 and Mo17 (Figure S1). We demonstrated that non-
additive gene expression patterns influence the manifestation of heterosis in seedling root
development. We further showed that regulatory elements of non-additive genes are
predominantly located in heterozygous regions, suggesting that heterozygosity on the
regulatory level promotes a higher expression in the hybrid than the parental average.
Depending on their parental genetic origin, these regulatory elements act either predominantly

in cis or trans, possibly influencing the formation of heterotic patterns.
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Results

Transcriptome analysis of two maize intermated recombinant inbred line backcross

populations

To study the regulation of non-additive gene expression in maize hybrids, i. e. patterns that
significantly deviate from the average of the parental values (mid parent value; MPV), we
generated two partially heterozygous backcross populations by crossing 112 IBM-RIL syn. 4
recombinant inbred lines to the maternal IBM-RIL parents B73 and Mol7 (Figure S1A). The
backcross populations, obtained by crossing the IBM-RILSs to their original parents, vary in their
heterozygosity as well as heterosis (Figure S1A).

We subjected 1-week-old primary roots of these backcross hybrids, their parents (IBM-RILs
and B73 or Mol17) and the fully heterozygous hybrids B73xMo17 and Mol17xB73 to RNA-
sequencing and root phenotyping. After quality assessment, 2-3 biological replicates of 85
B73xIBM-RIL and 82 Mo17xIBM-RIL backcross hybrids remained for downstream analyses.
To obtain higher accuracy in the pairwise comparisons, we included more replicates of the fully
heterozygous reciprocal hybrids B73xMo17 (23 biological replicates) and Mol7xB73 (24
biological replicates) and the parental inbred lines B73 (47 biological replicates) and Mo17 (42
biological replicates) in our analyses (Figure S1B).

Most non-additively expressed genes are expressed above the mid-parent value in
hybrids

Non-additively expressed genes in hybrids are expressed significantly higher or lower than the
mid-parent value (MPV). To study non-additive gene expression, we determined genes with
significantly different expression in the hybrid compared to the MPV (FDR <0.05, |[Log.FC| >1).

In the parent-hybrid triplets of the fully heterozygous reference hybrids, we investigated 24,241
(B73xMo17) and 24,203 (Mo17xB73) genes active in at least one genotype. Among those,
22,453 (93%; B73xMo017) and 22,621 (93%; Mo17xB73) were additively expressed, of which
83% (B73xMo17: 18,604) and 82% (Mol7xB73: 18,630) did not show any expression
difference between the parents (Figure 1A). The remaining additively expressed genes
adopted the MPV of their differentially expressed parents with either B73 or Mo17 being the
high parent (Figure 1A). Among the 1,788 (B73xMo17) and 1,582 (Mo17xB73) non-additively
expressed genes (Figure 1B), 93% (B73xMol7) and 97% (Mol7xB73) showed a higher
expression level than the MPV (Figure 1B). Most of these genes (1,584 (95%) in B73xMol17
and 1,494 (93%) in Mo17xB73) showed significantly different expression between the parents
(DEGs: FDR =0.05, |Log-FC| > 1) (Figure 1B).
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Figure 1: Distribution of gene expression pattern. A Numbers of additive genes (difference between (mid-parent
value of gene expression) MPV and hybrid not significant, |Log2FC|>1, p<0.05) in B73xMo17 and Mol17xB73

hybrids. B Numbers of non-additive genes with either significantly higher than MPV expression or lower than MPV
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expression in the hybrid (JLog2FC|>1, p<0.05). Colors in A and B indicate parental gene expression difference
whith blue = higher expression in B73 than Mo17 (JLog2FC|>1, p<0.05), yellow = higher expression in Mo17 than
B73 and grey = no significant difference. In B darker shade indicates conserved expression between the reciprocal
hybrids. C Numbers of non-additive genes in B73xIBM-RIL and D Mo17xIBM-RIL hybrids. Different colors indicate,
whether the hybrid expression value is significantly (|lLog2FC|>,p<0.05) higher (grey, positive values) or lower
(brown, negative scale) than the MPV.

B73 was the high parent in 54% (B73xMo017) and 51% (Mo17xB73) of genes with differentially
expressed parents in the highly heterozygous reference hybrids (Figure 1B “Hybrid higher than
MPV”, Data file S1). Among those, 79% (714) of genes with B73 as the high parent and 82%
(656) of genes with Mo17 as high parent were conserved between the reciprocal reference
hybrids (Figure 1B, Data file S1). Nevertheless, expression of 94% (B73xMol17) and 98%
(Mo17xB73) of these genes was within the range of their parents. The average numbers of
non-additively expressed genes among the backcross-populations in general were 847 in
B73xIBM-RILs and 807 in Mo17xIBM-RILs, which is approximately half the number (47% and
51%) of non-additive genes in the fully heterozygous B73xMol17 and Mo17xB73 hybrids. For
further analyses, the active genes in the IBM-RIL backcross populations were classified into
heterozygous and homozygous, based on SNPs present in these genes, or surrounding
regions. Among those, we identified on average 19,042 additive genes in B73xIBM-RIL
backcrosses and 18,985 in Mo17xIBM-RIL backcrosses (Data file S2). For most non-additively
expressed genes, we observed a prevalence for higher expression compared to the MPV
across all B73xIBM-RILs (Figure 1C) and Mo17xIBM-RILs (FigurelD). In B73xIBM-RILs, on
average 668 (95%) genes were expressed higher than the MPV (FigurelC), while in
Mol17xIBM-RILs on average 637 (96%) displayed this expression pattern (FigurelD). In
contrast, on average only 35 (5%; B73xIBM-RIL) and 26 (4%; Mol17xIBM-RIL) of genes were
expressed lower in the hybrid compared to the MPV. Hence, the trend of non-additively
expressed genes to exceed the MPV as observed in the reference hybrids (Figure 1B), is also
conserved in both IBM-RIL backcross populations (Figure 1C-D). We therefore focused our
downstream analyses on non-additively expressed genes displaying above MPV expression

in the hybrids with parents displaying contrasting expression.

Heterozygosity drives non-additive gene expression in backcross hybrids

In the B73xIBM-RIL and Mol17xIBM-RIL backcross hybrids, non-additively expressed genes
are either located in homo- or heterozygous regions of the genome (Figure 2A and 2B). In
B73xIBM-RIL hybrids, most non-additively expressed genes with higher than MPV expression
(on average 487, 82%) were located in heterozygous genomic regions (B73/Mo17, Figure 2C,
pattern 1 and 2), while less genes (on average 105, 18%) were observed in homozygous
genomic regions (B73/B73, pattern 3 and 4) (Figure 2C). In heterozygous regions of B73xIBM-
RIL backcross hybrids we observed more genes with B73 as high parent (66%; Figure 2C
pattern 1 vs 2).
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Figure 2: Heterozygous genomic regions drive non-additive gene expression in backcross hybrids. A Schematic
depiction of the genomic region of a gene in the hybrid and the possible expresison pattern with higher than MPV
in B73xIBM-RILs and B Mo17xIBM-RILs. C Numbers of non-additive genes in B73xIBM-RIL hybrids differentiated
iby expression pattern. D Numbers of non-additive genes in B73xIBM-RIL hybrids differentiated by expression
pattern. Colors in C and C indicate the parent with higher expression. The high parent is also indicated on the x-
axis in bold letters. The red numbers correspond to the graphical description in A and B. For E B73xIBM-RIL hybrids
and F Mo17xIBM-RIL hybrids, the heterozygosity of each hybrid in % of all classified regions are displayed againts
the corresponding number of non-additive genes. The p-value and adjusted R2 are indicated for a linear regression
with the heterozygosity as indepentent and the number of non-additive genes as dependent variable.

In homozygous B73/B73 regions of B73xIBM-RILs backcross hybrids, we almost exclusively
observed non-additive genes with the paternal IBM-RILs as high parent (90%, Figure 2C,
pattern 4 vs. 3).

Similarly, in Mo17xIBM-RILs, non-additively expressed genes with higher expression levels
than the MPV were preferentially (on average 492; 83%) detected in heterozygous genomic
regions (Mol7/B73, pattern 5 and 6), while less genes (101; 17%) were detected in
homozygous genomic regions (Mol7/Mol7, pattern 7 and 8) (Figure 2D). Again, in
heterozygous regions of Mo17xIBM-RIL backcross hybrids we observed more genes with B73
as high parent (69%; Figure 2D pattern 5 vs 6). In homozygous regions, we almost exclusively
observed non-additive genes with the maternal high parent Mol7 in Mo17xIBM-RILs (90%;
Figure 2C, pattern 7 vs. 8).

In summary, in both backcross hybrid populations, B73xIBM-RIL and Mol17xIBM-RIL, non-
additive genes with higher than MPV expression were predominantly located in heterozygous
regions. Furthermore, the degree of heterozygosity of the backcross hybrids was significantly
positively associated with the number of non-additive genes (Figure 2E-F), suggesting that

heterozygosity is a major driver of non-additive gene expression.

Up to 27% of heterotic variance in root traits can be explained by non-additive genes in
Mo17xIBM-RILs

We further used a linear modelling approach to calculate the proportion of heterotic variance
that can be attributed to the number of non-additively expressed genes in patterns 1-8 (Table
1). We determined that up to 27% of heterotic variance (variance in hybrid phenotypes that is
not accounted for by experimental factors or parental values) can be attributed to non-
additively expressed genes (Table 1). The different traits in the different populations show
contrasting values for the heterotic variance attributable to non-additive genes. This indicates
an important but variable role of non-additive genes for heterosis of different traits and

populations (Table 1).
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Table 1: Proportion of heterotic variance explained by the number of non-additive pattern 1-8

genes on mid-parent heterosis for different root phenotypes

Trait B73xIBM-RILs Mol17xIBM-RILs
Ot o’ PHet O2Het o’ PHet
No. Of root tips 0.277 0.332 17% (0.167) 0.155 0.194 20% (0.199)

Total root volume 2.498 2.705 8% (0.076) 0.818 1.123 27% (0.272)
Total root length 3.094 3.567 13% (0.132) 1.786 2.194 19% (0.186)
Lateral root density  5.407 6.804 21% (0.205) 7.366 6.925 -7% (-0.063)

0%Het = unexplained genetic variance of heterosis effect, not associated with non-additive genes; 0%c = total genetic
variance among the hybrid genotypes; pret = Coefficient of determination: Proportion of the heterotic variance
explained by the number of non-additive genes.

Non-additive genes with Mo17 as high parent are predominantly regulated in trans

To study the regulation of non-additively expressed genes, we identified expression
guantitative trait loci (eQTL), which are significantly associated with the expression of these
genes and thus likely regulate their activity. For 93% of the non-additively expressed genes in
B73xMo17 and for 96% of these genes in Mo17xB73 we identified at least one eQTL (Data file
S2). We further distinguished the eQTL into cis-regulating in case of close proximity to the
regulated gene (<2.5 Mbp) and trans-regulating in case of distal regulation (>2.5 Mbp, in most
instances on a different chromosome). In both reference hybrids we observed that if B73 was
the high parent, genes were primarily cis-regulated by eQTL (Figure 3A B73xMol7: 96%;
Figure 3B: M0o17xB73: 96%) while when Mol17 was the high parent, genes were preferentially
regulated by eQTL in trans in the reciprocal hybrids (Figure 3A: B73xMo17: 69%; Figure 3B:
Mo17xB73: 72%).

For IBM-RIL backcross hybrids, we identified eQTL for 90% (633/699) of non-additively
expressed genes with higher than MPV expression on average. In heterozygous regions of
B73xIBM-RIL and Mol17xIBM-RIL hybrids, we observed a similar pattern as in the fully
heterozygous B73xMo17 and Mo17xB73 hybrids: genes with the high parent contributing the
B73 allele were almost exclusively controlled by cis-regulating eQTL (Figure 3C pattern 1:
B73xIBM-RILs: 96%; Figure 3D pattern 6: Mol7xIBM-RILs: 97%), whereas genes with the
Mo17 allele as high parent showed a similar number of cis- and trans-regulating eQTL (Figure
3C, pattern 2: B73xIBM-RILs: 49% cis; Figure 3D, pattern 5: Mo17xIBM-RILs: 49% cis). Among

additive genes, on average 94% and 91% were cis-regulated (Figure 3C, D).
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Figure 3: Proportion of cis- and trans- regulation in expression pattern of non-additive and additive genes. A Bars
show the number of cis- and trans- regulating eQTL of the genes with different expression pattern in the B73xMo17
hybrid and B the Mo17xB73 hybrid. Percentages indicate the proportion of cis- or trans-regulation. Boxplots display
the proportion of cis-regulation among non-additive expression pattern and additive genes in C B73xIBM-RIL and
D Mol7xIBM-RIL hybrids. Different letters indicate significantly different proportions (a < 0.05), identified with a
gaussian mixed model with the hybrid as random effect, the non-additive expression pattern and additive genes as
a fixed factor and a diagonal variance component for the fixed factors.

Heterozygous eQTL regulate heterozygous and homozygous non-additive genes

Next, we distinguished between heterozygous and homozygous eQTL in the backcross

hybrids. Since cis-acting eQTL are located in close proximity to their target gene, we observed
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that cis-acting eQTL generally have the same zygosity, i.e. homo- or heterozygote, as the non-
additive gene they regulate (Figure 4A, B). Thus, most cis-acting eQTL regulating non-additive
genes are located in heterozygous regions for B73xIBM-RILs (Figure 4A, Figure S2A) and
Mol17xIBM-RILs (Figure 4B, Figure S2B) because most non-additively expressed genes are
located in heterozygous genomic regions (Figure 2C, D). Trans-acting eQTL are also almost
exclusively located in heterozygous regions, but they regulate heterozygous and homozygous
non-additively expressed genes at a similar rate (Figure 4A pattern 2 and 4, Figure 4B, pattern
5 and 7). Thus, non-additive genes with the expression patterns 1-8 (Figure 2) are almost
exclusively regulated in heterozygous regions (B73xIBM-RILs: 94%, Mo17xIBM-RILs: 95%).
In homozygous regions in B73xIBM-RILs, nearly all non-additive genes displayed pattern 4
(Figure 2C) and eQTL for those genes were predominantly trans-regulating (94%; Figure 3A).
These eQTL were located almost exclusively in heterozygous regions (Figure 4A, pattern 4).
This indicates for pattern 4 that although these genes were homozygous for the B73 allele,
they were regulated by eQTL carrying also the Mo17 allele at the heterozygous location of the
eQTL (Figure 5, pattern 4). Thus, genes with the same allele in both parents display differential
expression. In this case the IBM-RIL parent, providing the Mo17 allele at the eQTL position,
was higher expressed. In contrast, genes in homozygous regions in Mo17xIBM-RILs had the
maternal Mol7 as the high parent (pattern 7) but were also trans-regulated (81% trans-
regulated; Figure 3B). In this pattern, the genes were located in homozygous Mol7/Mol17
regions, while the eQTL were located in heterozygous Mo17/B73 regions (Figure 4B, pattern 7)
with the IBM-RIL providing the B73 allele at the eQTL. At the same time, the expression (as
per definition of the pattern 7) was lower in the IBM-RIL than in the Mol7 parental line

(Figure 5, pattern 7).

In summary, non-additive genes in heterozygous regions with the Mo17 allele provided by the
high parent are more often trans-regulated, compared with those with B73 as the high parent.
We further demonstrated that non-additive genes in homozygous regions are regulated by
trans-eQTL from heterozygous regions, where the Mol17 allele at the eQTL is responsible for

increased gene expression.
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Figure 4: The distribution and location of eQTL of non-additive genes in homo- or heterozygous regions in A
B73xIBM-RIL hybrids or B Mol17xIBM-RIL hybrids. Non-additive gene can be expressed higher (|Log2FC|>1,
p<0.05) in the maternal parent or the paternal parent (indicated in bold). And corresponding eQTL can be cis-
regulating from heterozygous (dark blue) or homozygous (light blue) regions or trans-regulating from heterozygous
(dark yellow) or homozygous (light yellow) regions.
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Discussion

The dominance model of heterosis suggests that deleterious alleles are complemented by
beneficial alleles at many loci in the hybrid, while the overdominance model explains
heterosis by beneficial interactions of alleles in heterozygous genes in the hybrid *. It was
suggested that heterosis is controlled by several genetic mechanisms, with varying
contribution depending on the species and trait under analysis®. Results of transcriptome
studies supported the notion that specific gene expression patterns can contribute to heterosis,
although no direct correlation between differential expression or non-additive expression and
heterosis has been identified before®. Here we demonstrated, how non-additively expressed
genes and their regulation contribute to heterosis. For this purpose, we analysed gene
expression profiles of the fully heterozygous reference hybrids B73xMol17 and Mo17xB73 and
populations of partially heterozygous B73xIBM-RIL and Mo17xIBMRIL hybrids.

Regulation in homozygous non-additive patterns
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Figure 5: Schematic depiction of the trans-regulation of non-additive genes in homozygous regions and how
expression is initiated by the Mo17 allele at the eQTL position in both cases.

In general, we observed that most genes in fully and partially heterozygous hybrids are
additively expressed, i.e. their expression is not different from the mid-parent value. This is in
line with previous studies where in general >90% of genes in maize hybrids were additively
expressed!®?2, This maintenance of the status quo for most genes was suggested to be
beneficial for the hybrid 22 and is in line with the gene balance hypothesis®/, stating that
quantitative traits are influenced by gene dosages of different alleles of different genes3-3.
The number of non-additively expressed genes in the reference crosses in the present study
are consistent with previous observations®. As expected, in the backcross hybrids we

observed only approximately half the number of non-additively expressed genes compared to
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the reference crosses because they are predominantly observed in heterozygous regions of
the genome. We demonstrated that most non-additive genes were expressed higher than mid-
parental expression. This pattern was universal across all backcross and reference hybrids.
Previous studies showed a similar pattern, in which more non-additive genes adopted the high-
parent expression in the same maize!®, cotton®® or coffee** hybrids. Recently, a
thermodynamic model of transcription factor binding in hybrids suggested this to be a general
mechanism in case of parental expression divergence based on above-average occupancy of
promoters*?, This trend of expression complementation is consistent with the dominance
model of heterosis!!. Similar observations were made in Arabidopsis, where different pathways
were complemented in a high-parent expression pattern and connected to hybrid adaptability

across developmental periods®.

We demonstrated that up to 27% of heterotic variance in phenotypic root traits can be
explained by the number of non-additively expressed genes in Mol7xIBM-RILs (Table 1).
Similarly, genes displaying single parent expression (SPE), a pattern where a gene is
expressed in the hybrid but in only one of the parents, influenced heterosis significantly up to
29% in the backcross population B73xIBM-RILs*. Remarkably, while SPE genes contributed
mainly in B73xIBM-RIL backcross hybrids to heterosis, non-additively expressed genes
contributed substantially to heterosis in both Mol17xIBM-RIL and B73xIBM-RIL backcross
hybrids, with the exception of lateral root density** (Figure 6). Thus, non-additive genes and
SPE genes appear to contribute to heterosis in a genotype- and trait-specific manner, with

variable contribution.

Using IBM-RIL backcross populations allows to study the regulation of non-additively
expressed genes via eQTL analyses. Additionally, the partially hetero- and homozygous nature
of our backcross populations revealed aspects of non-additive gene expression regulation that
cannot be studied in fully heterozygous hybrids: In both IBM-RIL backcross hybrid populations,
eQTL regulating non-additive gene expression were almost exclusively located in
heterozygous regions (B73xIBM-RILs: 94%, Mol17xIBM-RILs: 95%), no matter which allele
(B73/M017) was contributed by the higher expressed parent. This is in line with the observed
numbers of non-additive genes. In the partially homozygous backcross populations, about half
as many non-additive genes were identified, compared to the fully heterozygous hybrids. On
average, only ~50% of the genome of the backcross hybrids are heterozygous and non-
additive expression is regulated in those heterozygous regions. While single-parent expression
complementation**4® and non-additive expression is consistent with the dominance model,
these expression patterns are regulated by heterozygous eQTL interactions, hence suggesting
overdominance*. These observations are consistent with the notion that the dominance and

overdominance models are not mutually exclusive®®. In our study dominance prevailed on the
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level of gene expression, while overdominance was observed predominantly on the level of

gene regulation.
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Figure 6: Contribution of non-additive (this study) and single parent expression complementation (Pitz et al., 2024)
to heterotic variance of root traits in B73xIBM-RIL and Mo17xIBM-RIL backcross populations. Both, non-additive
and single parent expression complementation are predominantly regulated by eQTL in heterozygous regions of
the genome.

A possible explanation for the observed differences in contribution of heterozygosity and non-
additive expression between the different backcross populations might be connected to the
different regulation modes of non-additive expression patterns: We discovered that non-
additive genes with Mo17 as the high parent were predominantly trans-regulated (~70%), while
those with B73 as high-parent were almost exclusively cis-regulated (~95%) (Figure 3 A-B). In
a previous study, trans-regulation was associated with paternal dominance?®. Although Mo17
is traditionally the paternal parent, we observed that trans-regulation associated with Mo17
expression was independent of the maternal or paternal origin. A similar observation was made
for genes that display single-parent expression (SPE), where the expression of a gene in only
one parent is complemented in the hybrid 4. In summary, Mo17 dominance, in terms of higher
expression or activity, is largely trans-regulated, while B73 dominance is preferentially cis-
regulated. The same tendency was observed for SPE genes with either Mol7 (trans-

regulation) or B73 (cis-regulation) as the active parent**. Based on our findings, we suggest
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that one of the factors contributing to the outstanding hybrid performance of B73 and Mol7
hybrids might be the distinct regulation (cis vs trans) of non-additive and SPE genes of these
genotypes. The observed combination of cis- and trans-regulated gene expression results in
a complementation of higher than mid-parental gene expression. Due to their conservation
under different conditions, non-additive expression was proposed to be beneficial to the hybrid
under different environmental conditions?é. Additionally, complementation of gene expression
and function during plant development was suggested to contribute to heterosis in
Arabidopsis?®“3. The presented differences in the high parent regulation regime might explain
the different results obtained for the two different populations, as not all genes can be

complemented in the backcross hybrids.

While higher expression is not necessarily beneficial for every phenotypic trait and for every
gene and condition, non-additive gene expression was suggested to be beneficial for hybrids
to thrive under different environmental cues?%43, We demonstrated that eQTL associated with
non-additively expressed genes are mainly located in heterozygous regions, leading to a
complementation of higher than mid-parent expression across non-additive genes, showing
how heterozygosity on the regulatory level influences complementation of gene expression.
We further showed that genes displaying non-additive expression patterns contribute to
heterosis and that their regulation might be a new aspect, necessary to translate phylogenetic
distance into vigorous hybrids.
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Material and Methods

Plant Material

For our study, we backcrossed a subset of 112 IBM-RILs of the maize intermated recombinant
inbred line population (IBM-RIL syn. 4)** as males to their original parents B73 and Mo17 as
females. The IBM-RIL syn. 4 population was generated by crossing the maize inbred lines B73
and Mo17, followed by four generations of intercrossing and subsequent self-pollination of their
progeny*’. Different IBM-RILs are highly homozygous and diverse regarding their genomic
regions contributed by B73 and Mol17. B73xIBM-RIL and Mo17xIBM-RIL backcross hybrids
are partially homozygous and heterozygous. Backcross hybrids of a specific IBM-RIL show
contrasting homozygous and heterozygous genomic regions. We additionally included the
parental inbred lines B73 and Mol7, as well as their reciprocal hybrids B73xMol7 and
Mo17xB73 as fully heterozygous reference hybrids.

Experimental desigh and harvesting of plant material

We germinated all genotypes in an alpha-design with incomplete blocks as described in detail
in Pitz et al. (2024)** containing 3 biological replicates of each of the 112 IBM-RILs (336
samples) and each of the 112 backcross hybrids B73xIBM-RIL and Mol7xIBM-RIL (672
samples). Moreover, we included 48 biological replicates of the maternal inbred lines B73 and
Mol17 and 24 biological replicates of the reciprocal hybrids B73xMol17 and Mol17xB73 as
reference hybrids. In total, we analyzed 1,152 samples. For each sample, we sterilized 25
kernels with 10% H»O, and pre-germinated them in germination paper rolls and placed them
in distilled water in a climate chamber with 16 h light (26 °C) and 8 h dark period (21°C). After
three days, we selected up to 8 seedlings per sample based on similar primary root length,
and placed them into an aeroponic growth system (“Elite Klone Machine 96”, TurboKlone,
USA). After another 4 days, we collected the distal part of the primary root, which included the
root tip as well as the meristematic and elongation zone. We stored the roots immediately in

liquid nitrogen until RNA extraction**.

RNA-sequencing processing and SNP calling

We ground each sample, consisting of up to eight primary roots of the same genotype, in liquid
nitrogen before RNA extraction with the RNeasy Plant Mini Kit (QIAGEN, Venlo, the
Netherlands). The next generation sequencing core facility in Bonn, Germany (https://btc.uni-
bonn.de/ngs/) assessed the RNA quality, using a Bioanalyzer (RNA ScreenTape +
TapeStation Analysis Software 3.2, Agilent Technologies, Santa Clara, CA, USA), constructed
the cDNA libraries, necessary for RNA-sequencing following the protocol for TruSeq reversely-
stranded mRNA (Illlumina, San Diego, USA) and sequenced 100-bp paired-end reads on a
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NovaSeq 6000 S4 flow cell machine (lllumina, San Diego, USA). We trimmed and filtered the
raw-reads with Trimmomatic (version 0.39) in paired-end mode with the following settings:
ILLUMINACLIP:adapters/TruSeq3-PE-2.fa:2:30:10:8:True, LEADING:3, TRAILING:3,
MAXINFO:30:0.8, and MINLEN:40%. We aligned the trimmed reads to the Maize reference
genome (B73v5, ftp.ensemblgenomes.org/pub/plants/release-
52/fasta/zea_mays/dna/Zea_mays.Zm-B73-REFERENCE-NAM-5.0.dna.toplevel.fa.gz) after
indexing (exon information from http://ftp.ensemblgenomes.org/pub/plants/release-
52/gff3/zea_mays/Zea_mays.Zm-B73-REFERENCE-NAM-5.0.52.9gff3.9z) with Hisat2
(version 2.2.1; Kim et al. 2015) with the settings: -q —phred 33 —rna-strandedness RF --min-
intronlen 20 —max-intronlen 60000. We then used samtools from htslib (version 1.14)*° and
Picard tools (version 2.27.1; http://broadinstitute.github.io/picard/) for formatting and duplicate
removal. We then counted uniquely mapped reads with htseg-count (version 2.0.1)*® and

excluded samples with a library size <5 million counted reads.

We prepared the alignments for SNP calling with GATKs HaplotypeCaller by adding readgroup
information (Picard AddOrReplaceReadGroups, version 2.27.1), filtering for uniquely mapped
reads (mapping quality >=60) and formatting (samtools view, version 1.14). Subsequently, we
split alignments at positions with N in the CIGAR files, for example intron-spanning reads, by
using GATKs SplitNCigarReads (version 2.4.6.1)%%°2,

We performed SNP calling in two steps*. In brief, we performed a first SNP calling, based on
which we excluded samples with low homozygosity within regions, that should be homozygous
or genotypes in the hybrids not matching the parental genotypes. We identified SNPs between
our Mol17 inbred line samples and the B73v5 reference genome. Additionally, we identified
SNPs between B73 inbred line samples and the B73v5 reference genome to exclude those
loci where both, B73 and Mol7 lines show a non-reference allele. We then counted the
frequency of the B73 and Mo17 allele at each SNP locus in each sample (>3, adapted from3°).
First, we calculated the ratio of homozygous loci in the parental inbred lines. In case of <95%
homozygous loci, we excluded the sample. The same was done for the homozygous regions
of the partially homozygous backcross hybrids. Thus, we excluded 175 samples. Additionally,
10 samples had a library size of <5 million read counts and 17 samples were excluded,
because they were the only one left out of three replicates of a genotype. We further generated
a variant call file (vcf) of known SNPs to be used in the second SNP calling. Subsequently, we
had to exclude 90 hybrid samples, because the paternal inbred was excluded and 8 IBM-RIL
paternal inbred lines, because all corresponding hybrids were excluded. This left 852 samples
for the second SNP calling. For this, we filtered the variant call files (vcf) from the first SNP
calling (https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-

germline-short-variants, checked on 12/18/2023) and used them for recalibration of base
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gualities with GATKs BaseRecalibrator and ApplyBSQR in the samples
(https://gatk.broadinstitute.org/hc/en-us/articles/360035531192-RNAseq-short-variant-

discovery-SNPs-Indels-, checked on 12/14/2023). We then used the HaplotypeCaller in
BP_RESOLUTION mode. To subsequently eliminate positions without information, we filtered
the result for positions with a coverage (DP) of 21. We obtained on database per triplet (IBM-
RIL, B73xIBM-RIL, Mol17xIBM-RIL) by combining the respective samples. To ensure
genotyping of all possible SNP loci (not just the ones present in the respective triplet), we
added the B73 and Mol7 samples to each triplets database. We filtered the resulting
genotyped loci for SNPs with QD >2, SOR <3, MQ >40, QUAL >30 and FS <60 using bcftools
(version 1.17). To determine a list of high confidence B73 versus Mol17 SNPs, we confirmed
the B73 allele in 90% but 23 genotyped B73 samples and the Mo17 allele in 90% but at least
3 genotyped Mol7 samples with high (>10) GenotypeCall quality (GQ). Additionally, we
identified SNPs which were not present in any B73 or Mol7 samples IBM-RIL specific

(homozygous or heterozygous and regardless of GQ).

Classification of genomic regions and genes, determination of heterozygosity

We used the filtered SNP data (GQ>10) to classify each IBM-RIL genome into B73 or Mo17
regions and to mask regions which were not B73 or Mol7. In short, we implemented a
distance-function to group IBM-RIL specific loci with a distance of <2.5 Mbp into blocks. Blocks
of at least 10 IBM-RIL-specific loci were masked as third origin regions. We then used a sliding
window approach of 15 consecutive loci to eliminate singular loci that did not match their
surrounding loci®*. We used the previously mentioned distance-function to group loci that carry
the same allele and which were less than 0.5 Mbp apart as a block, and all blocks were
retained. We excluded two IBM-RILs which had more than 50% of their genomes consisting
of IBM-RIL specific regions from a third parental origin and their respective hybrids (details
in**) Thus, 834 samples remained for final analyses. We filtered the data set of each triplet to
only include loci within the B73 or Mo17 regions of the IBM-RILs and within exons of protein-
coding genes and we classified the genes as within a B73, within a Mol7 region, an
unclassified region without SNP information, or masked them as IBM-RIL specific. This
verification was performed for each IBM-RIL separately. We calculated the proportion of
heterozygous to homozygous regions for each backcross hybrid by dividing the total lengths
of classified heterozygous regions (B73 regions of the IBM-RIL for the Mo17xIBM-RIL and
Mo17 regions of the IBM-RIL for B73xIBM-RIL) by the total lengths of all classified regions (not

considering IBM-RIL specific masked regions and regions without SNP information) (Data S3).
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Determination of differential and non-additive gene expression patterns

We obtained differentially expressed genes by processing raw read counts with the
Bioconductor package limma (version 3.50.3)>° in R (version 4.1.1). For each triplet
combination composed of both parents and their hybrid offspring only genes which are active
in at least one of the we considered three genotypes. In addition, we filtered lowly expressed
genes by the filterByExpr() function of the Bioconductor package edgeR (version 3.36.0). We
used the function CalcNormFactors() of limma to calculate normalization factors of the raw
counts, which were later used by the voomWithQualityWeights() function of limma to obtain
sample- and gene- specific weights. We implemented the following model to estimate the gene

expression across samples and genes®®¢ :

Yikingy = 9i + P+ St + €jkin() (1)

We modelled the expression value of a specific gene of the respective genotype i as Y.
The fixed effect for genotype i was represented by g;. The remaining terms correspond to the
experimental design, where the fixed effect for batch k nested within block j was included by
Py and represents an incomplete block within a replicate. The random effect for system | nested
within batch k and block jwas included as s; and represents one of eight growth systems within
each block. The random error effect for row n of genotype i in block j and batch k and system

| was represented by ejni - We subjected the fixed effects to the function

voomWithQualityWeights() of limma, with s; serving as a block to obtain consolidated weights
for library size and heterogeneity in sample quality as well as observational variance®’. Since
the limma package does not provide a framework for random effects, we used limmas’
duplicateCorrelation() function to approximate the effect, with s; as a block®®. Both, the
voomWithQualityWeights() and duplicateCorrelation() function were run twice, and we updated
the resulting consensus value and used it in the ImFit() function. We made two contrasts for
detecting differential expression: First, we compared each hybrid value to the mean of both
parents and second, we compared both parents to each other using the contrast.fit() function.
We computed moderated t-statistics using an empirical Bayes method by the eBayes()
function. We considered genes differentially expressed if they had an absolute log2FC >1 and

an adjusted p-value <0.05%°,
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Determination of the contribution of non-additive expression pattern to heterotic

variance

We quantified the contribution of non-additively expressed genes with higher than MPV
expression to heterosis. Therefore, we calculated the total heterotic variance, accounting for
experimental factors and parental effects (0%c), using a linear mixed model (2). By extending
the model and including the numbers of non-additive pattern genes (0%4et), we were able to
calculate the proportion of variance attributable to non-additive genes (pret) (3). This approach
was adapted from the evaluation of SPE contribution to heterosis from*). We performed
separate analyses for the B73xIBM-RIL and Mo17xIBM-RIL population. The phenotypic data
for “total root length”, “total root volume” and “total number of root tips” was obtained from
image analysis of the whole root system of each plant. “Lateral root density” was obtained by
counting the number of lateral roots emerged from the proximal first centimeter of the primary
root**, We square-root transformed the values of the traits “total root length”, “total root volume”

and “total number of root tips”, to fulfil the modelling assumptions.

The base-model in each population for calculating 0% was fitted as follows. We defined
covariates to differentiate the IBM-RILs and B73 and Mo17 as parental genotypes from their
hybrids, but include them in the model simultaneously. We set the covariates initially to zero,
but for observations corresponding to a parental genotype, we set the covariate for this
genotype to one. We set the parental covariates of both parents to 0.5 for observations on the

hybrid. Thus, ultimately the terms g, x;; + --- + B,x;; model the general parental performance

as well as the hybrid mid-parent values.
Yikimnp) = L+ Bixin + -+ BgXig ¥ bj + zi * g + D + S1 + tn + T F €jramnp() (2)

We defined Y, mnp(i) as the parental effect on MPH of the respective hybrid genotype i for a
phenotypic trait. We defined i as the intercept, x;, as the parental covariables of parent q for
genotype i, b; as the fixed effect for block j. Further, we included z; x g; as random effect of
genotype i, whereas z is a dummy variable and set to z = 0 for parents and z = 1 for hybrids®*.
We defined b; as the fixed effect for block j, which represents one of three complete replicates.
We added p,, as random effect for batch k nested within block j and s; as the random effect for
system | nested within batch k and block j, which represents one of eight growth systems within
each batch. t,, represents the random effect for one of four triplets m nested within system I,
batch k and block j, which each consisted of an IBM-RIL and both corresponding backcrosses
or the reference inbreds B73 and Mo17 and a reciprocal hybrid. We let r;, represent the random
effect for a row of plants with the same genotype n nested within triplet m, system |, batch k
and block j. The random error effect ejxmnp(i) COrresponds to plant p of genotype i in block j,

batch k, system |, triplet m and row n.
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Next, we included the numbers of non-additively expressed genes in the model. It should be
noted, that each pattern (1-4 in B73xIBM-RILs, 5-8 in Mo17xIBM-RILs) was represented by
their own covariate. The numbers of non-additive genes were set to 0 for parental genotypes.

Yikimnpy = W+ Bixin + -+ BgXig + bj + yy5a; + y;sby + yysc; + yysdi + 2+ gi +pe + s+

tn+ T + ejklmnp(i) (3)

Thus, sa;, sb;, sc; and sd; represent the covariables for non-additively expressed genes in
pattern 1-4 (Figure 2A) or 5-8 (Figure 2B) for hybrid i. We used the Ime4 package (version 1.1-
29) within R (version 4.0.1) for this analysis.

eQTL analysis

We performed an eQTL analysis with the R/qtl2 package (version 0.22)%2 to identify positions
that were significantly associated with gene expression values based on the masked and
filtered SNP data as described in detail in*. For each of the three cross-types (IBM-RIL,
B73x%RILs, Mo17xRILs) we took the classified and filtered SNP loci within B73 or Mo17 regions
in the IBM-RILs as marker input data. We used the positions of these SNP loci as preliminary
genomic positions, as well as physical positions. As the phenotype data input in R/qtl2 we used
the estimated expression means obtained from the model coefficients within the differential
expression analysis of each genotype and gene. We removed samples with more than 19%
missing genotypes, duplicated genotypes and markers with more than 60% missing genotype
information. We estimated the genetic map from the physical positions and genotype
information and kept markers that were 21 cM apart to avoid retaining an excess of redundant
markers. We used a hidden Markov model and and Haley-Knott regression® to establish the
association between genotype and expression phenotype with a linear model. In simple words,
within each eQTL analysis, each marker is tested to see whether there is an association with
a single genes expression, the result is an LOD curve. In order to find out whether the highest
LOD value is significant, we performed a permutation analysis with 10,000 permutations and
all significant peaks (a <0.001) were saved®®4%5, This process was repeated for all (37,782)
active genes. To subsequently also correct for the testing of multiple genes, we considered
genes with FDR <0.001 significant. We performed this procedure on all three cross-type data
sets (IBM-RIL, B73xIBM-RIL, Mo17xIBM-RIL). We combined the resulting eQTL peaks and
distinct eQTLs were selected: in cases where multiple eQTLs were identified for a gene, we
assessed whether the different peak positions corresponded to different regulatory elements
(=25 Mbp apart or on different chromosomes, not within the confidence intervals of each other).
If multiple eQTLs for the same gene did not differ by the specified standards, we only retained
the eQTL with the shortest confidence interval or the highest LOD in case of equal confidence

intervals. We categorized the eQTLs into cis and trans eQTLs based on their distance from
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the start of their respective gene. We defined Trans-regulating eQTLs as located at a distance
of at least 2.5 Mbp from the start of the gene and where their confidence interval did not include
the start of the gene. We classified cis-regulating eQTLs as located in proximity to the start of
the gene (<2.5 Mbp) or located such that their confidence interval includes the start of the

gene*,
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5. Discussion

The agricultural performance of F1-hybrids often surpasses the performance of the two distinct
parental inbred lines. This effect is called heterosis®®°. The heterosis effect is utilized in many
crops, particularly in maize, with wide ranging socio-economic implications. Despite ongoing
research, extensive knowledge gaps remain to completely explain the molecular basis of this
effect'?®. With the advance of transcriptomic studies, several types of expression patterns
between parents and hybrid have been studied in relation to heterosis in maize®102111.119,
Among those, single parent expression (SPE) was repeatedly suggested to positively influence
hybrid performance. In this pattern, a gene is active in only one parent, but also active in the
hybrid by complementation, leading to a higher number of active genes in the hybrid'°-113, The
role of additive and non-additive expression patterns is less precisely defined®'?°, The
guantitative contribution of genes showing non-additive pattern to heterosis as well as the

regulation of SPE and non-additive genes remain largely elusive.

In the present study, we outcrossed 112 lines of the maize intermated B73xMo17 recombinant
inbred line (IBM-RIL) syn. 4 population®® to their original parental inbred lines B73 and Mo17.
The generation of these populations had several advantages: They allowed us to quantify the
contribution of SPE and non-additive expression pattern to heterosis manifestation in seedling
root development. Additionally, we identified locations of regulatory elements for gene
expression by eQTL analyses. The B73xMo17 hybrid shows exceptional heterosis, with B73
as female parent and Mo17 as male hybrid parent”7¢. This hybrid also represents the common
heterotic pattern of crossing a stiff stalk and a non-stiff stalk line’®"*. This hybrid was used
commercially in the 1980s. Nevertheless, these genetic resources are still relevant today, as

large proportions of contemporary germplasm are descended from B737>7¢,

5.1 Recombination in IBM-RIL population

Using SNP calling, we identified crossovers between B73 and Mol17 regions in the IBM-RILs.
In addition to SNPs clearly indicating Mol17 or B73 origin, we unexpectedly identified a third
category of SNPs. These did not occur in B73 or Mo17 reference genotypes, therefore we
designated them IBM-RIL specific SNPs. They were not evenly distributed across the genome,
but clustered in certain IBM-RIL specific regions. The most straightforward explanation is a
contamination of the IBM-RIL germplasm with one or more additional lines by outcrossing. The
cross-pollinating nature of maize makes the generation of recombinant inbred lines prone to
contamination by outcrossing with foreign pollen, which can occur at any generation'?. We
therefore masked the IBM-RIL specific regions to minimize their influence on the presented

results.

77



Chapter 5: Discussion

Regarding the recombination frequency, we generally detected only few cross-overs in the
centromeric regions of the ten chromosomes. This is consistent with previous observations?2,
In addition, regions without sufficient SNP information were frequently close to the centromeres.
SNP information can be low due to low transcription, little variance between the B73v5
reference and the investigated samples, gaps in the reference genome or absence of B73v5
genomic regions in Mol7. On average, there were 71.5 recombination breakpoints in each
IBM-RIL (chapter 3), thus increasing the original RFLP marker-based mapping resolution®®.
The number and distribution of recombinations indicates a sound categorization of the IBM-
RILs into B73 and Mo17 regions!?3, The definition of these cross-over sites together with the
knowledge of possible IBM-RIL specific regions will be useful for further studies on the widely

used IBM-RIL population.

5.2 Non-additive and single parent expression complementation

Across all our investigated hybrids, we observed a general trend that non-additive genes are
expressed higher than the mid-parent level. A similar pattern was observed in other maize
hybrids? and in other crops such as cotton'?* or coffee'?. In these studies, the non-additive
genes rather adopted the expression level of the higher expressed parent than that of the lower
expressed parent. In an extreme case, expression complementation can lead to a higher
number of active genes in a hybrid. This is the case when a gene is active in only one parent,
but also active in the hybrid by complementation. This pattern is designated single parent
expression (SPE)!2, All backcross and reference hybrids showed substantial numbers of SPE
pattern genes. This finding is supported by previous studies on B73xMol7 and other

genotypes in seedling roots!0113.114,

In conclusion, our findings imply that hybrids not only have more active genes due to SPE, but
that non-additive genes are also expressed at higher levels. Complementation of gene
expression is in support of the dominance model of heterosis. This early theory explains
heterosis by the complementation of many slightly deleterious alleles by beneficial alleles in
the hybrid®.

5.3 Heterosis is trait- and background specific

We identified that up to 29% of heterotic variance can be explained by the number of SPE
genes and up to 27% by the number of non-additively expressed genes (chapter 3, 4). A link
between the number of SPE genes and heterosis was previously suggested in a panel of
distinct genotypes!!. In contrast to previous studies on SPE!1114 the present study used only
two different parental inbred lines, demonstrating that the associations of expression patterns

with heterosis are not only conditioned by the effects of diverse genotypes. We further
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demonstrated that not only SPE but also non-additively expressed genes contribute

substantially to heterosis and that this contribution can be quantified.

Heterosis is trait specific and it was concluded that different mechanisms or genes are
responsible for heterosis of different traits in the same plant®®. Our findings support this
interpretation, as we identified different contributions of gene expression patterns (SPE and
non-additive genes) to heterosis, depending on the trait (chapter 3, 4). We propose to expand
this concept: Different mechanisms or genes are likely responsible for heterosis in different
populations or genetic backgrounds as well. SPE genes explained higher proportions of
heterotic variance in B73xIBM-RILs, while non-additive genes contributed higher proportions
to all traits in Mo17xIBM-RILs except lateral root density. This interpretation is supported by
the fact that different sets of SPE genes were detected in diverse parent-hybrid
combinations!!®. We further identified contrasting genes between the B73xIBM-RIL and
Mo17xIBM-RIL population (chapter 3) in our TWAS analysis. TWAS genes show a direct
correlation between their expression and a phenotypic trait®®. An overlap between genes
identified by TWAS and SPE patterns was predominantly observed for the B73xIBM-RIL
population. In summary, our data indicates a substantial but highly background and trait
specific influence of non-additive genes and SPE genes on heterosis with partially

complementing effects.

5.4 Most expression quantitative trait loci (eQTL) regulate nearby genes
in cis

The regulation of non-additive and SPE genes is of particular interest, as these patterns are
major contributors to heterosis (chapter 3, 4). With the identification of expression quantitative
trait loci (eQTL), we determined genomic regions that are significantly associated with gene
expression levels across a population, providing direct insights into the regulation of genes.
Expression of genes can be regulated by nearby cis-regulating elements or more distantly
located trans-regulating elements®. Of the eQTL regulating the active genes, 88% were
classified as cis-regulating (chapter 3). Other studies identified similar fractions when large
effect eQTL were considered*?®'?’, or reported more trans- than cis-regulating eQTL when
smaller effects were considered, which usually belonged to trans-eQTL%26, In other words,
the trans-eQTL had less influence on expression variability. Our results indicate generally large
effects of both cis- and trans-regulating eQTL. Still, we cannot exclude the possibility that small
effect eQTL, especially those acting in trans, are present but were not detected or not

considered significant in our eQTL analysis.
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5.5 Regulatory differences are based on the genetic background of

parents and hybrids

Comparing the active genes in each genotype, we detected a higher proportion of trans-
regulation in the inbred line Mo17 (13%) compared to B73 (7%) (chapter 3), with the hybrids
showing intermediate proportions. This indicates different regulatory trends in the two inbred
lines, which are largely inherited by the hybrid offspring. In the reciprocal hybrids, this
regulatory difference was strongly amplified for SPE genes with Mo17 as the active parental
allele (~60% trans) compared to SPE genes with B73 as the active parent (~5% trans) (chapter
3). For non-additive genes, it was even more pronounced with ~70% trans-regulation if Mo17
was the high-parent and ~95% cis-regulation if B73 was the high parent (chapter 4). In the
IBM-RIL backcross populations, significant differences depending on the active or high-parent
genotype of SPE and non-additive patterns respectively, support the findings from the
reciprocal hybrids. Generally, it was observed that the phylogenetic distance between the
parental lines is positively correlated with heterosis®. However, genetic diversity alone is not
enough to explain heterosis, but specific combinations of parents result in distinct levels of
heterosis®. The different regulatory preferences (B73: cis, Mo17: trans) of hybrid parents and
their contributions to expression pattern is likely one factor of how phylogenetic distance is

related to heterosis.

5.6 Trans-regulated non-syntenic SPE genes and their possible functions

We can estimate the evolutionary age of maize genes by the presence or absence of syntenic
orthologs (genes with similar position and sequence) in sorghum (Sorghum bicolor L.). While
syntenic genes are evolutionary conserved, the non-syntenic genes are younger as they were
altered after the separation of maize and sorghum, most likely by gene duplications'?, It was
established that SPE genes are significantly enriched among the non-syntenic genes and
depleted among syntenic genes®!1.114 The presented data confirms and extends these
findings (chapter 3). In addition, trans-regulated genes are also enriched within the non-
syntenic genes (chapter 3). In particular, trans-regulated genes with Mo17 activity are present
among the non-syntenic genes. In several organisms, non-syntenic genes have been
associated with disease resistance®. It has also been suggested that non-syntenic SPE genes
function in plant environmental adaptation, helping hybrids to better cope with abiotic stress**3,
In contrast to syntenic genes, non-syntenic genes show substantial genetic and transcriptional
variation within the maize breeding pool®, which was also demonstrated in this study. Taken
together with the fact that non-syntenic regions are correlated with the level of heterosis®’, our

results highlight the importance of non-syntenic genes for heterosis.
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5.7 Candidate genes

We identified two candidate genes controlling lateral root density in the backcross hybrids via
transcriptome wide association studies (TWAS). One gene (TSG-1: Zm00001eb349930) was
cis-regulated and associated with lower lateral root density upon gene activity. The other gene
(TSG 2: Zm00001eb339600) was trans-regulated and showed higher lateral root density in
genotypes where the candidate gene was active (chapter 3). In both cases, the genotype at
the eQTL position determined the activity of the gene. This further highlights the pivotal role of
closely, as well as distantly, located regulatory elements and their genotype for the activity of
heterosis-associated genes. Root architecture adaptation to shifting local conditions is
especially critical for maize to thrive in dynamic environments!?®. The regulatory effects of
single genes on lateral root density that we have discovered here might contribute to viability
of maize under varying water availability. Lateral roots take up the majority of water at the
seedling stage?® and gene expression complementation!!® and higher lateral root density were

suggested to be beneficial upon water stress®2.

5.8 Gene regulation of non-syntenic and syntenic paralogs are connected

We investigated one of the non-syntenic trans-regulated SPE genes in more detail. The
expression of the candidate gene TSG 2 (Zm00001eb339600) was associated with lateral root
density in hybrids. We identified a syntenic paralog of this gene, which in contrast to TSG 2 is
cis-regulated. Unexpectedly, both genes are regulated from the same eQTL position (chapter
3). While activity of TSG 2 depends on the Mo17 allele at the eQTL position, the cis-regulated
syntenic paralog was expressed across all genotypes. These findings lead us to propose a
regulatory connection between the trans-regulated non-syntenic gene and the syntenic paralog,
present in the Mo17 line. This notion is supported by previous findings of regulatory interactions
between paralogous genes, such as the co-regulation of rcts and rctl by the same transcription
factor'3°, Additionally, it was proposed that non-syntenic genes were brought under the
regulatory regime of the syntenic gene rtcs which contributed to the development of maize
seminal roots®!. We observed a high proportion of trans-regulating eQTL among non-syntenic
SPE pattern genes, especially among those associated with the Mol17 allele. A regulatory
influence on trans-regulated non-syntenic genes by their syntenic cis-regulated paralogs which
is retained in the Mo17 genotype would explain this finding. Such connections would further
strengthen the notion that regulatory differences between parental genotypes are translating

phylogenetic distance into heterosis.
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5.9 Implications for hybrid breeding

The two inbred lines B73 and Mol17 had contrasting breeding objectives and originated from
different breeding pools. The B73 line belongs to the lowa stiff stalk synthetic/BSSS group,
typically used as female parent, while Mo17 belongs to the Lancaster group and is a typical
male parent’®. Those differences might have unintentionally resulted in the observed
differences in regulatory preference (chapter 3, 4). It is possible that due to selection, Mo17
retained the activity of many trans-regulated non-syntenic genes that are not active in B73
(chapter 3). Non-syntenic genes have been associated with adaptation to stress or disease
resistance®!'3 and our results indicate that they might be connected to some extend to their
syntenic cis-regulated paralogs, increasing the possibilities for transcriptional activity in the
resulting hybrids. SPE probably translates genetic diversity into phenotypic heterosis!!?, a
notion that is further supported by this study. Therefore, large proportions of the Mo17 parental
contribution to the hybrid would be the activation of these trans-regulated non-syntenic genes,
which are likely involved in the adaptability of hybrids. This is in line with the general properties
of the two inbred lines. First, B73 outperforms Mol7 in cob and grain yield-related traits®2,
Second, B73 was bred for synchronous flowering and valued for its outstanding hybrid
performance but is susceptible to the European corn borer. In contrast, Mo17 is resistant to
leaf diseases, smut and common rust’®. Moreover, commercial maize lines of the B73 heterotic
subgroup were likely selected towards the B73 founder alleles™. It is therefore likely that in
addition to phenotypic traits, regulatory preferences were passed on within this heterotic

subgroup as well, influencing contemporary hybrid maize breeding pools.

5.10 Heterozygosity is necessary for expression pattern regulation

A key finding of our study is the strong association between heterozygosity and the number of
SPE (chapter 3) and non-additively expressed genes (chapter 4). These in turn can explain
large proportions of heterotic variance. It was discovered, based on genetic markers in rice,
that heterozygosity is not strongly associated with heterosis and that any association is highly
trait and background specific®3, The relatively low association between heterosis and
heterozygosity was suggested to reflect the complexity of heterosis®. The indirect influence
of heterozygosity on heterosis via SPE and non-additive expression patterns is one aspect of
this complexity and likely a reason for the limited direct association between heterozygosity

and heterosis (observed also in this study, data not shown).

Our findings on the regulation of expression patterns in hybrids advance the understanding of
heterosis. While expression complementation of SPE and non-additive genes follows the
dominance model, their regulation, and therefore their occurrence, is based on heterozygous

eQTL. The dominance model explains heterosis by complementation of alleles at different loci
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throughout the genome®®. Other interpretations, such as the overdominance model,
associate heterosis with the presence of heterozygosity itself®. Our observations can also be
described on the molecular level: Differential expression between the parents is caused by
differences in their regulation. In case of a combination of their regulatory alleles, expression
either adopts the mid-parent level or a level above the mid-parental expression. These findings
underscore, that different mechanisms to explain heterosis are not mutually exclusive, nor can
any single mechanism fully explain heterosis’?. Instead, different mechanisms influence

heterosis on different levels.

5.11 Conclusion and outlook

The aim of this thesis was to understand how heterosis-associated gene expression patterns
are regulated. One of the key findings was that non-additive and single parent expression
(SPE) pattern genes can explain large proportions of heterotic variance for root phenotypic
traits. Remarkably, eQTL regulating those patterns are located almost exclusively within
heterozygous regions, highlighting the important but indirect influence of heterozygosity on

heterosis.

We further argued that in addition to trait- and tissue-specific genes associated with heterosis,
distinct population-specific gene sets are responsible for heterosis. In our study, we also
observed a difference in regulation between B73 (predominantly cis) and Mo17 (predominantly
trans) associated gene expression patterns. Whether such differences in regulation are also
observed for other parental combinations and whether the accumulation of trans-regulation in
Mo17 is caused by co-regulation of evolutionary younger non-syntenic with their older syntenic
counterparts will be of interest for future research. Finally, we identified an SPE gene that
regulates lateral root density in hybrids. Notably, the activity of this gene depends on the
presence of a Mo17 allele in the eQTL that regulates it, thereby supporting the notion that the
genetic constitution of distantly located regulatory elements play a pivotal role for the function

of heterosis-associated genes.

Better understanding of heterosis is of outstanding importance. The increasing prevalance of
hybrids on global markets and the application of hybrid breeding to various crops has a wide
range of impacts on agricultural practices as well as socio-economic implications. Those range
from their association with high input agriculture to increased food security and breeding
advantages. Therefore, detailed knowledge on heterosis is of utmost concern to decision
makers. Nevertheless, many aspects of this phenomenon remain largely elusive.
Transcriptomic knowledge, as provided in this study contributes to closing the knowledge gap
on the molecular basis of heterosis and the regulation of heterosis-associated gene

expression. We emphasized the effects of trans-regulatory eQTL on single candidate genes
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as well as regulatory preferences of parental genotypes. Both can be directly considered in
future hybrid breeding and research. In addition, large proportions of current parental breeding
pools are derivatives of the B73 line and the B73xMol17 hybrid is one of the most prominent
hybrids used in heterosis research. Therefore, our results can also be applied to other
heterosis studies and will probably lead to more research on the regulation of expression
between inbred lines of different heterotic patterns and especially expression

complementation.
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7.1 Supplementary information of chapter 3

Supplement Material SM1: Analysis of image-based phenotypic data and lateral root

density

References listed in chapter 3

After scanning the up to 8 maize seedlings per sample, the images were adjusted to have a
minimum size of 600 x 600 px by adding a black frame around smaller images, using a custom
Python script. The RootPainter software client (version 0.1.0) and server component (version
0.2.7) were used to train a convolutional neural network to recognize roots in images. The
training dataset is a subset of the images, generated with the following settings: a maximum
of 2 tiles per image, all images, and a target height and width of 700 pixels. The corrective
annotation method of the software was used to mark the roots in the training dataset and the
network was trained based on this data. Subsequently, all images were segmented using the
trained model and converted to black recognized roots and white background®!. The converted
images were then analyzed in a batch using RhizoVision Explorer (version 2.0.3). The software
was set to analyze only the largest root component to exclude roots from neighboring plants
that could not be removed by image cropping. However, this approach resulted in incomplete
analysis of some images with gaps in roots. To address this issue, an additional run was
performed with settings to include all root objects bigger than 60 mm2 32, The images with
different results were examined and the correct results were saved for further analysis. Among
the measured root parameters are the total root lengths and volume of all roots and of roots
specific customary diameter ranges. One customary diameter range was set to 2.5 and above,
so that only the seed falls into this category. The length and volume of roots from this category
were subtracted from the total root length and volume. In addition, the number of total root tips
in each image was measured. Technical outliers, like images with a brown background instead
of a blue one and images where the roots were covered by name tags, were removed from the

data.

For measuring the lateral root density, the uppermost cm of the primary root with emerged
lateral roots was collected of each seedling and stored in 80% ethanol until counting. For each
root piece, the number of lateral roots per cm was counted and used as lateral root density.

Supplement Material SM2: SNP calling between B73 and Mo17 for sample evaluation

In short, the GATK HaplotypeCaller was used to identify variants between the Mol17 samples

and the B73v5 reference genome. Loci where the B73 samples also showed a variant were
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excluded. The resulting SNPs were compiled into a list of potential SNP loci. The aligned reads
of each RNA-seq sample were then compared to this list, and the frequency of the B73 and
Mol7 alleles at each SNP locus was determined (*, adapted from®®). The resulting allele

frequencies were utilised to identify high quality samples.

In detail, to prepare the list of potential SNP loci, all Mo17 samples were combined into one
file, using samtools merge and an index was created after renaming the RGSM (sample name
field of readgroup information) for all samples to Mo17. The GATK HaplotypeCaller was run,
setting the standard-min-confidence-threshold-for-calling to 20 and dont-use-soft-clipped-
bases to true. This was done in parallel on each chromosome, by specifying intervals of whole
chromosomes. The chromosome data was combined using GATK GatherVcfs, resulting in a
file of Mo17 variants vs the B73v5 reference genome. The same was done for the B73 samples
vs the B73v5 reference genome, because the B73 samples used in this study, might not be
completely identical with the reference genome. These differences should be ignored.
Therefore, the locations, where the B73 samples also show variance to the B73 genome were
excluded from the list of possible SNP locations. This was done by a custom python script
(Python3)38. The list of Mo17 variants was further filtered to contain only SNPs (no InDels) and
only those SNPs which are homozygous for the SNP allele (putative M017) with bcftools view -i
'"TYPE="snp" && GT="AA" (from htslib version 1.14)%,

To determine the allele frequencies of the B73 and Mol17 alleles at each of the SNP loci, all
alignment files, (prepared as described in Material and Methods of chapter 3) were separately
analyzed by a custom python script (Python 2.7). The script checks at each identified Mol17
SNP position, how often the reference (putative B73) allele is present in the alignments and
how often the SNP allele (putative Mo17) is present at the same site. These counts were then
filtered for loci within protein-coding genes. The protein-coding genes were extracted from the
maize B73 annotation file (http://ftp.ensemblgenomes.org/pub/plants/release-
52/gff3/zea_mays/Zea_mays.Zm-B73-REFERENCE-NAM-5.0.52.gff3.gz) via a custom
python script (Python3). It had to be ascertained for the SNP loci in protein-coding genes that
the reported reference and SNP allele counts correspond to the B73 and Mol17 allele of the
germplasm used in this study (reference = B73, SNP = Mo17). This was done by retaining only
loci, where the in Mo17 samples the SNP count is strongly predominant and in B73 samples
the reference counts are strongly predominant. Therefore, the average of the Mo17 allele count
and B73 allele count across the Mo17 samples was calculated. Only loci with minimum 95%
Mo17 counts (and max 5% B73) on average were kept. The same was done for the B73
samples, where loci with at least 95% B73 counts were kept. The loci were further checked to
have no third allele. Additionally, only those loci, where the average of the reference count in
B73 samples is larger than 0.25, are kept. Considering the 48 B73 samples, that means a total

count of 12 within all samples. This was done to make sure that the reference (B73) allele is
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confirmed by sufficient coverage in our samples. (The SNP allele is already confirmed,

because if there was no coverage for it, the SNP could not have been called).

Due to some samples clustering in a different group (e.g. B73xIBM-RIL sample in Mo17xIBM-
RIL group), visible in the MDS plot (Figure 1C, chapter 3), all samples were investigated to
check, if their information is consistent within the three replicates of a genotype and a triplet.
First, the homozygosity in the inbred IBM-RIL samples was calculated. Only loci with a
minimum coverage of 0.5 counts per million (cpm) were considered. The percentage of
homozygous B73 and Mo17 loci was calculated, whereas a locus was considered homozygous
if 95% of all counts belong to the major allele. The sum of the percentages of homozygous
B73 and Mo17 loci is calculated and is expected to be close to 100%. This was done to check
whether all the pooled roots within an RNA-seq sample came from the correct genotype. Thus,
samples with less than 95% homozygous loci were excluded. Furthermore, IBM-RILs with only

one remaining replicate were excluded.

The remaining IBM-RIL samples were then compared to their B73xIBM-RIL and Mol7xRIL
hybrid samples. A B73xIBM-RIL hybrid for example, should be homozygous at the loci where
the IBM-RIL has the homozygous B73 allele and respectively, Mo17xIBM-RIL hybrids should
be homozygous for the Mo17 allele at the loci where the IBM-RIL is homozygous Mo17. The
loci were filtered for those with consistent allele information across the samples of the same
IBM-RIL. Loci that were homozygous for Mo17 were selected in the Mo17xIBM-RIL hybrid of
the same triplet and the homozygosity was calculated as described for the IBM-RIL samples.
The same was done with B73 loci in the B73xIBM-RIL hybrids. Again, samples with less than
95% homozygous loci were excluded. In total, 175 samples were excluded, because they were
not homozygous in at least 95% of supposedly homozygous loci. Beforehand, 10 samples had
been excluded due to their library size of <5 million read counts. As a result, 17 samples were
excluded because they were the only replicate left of the respective genotype. In our analyses,
we always compared both parents and the resulting hybrid, thus 90 hybrid samples were
excluded, because the respective paternal IBM-RIL samples were all excluded and 8 IBM-RIL
samples were excluded, because all corresponding hybrid samples were excluded. A total of
852 samples remained for the final SNP calling of all samples against the B73v5 reference

genome.

Table S1: Synteny of all active genes with eQTL

Regulation Syntenic Non-syntenic

Genes with cis-eQTL 9292 (78%) 2694 (22%)
Genes with trans-eQTL 496 (30%) 1131 (70%)
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Figure S1: Map of genomic regions in IBM-RILs. Each page shows the genomic regions, of all 94 IBM-RILs for one
chromosome on physical scale. Regions of B73 are shown in blue, Mo17 in yellow, putative IBM-RIL specifc regions,
which were masked, are shown in black. White spaces indicate that no SNPs were found in this region. The
centromere location is indicated by a vertical dashed line.
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Figure S2: Phenotypic values and mid-parent heterosis (MPH) of A lateral root density, B Number of root tips, C
Total root length, D Total root volume. On the left panel, the estimated means for each genotype are shown. The
IBM-RILs (red) and the B73xIBM-RIL (blue) and Mo17xIBM-RIL (yellow) backcross hybrids are shown as points.
The reference genotypes B73 (blue) and Mol7 (yellow) are shown as dashed lines and the reciprocal reference
hybrids B73xMo17 (blue) and Mo17xB73 (yellow) as dotted lines. On the right panel, the mid-parent heterosis in
percent of the parental mean is shown as boxplots for B73xIBM-RILs and Mol17xIBM-RILs. The MPH for the
reference hybrids B73xMo17 (blue) and Mo17xB73 (yellow) is shown as diamond shaped points and their exact
values are indicated. The dashed line indicates an MPV of 0.
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Figure S3: Correlation of heterozygosity and the total number of active genes in B73xIBM-RILs (left) and
Mo17xIBM-RILs (right). The heterozygous proportion on the x-axis was calculated from the classified IBM-RIL
regions. A linear regression with an intercept and the heterozygous proportion as covariate was fitted and the
adjusted R-squared and p-value for the slope of the heterozygosity are indicated above the regression lines.
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B73xMo17 Mo17xB73
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Figure S4: Regulation of SPE pattern genes in fully heterozygous reference hybrids B73xMo17 (left side) and
Mo17xB73 (right side). The number of cis-(blue) and trans-(yellow) acting eQTL are given as bars, with the
percentages of cis and trans-acting eQTL indicated per SPE pattern. The numbers above correspond to SPE
pattern as indicated in Figure 2.
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Figure S5: Proportion of cis- and trans- regulation in SPE pattern genes. Boxplots display the proportion of cis-
regulation among SPE pattern and non-SPE pattern genes in A B73xIBM-RIL and B Mol7xIBM-RIL hybrids.
Different letters indicate significantly different proportions (a<0.05), identified with a gaussian mixed model with the
hybrid as random effect, the SPE pattern and non-SPE pattern as a fixed factor and a diagonal variance component
for the SPE and non-SPE pattern.
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Figure S6: Examples for gene regulation pattern. A Homozygous SPE pattern 4 (B73/B73) gene in a B73xIBM-
RIL, which is trans regulated from a heterozygous eQTL. B homozygous SPE pattern 7 (Mo17/Mo17) gene in a
Mo17xIBM-RIL, which is trans-regulated homozygous gene from heterozygous eQTL.
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Figure S7: Experimental workflow incl. layout of the experimental design. Schematic depiction of the plant growing
process from paper rolls until sampling of roots for RNA sequencing. The second box shows the distribution of the
aeroponic systems in the climate chamber and the assignment of genotype triplets and individual genotypes within
each system.
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Supplementary data files for Chapter 3 in the digital appendix

Data_S1 exclusion_table.xIsx

Data_S2 Loci_listB73vsM017.xIsx

Data_S3_IBM-RIL_haplotype_regions.xlsx

Data_S4 _eQTL_details.xlsx

Data_S5_ MPH_pheno.xIsx

Data_S6_pattern_ref.xlsx

Data_S7_TWAS_genes.xIsx

Data_S8 TSG.xIsx

Data_S9_Zm00001eb339600_B73.txt

Details of retained and excluded samples.

List and details of identified loci with different

alleles in B73 and Mo17 samples.

Specifications of start and end position of each
identified Mo17, B73 or IBM-RIL specific region in
each IBM-RIL.

Details on identified eQTL

Phenotypic mid-parent heterosis values of each
hybrid.

SPE pattern of all genes in reference hybrids and
their eQTL.

All genes and details identified in the TWAS

analysis.

Details on SPE pattern across hybrids of TWAS
candidate genes.

BLAST result for candidate gene.
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7.2 Supplementary information of chapter 4
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Figure S1: Investigated parent and hybrid genotypes. Modified after Pitz et al. 2024. Schematic depiction of A IBM-
RIL backcross population composition and B reference hybrid composition.
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Non-additive expresison pattern

Non-additive expresison pattern

Figure S2: Boxplots showing eQTL of non-additive genes. A B73xIBM-RIL hybrids or B Mo17xIBM-RIL hybrids.
Non-additive expression pattern is shown on the x-axis, with the genotype as indicated to distinguish hetero- and
homozygous genes and the higher expressed parent (JLog2FC|>1, p<0.05) indicated in bold, or no signifcant
difference in the parents (No high parent). The associated eQTL can be cis-regulating from heterozygous (dark
blue) or homozygous (light blue) regions or trans-regulating from heterozygous (dark yellow) or homozygous (light

yellow) regions.
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Supplementary data files for Chapter 4 in the digital appendix

Data_S1 NAG_refs.xlsx Non-additive pattern of all genes in reference hybrids.

Data_S2_overview.xIsx Summarised details of additive and non-additive genes
in all hybrids.

Data_S3_het_prop.xlsx Proportions of heterozygous regions in the hybrids.
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8. Publications

8.1 Publications related to this thesis

8.2

Regulation of heterosis-associated gene expression complementation in maize
hybrids

Marion Pitz#, Jutta A. Baldauf”, Hans-Peter Piepho, Peng Yu, Heiko Schoof, Annaliese
S. Mason, Guoliang Li, Frank Hochholdinger

Genome Biology. (Under review) (#: co-first authors).

Own contribution: | participated in and co-organized the growing and harvesting of
plant material and RNA-extraction. | conducted the phenotypic data collection and
analyis as well as the bioinformatic data preparation of the RNA-seq data (alignment,
readcount quantification, SNP calling, classification of IBM-RILS in genomic regions).
Further, | performed the eQTL and TWAS analyses and identified the intersections of
those resuls with the SPE genes and the syntenic and non-syntenic genes. | interpreted
the resulting data, designed the figures and wrote the corresponding parts of the

manuscript.

Non-additive gene expression contributing to heterosis in partially heterozygous
maize hybrids is predominantly regulated from heterozygous regions

Marion Pitz*, Jutta A. Baldauf?, Hans-Peter Piepho, Frank Hochholdinger

New Phytologist. (Under review) (#: co-first authors).

Own contribution: Both papers originate from the same set of raw data. Regarding
this paper specifically, | determined and classified the additively and non-additively
expressed genes and their intersections with the eQTL, performed all statistical

analyses and interpreted the results. | wrote the manuscript and designed the figures.

Publications unrelated to this thesis

Expanding the BonnMu sequence-indexed repository of transposon induced

maize (Zea mays L.) mutations in dent and flint germplasm

Yan Nain Win#, Tyll Stécker”, Xuelian Du, Alexa Brox, Marion Pitz, Alina Klaus, Hans-

Peter Piepho, Heiko Schoof, Frank Hochholdinger, Caroline Marcon.

The Plant Journal (2024).
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8.3

Transcriptomic diversity in seedling roots of European flint maize in response to

cold

Felix P. Frey*, Marion Pitz*, Chris-Carolin Schon, Frank Hochholdinger
BMC Genomics (2020).

Presentations at conferences

In preparation: Regulation of heterosis-associated gene expression
complementation in maize hybrids

67" Annual Maize Genetics Meeting 06.-09.03.2025 St. Louis, Missouri, USA (Oral
presentation)

How hybrid expression patterns are regulated and how they influence heterosis
in maize seedling roots

6" European Maize Meeting 18.-20.09.2024 Antwep, Belgium (Oral presentation).

How hybrid expression patterns are regulated and how they influence heterosis
in maize seedling roots

German society of plant nutrition 56" annual conference 02.-04.09.2024 Bonn,
Germany (Poster Presentation)

“The more, the better?”: Investigating differential, non-additive and allelic
expression in association with the phenotypic manifestation of heterosis

5" European Maize Meeting 14.-16.06.2023 Bologna, Italy (Poster presentation)

Gene expression complementation and its association with the phenotypic
manifestation of heterosis in maize hybrids

Botanik Tagung: International Conference of the German Society for Plant Sciences
28.08.-01.09.2022 Bonn, Germany (Poster presentation)
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