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Heterosis, the generally superior performance in hybrids compared to their inbred parents, is one
of the most enigmatic biological phenomena. Many different explanations have been put forward
for heterosis, which begs the question whether common principles underpinning it do exist at all.
We performed a systematic transcriptomic study in Arabidopsis thaliana involving 141 random
crosses, to search for the general principles, if any, that heterotic hybrids share. Consistent additive
expression in F1 hybrids was observed for only about 300 genes enriched for roles in stress response
and cell death. Regulatory rare-allele burden affects the expression level of these genes but does
not correlate with heterosis. Non-additive gene expression in Fi hybrids is much more common,
with the vast majority of genes (over 90%) being expressed below parental average. These include
genes that are quantitatively correlated with biomass accumulation in both parents and F; hybrids,
as well as genes strongly associated with heterosis. Unlike in the additive genes, regulatory rare
allele burden in this non-additive gene set is strongly correlated with growth heterosis, even though
it does not covary with the expression level of these genes. Together, our study suggests that while
additive complementation is an intrinsic property of F1 hybrids, the major driver of growth in hybrids
derives from the quantitative nature of non-additive gene expression, especially under-dominance

and thus lower expression in hybrids than predicted from the parents.

Introduction

Heterosis, or hybrid vigor, describes the phenomenon that Fy hybrids show superior growth, stress
resistance or fertility compared to their inbred parents (Hochholdinger and Baldauf, 2018). Defined
as mid- or best-parent heterosis, where hybrids are either better than the parental average or even
superior to both parents, it was first described by Darwin (Darwin, 1876), with the term heterosis

later coined by East and Shull (East, 1908; Shull, 1912). It remains one of the most fascinating
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phenomena in genetics, even though there is still no unifying theory for heterosis. One recurring
question is whether best-parent heterosis, which is of particular interest to breeders, is an emergent
property resulting from mid-parent heterosis in component traits (Griffing, 1990). Results from
different species have often led to very different explanations.

Despite extensive exploitation in breeding and agriculture, we are only beginning to understand
the molecular basis and mechanisms behind heterosis, and results from different species have often
led to very different explanations. In tomato and rice, there is good evidence for single genes,
sometimes with overdominant effects, making major contributions to heterosis (Huang et al., 2016;
Krieger et al., 2010; Xue et al., 2008), while heterosis in maize appears to result from reciprocal
complementation at a very large number of loci (Paschold et al., 2012; Kremling et al., 2018),
consistent with heterosis positively correlating with genome-wide inter-parental genetic distance
(Hochholdinger and Baldauf, 2018). There must, however, be a role for overdominance in maize,
since the continuous purging of deleterious variants in inbred parents through breeding has not
decreased heterosis in F; hybrids (Birchler et al., 2003).

A key area of debate for the study of heterosis is whether true heterozygote advantage exist by
means of overdominance at a few heterozygous loci, or whether it is merely phenotypic emergence
resulting from additive complementation of numerous mildly unfavorable recessive alleles (Lippman
and Zamir, 2007). The search for overdominant loci has proven to be exceedingly difficult, due to
the genetic load of (domesticated) species as well as limitations in quantitative genetics mapping
approaches (Mitchell-Olds, 1995). Species that are naturally inbred, such as Arabidopsis thaliana,
provide an alternative for the study of heterosis, because repeated selfing purges strongly
deleterious variants (Oakley et al., 2019). That heterosis, which is common in A. thaliana intraspecific
hybrids, shows little correlation with inter-parental genetic distance (Yang et al., 2017), suggests
overdominance as an important factor for heterosis in this species. Studies in A. thaliana have
already provided important insights into the underlying mechanisms, such as mitigation of defense-
growth tradeoffs in superior hybrids (Miller et al., 2015). Superior performance of hybrids when it
comes to such tradeoffs is, however, by no means ubiquitous in A. thaliana, with prominent
exceptions where F; hybrids are greatly compromised in growth because of excessive activation of
defense (Chae et al., 2014).

Given the diversity of proposed mechanisms for heterosis, systematic comparisons of a large
number of crosses can help to find general principles. To this end, 6,925 knockout mutants in S.
cerevisiae were crossed to a single wild-type strain of a close relative (Herbst et al., 2017). In A.
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thaliana, about 200 natural accessions were crossed to a single lab-adapted accession (Yang et al.,
2017), while another study in this species investigated heterosis in a 30 x 30 diallel cross (Seymour
et al., 2016). In rice, over 10,000 F; individuals from 17 Fis were analyzed to map the genes
responsible for heterosis (Huang et al., 2016). While each of the studies came to different
conclusions, they aptly demonstrate the power of a systematic design. Combining the strengths of
previous approaches, we designed a study in A. thaliana that surveyed not only a broad range of
the species’ genetic diversity, but also allowed for the detection of interactions between an
exceptionally large number of alleles. We find non-addlitivity in gene expression in F1 hybrids to be
common, with non-additive genes being much more commonly expressed below the mid-parental
value than above it. Expression close to the mid-parental value in turn is rare, with a substantial
fraction of such genes having a role in biotic defense pathways, suggesting that defense is

particularly well buffered.

Results

Biomass heterosis is tunable in response to defense induction

For our work, we drew on resources from the 1001 Genomes Project for this species (1001 Genomes
Consortium, 2016), crossing resequenced, naturally inbred accessions to generate a panel of F;
hybrids. To broadly survey the prevalence of heterosis in A. thaliana, and to evaluate whether
consistent patterns of additive and non-additive gene expression exist, we carried out a first
experiment (“SHB1” in Fig. 1A, Methods) in which we measured whole-rosettes of 82 parent-F;
trios, i.e., each Fy hybrid and their inbred parents. As described in Methods, rosette size was
confirmed to be a good proxy of biomass. We evaluated the robustness of heterosis in an altered
environment in a second experiment (“SHB2", Methods), in which we applied BTH (acibenzolar-S-
methyl), an analog of the defense hormone salicylic acid (SA) (“SHB2" in Fig. 1B, Methods), to 40
parent-F; trios, because it has been postulated that heterosis comes with the cost of defense
activation due to the shifted balance in defense-growth trade-offs (Groszmann et al., 2015; Miller
et al., 2015).

Heterosis was widespread, with Fis (107.1£66.1 mm?, n=82) being on average considerably
larger than the parents (67.2+42.5 mm?, n=124, Fig. 1C). Neither the distribution of the rosettes of
the parents nor those of the F; plants were normal, with the Fi population having significantly more
large individuals (Two-tailed Kolmogorov-Smirnov, p=2x10?). In a comparison of randomly chosen

Fis and inbreds, the F; hybrid was twice as likely than the inbred to be the larger individual (Cliff's
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delta=0.33). After BTH treatment, considerable variation in responses were observed (Fig. 1 G-,
Fig. S3), with a stronger size reduction in Fis (mock: 79.2+3.0 mm?, BTH: 39.5+4.2 mm?, One-way
ANOVA, p<2x107¢, Fig. 1D-F, Fig. S4), but still more larger hybrids than inbreds (Two-tailed
Kolmogorov-Smirnov, p=0.0002, Cliff's delta=0.32). Most trios showed similar patterns after both

mock- and BTH-treatment (Fig. 1E), with the majority of Fis remaining larger than the MPV.
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Fig. 1. Experimental design and growth measurements. (A,B) Schematic view of SHB1 and SHB2 experiments.
Note that not all trios could be converted into complete measurements. (C,D) Final rosette area distribution
of sequenced SHB1 (C) and SHB2 (D) samples. PM: parent mock, FiM: F; hybrid mock, PB: parent BTH
treated, FiB: F\BTH treated. (E) Heterotic Fis under mock condition mostly remained heterotic after BTH
treatment and vice versa. Numbered labels indicate the ID of the SHB2 trios. (F) Typical rosette phenotype
of a trio. (G-I) Diverse response of three example trios to BTH treatment. Reaction norm lines connect the
mean=SD rosette area of each genotype under both treatments.

If heterosis was the sole result of reciprocal complementation, we would expect a positive
correlation between inter-parental genetic distance with heterosis, which has been generally
observed in domesticated species (Fujimoto et al., 2018; Hochholdinger and Baldauf, 2018), and
to a lesser degree in natural species including A. thaliana (Oakley et al., 2019; Yang et al., 2017). In

our panel, whole-genome genetic differences (Hamming distance) between parental accessions

showed a very modest positive correlation with the degree of rosette size mid-parent heterosis
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(MPH) of the Fis (Fig. 2E, Pearson correlation coefficient R=0.32 and p=0.08 for mock, and R=0.25
and p=0.16 for BTH,), consistent with the notion that additive complementation cannot fully
account for heterosis observed. These results not only validate the usefulness of our panel for
detailed transcriptome studies, but also indicate that heterosis remains robust in the face of

environmental perturbation.

Rare-allele burden affects additively expressed genes but has no effect on F; biomass

Altered gene expression is a major component of heterosis, and it has been postulated that
exceptionally low or high expression of genes is mostly deleterious (Kremling et al., 2018). Since
most deleterious alleles are rare, it follows that gene expression in Fis will typically not be as
extreme as in inbred parents due to complementation. Such additive expression in turn could
provide an explanation for the generally superior performance of Fis. Given that it has been difficult
in the past to identify unifying mechanisms for heterosis, we asked whether there are genes that
are almost always additively expressed in Fis across all trios. There were close to 900 consistently
additively expressed genes, 300 of which were found in both experiments (Fig. 2A, Data S3,
Methods). For these 300 genes (hereafter, additive genes), the relationship between expression
MPV and observed expression in Fis was individually examined (Fig. 2B, Fig. S5).

GO-term analysis of these additive genes revealed enrichment in cell death- and stress response-
related processes (Fig. 2D), suggesting that these pathways are systematically buffered in Fis. As
expected, the additively expressed genes from the second experiment were more enriched for
defense response than the genes from the first experiment without BTH treatment (Fig. Sé). To
learn whether common sequence polymorphisms within the additive genes are more likely to affect
growth than the genome background, we examined the association between inter-parental genetic
distance at these genes and heterosis. Correlation between the two was even weaker when only
this subset rather than genome-wide polymorphisms was used (Fig. 2F, R=0.23, p=0.21 for mock,
and R=0.18, p=0.32 for BTH). Therefore, inter-parental genetic distance was not a major
explanatory factor for heterosis, in agreement with simple reciprocal genetic complementation
explaining only some of the observed heterosis (Birchler et al., 2003).

Next, we looked into the relationship between gene expression level and the average number
of regulatory rare SNPs, which are more likely to have a deleterious effect on gene expression than

common SNPs, within 1 kb upstream of the additive genes, in both inbred parents and Fis
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Fig. 2. Neither genetic distance nor rare-allele burden in additively expressed genes affect biomass in F;
hybrids. (A) Overlap in additively expressed genes in the two experiments. (B,C) At4G11830, a common
additive gene (B), and At2G41980, a randomly chosen gene that does not behave in a consistent manner (C).
(D) GO enrichment of the common additive genes. (E,F) Inter-parental Hamming distance calculated with
whole-genome SNPs (E) or SNPs of additive genes significantly correlated with heterosis. (G,H) Expression of
additive genes and upstream-rare-allele counts in parents (G) and Fis (H). Samples were ranked by expression
value for every gene within the gene list. Points: average upstream rare allele counts of all samples sharing
the same rank; lines: LOWESS trend lines. Insets show the upstream rare-allele count of samples in the top
(Mock 10, BTH10) and bottom decile (Mock 1, BTH 1) of expression ranks. (I) Rosette size MPH varies
independently of mean parental rare allele burden in additive genes. For each additive gene, Fis were ranked
by average number of rare alleles in their parents. Points: average rosette size MPH of all Fs sharing the same
rank; lines: LOWESS trend lines.
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(Fig. 2G-H, Methods). Regardless of the treatment, we observed on average a significantly higher
rare allele count associated with low expression ranks in both inbred parents (Wilcoxon signed rank
sum test with Benjamin-Hochberg FDR: mock, a=1.1x10°, BTH: a=1.1x10") and their Fis (mock:
a=5.1x10", BTH: a=3.8x10*). Upstream rare-allele burden therefore tends to quantitatively reduce
the expression of these genes, and the mid-parent-like nature of Fi gene expression is a likely result
of quantitative complementation. However, an excess number of rare alleles upstream of these
additive genes did not affect rosette size MPH in Fis, as there was no correlation between
expression MPV in the Fis and the average count of parental rare alleles (Fig. 2I, Pearson correlation
coefficient R=-0.16, p=0.38). Quantitative complementation may therefore be an inherent property

of hybrids regardless of the degree of heterosis.

Biomass heterosis is associated with large-scale low-expression dominance

Because complementation and dominance are common explanations for heterosis, we wanted to
learn whether there is a set of genes for which the F; expression level is particularly likely to be close
to the level in the high-expression parent. We first identified 1,805 non-additively expressed genes
whose RNA abundance distribution in the Fs significantly deviated from the expected distribution
of MPV (Data S4, Methods). These included both high- and low-abundance transcripts as well as
ones that varied little across samples or ones that varied substantially (Fig. 3A-B), indicating that
expression level and variance did not greatly bias our ability to discover non-additive genes. Only
150 (~8%) of these were consistently expressed above MPV in the Fis. For the great majority of
genes, low expression level was dominant, such that most genes were expressed in the Fis at a
level between the lower parent and the MPV. Note that dominance here only refers to the observed,
combined expression level of both alleles, and that no interaction between alleles is implied (Fig.
3Q).

To discover groups of genes with a similar behavior across samples, we performed k-means
clustering (k=13) of the 1,805 non-additive genes (Fig. 3D-E). We examined how well the behavior
of different clusters across samples was correlated (Fig. 3D), finding that one particular cluster
(cluster 6, n=116) behaved in a manner that was opposite to that of all other clusters. Nine clusters
had similar trends in Fis and inbreds, where mean expression values were either positively or
negatively correlated with rosette size, but the details of the relationships between gene expression

and rosette size differed for Fis and inbred parental lines (Fig. 3E).
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Fig. 3. Expression levels of non-additive genes are systematically different between inbreeding accessions
and F; hybrids. (A-B) Non-additive genes are unbiased for transcript abundance and expression variance
compared to the background. (C) Five example genes (from top: AT5G07960, AT3G61170, AT2G17670,
AT2G27510, AT4G12970) showing that non-additive genes exhibit various forms of dominance in Fis. (D)
Correlation among all non-additive gene clusters. Pearson correlation coefficients were calculated using
cluster average. (E) Heatmap showing the average expression of each non-additive cluster in each sample,
sorted into Fys and inbred parental lines, and arranged by ascending final rosette size. (F) Linear-Mixed-Model
spline fitting of cluster 6 (top) and 7 (bottom). Points: cluster mean expression in each sample; shaded area:
95% Bayesian credible intervals.

To obtain further insight into the above observations, we formally investigated the relationship
between average gene expression of each cluster and rosette size, by performing Bayesian linear-
mixed-model spline fitting (Fig. 3F-G, Fig. S7, Methods). Clusters 1, 2, 3 and 5 showed no clear
trend of expression and size, cluster 6 showed expression increasing in parallel with rosette size
(Fig. 3F), and the remaining clusters showed expression decreasing with increasing rosette size. For
these remaining eight clusters, Fi hybrids tended to have lower expression than the inbreds across
the entire range of rosette size (Fig. 3G, Fig. S7). Gene Ontology (GO) analysis did not indicate that
clusters were specific for particular biological processes.

Non-additive gene expression is thus pervasive in Fq hybrids, with the overwhelming majority of

genes expressed below parental average level. Expression levels of the non-additive genes,
8
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involved in multiple biological processes, covaries with rosette size, with a consistent trend of

average expression level in Fis in the direction that correlates with larger size.

Targets of a common transcription factor are quantitatively associated with heterosis

Having established that non-additively expressed genes are systematically associated with plant
size, we investigated whether the degree of non-additive expression in Fis may affect heterosis. We
focused on BTH responsive genes and asked whether deviations of F1 expression values from the
MPV (i.e., expression MPH) in individual trios exhibited were related to rosette size MPH. Clear
correlations could be observed for many genes, which could be broadly categorized as (monotonic)
positive, (monotonic) negative, or quadratic, while in some cases no correlation was observed (Fig.
4A). We defined 61 groups of genes that fell into these different categories by k-means clustering.
Some clusters shared similar relationships between rosette size and expression MPH, and we
therefore sorted the clusters further into 12 classes reflecting the pattern of correlation under mock
and BTH treatment (e.g., “negative-negative” means negative correlation under both treatments,
Fig. 4C, Methods). Correlation often changed in response to treatment, with the majority of genes
exhibiting negative correlation with rosette size MPH under at least one condition, a trend that
increased after BTH treatment (Fig. S8). This observation confirms our finding that negative
dominance is important for heterosis in A. thaliana.

The genes with negative size-expression correlation after BTH or after BTH and mock treatment
(Data S5, “negative genes” hereafter) are enriched for GO terms “regulation of gene expression”,
“floral organ development”, and “response to (abiotic) stimuli” (Fig. 4D, Fig. S10). Genes with
positive correlation under both treatments (Data Sé, “positive genes” hereafter) were moderately
enriched for photosynthesis (Fig. S9), suggesting that biomass heterosis is related to repressed
reproductive growth and (abiotic) stress response as well as increased photosynthesis in F1 hybrids.

Similar to whole-genome genetic distance between parents (Fig. 2E), common polymorphisms
in genes from either the positive (Fig. 4E, left panel) or the negative clusters (Fig. 4E, right panel)
were at best moderately correlated with biomass MPH after mock treatment, and even less so after
BTH treatment, again emphasizing that genetic complementation alone has limited success in
explaining heterosis. Moreover, the distribution of polymorphisms across the entire genome or in
the focal gene groups was similar (Fig. 4F), implying that the focal genes are not characterized by

a distinct spectrum of common polymorphisms.
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Fig. 4. Genes whose degree of non-additive expression in trios correlates with hybrid performance. (A)
Exemplary clusters of “positive-positive” (left), “negative-negative” (middle), and “quadratic-negative” (right)
genes. Thick solid line: spline fitting of the cluster means; thin lines: spline fitting of individual cluster
members. (B) Average biomass MPH for rosette samples with low- vs. high- expression of genes in the same
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clusters as in (A). Each violin depicts the distribution of cluster gene expression averaged across the top and
the bottom (and the middle for the quadratic relationship) deciles of samples. (C) Pearson correlation
coefficients (PCC) of all 61 clusters based on LMM-spline modeling. The clusters are further sorted into 12
classes labeled on the right according to the relationship between gene expression and biomass under mock
or BTH treatment. (D) GO enrichment for genes from the negative cluster; see Fig. S10 for more details. (E)
Interparental Hamming distance using SNP subsets of genes from the positive (left panel) and negative (right
panel) clusters and correlation with rosette size MPH. (F) Kernel density plots of inter-parental Hamming
distance as the fraction of all filtered diallelic SNPs. (G,H) Association between expression rank and rare-allele
burden upstream of positive (left) and negative(right) genes in parents (G) and Fis (H). Insets show the
upstream rare allele counts of samples in the top and bottom decile of expression ranks. M1, mock bottom
decile; M10, mock top decile; B1, BTH bottom decile; B10, B top decile. (I) Mean upstream rare-allele burden
between parents in genes from both positive and negative clusters significantly affects heterosis. (J)
Regulatory regions of genes from both positive and negative clusters are enriched for a PCF binding motif.

In the parents, a larger number of mean upstream rare alleles is significantly associated with
increased expression of negative genes (Fig. 4G, mock: a=7x10%¢, BTH: a=7x10", Wilcoxon signed
rank sum test, Benjamin-Hochberg FDR), and less associated with reduced gene expression in the
positive genes (mock: a=0.03, BTH: a=0.10). These trends are also seen in the F; hybrids (Fig. 4H,
a=0.005, positive-mock; a=0.23, positive BTH; a=3x10"?, negative-mock; a=3x107, negative-
BTH). Considering the implication of the expression of these genes in biomass heterosis, this
observation is consistent with rare-allele burden disrupting normal gene expression. In contrast, the
number of mean upstream rare alleles in both positive and negative genes is a strong negative
predictor of rosette size heterosis in Fi hybrids (Fig. 4l). This suggests that heterosis tends to be
greater in hybrids whose parents have fewer rare alleles in the upstream regions of genes from the
positive and negative clusters.

To begin to discover potential regulatory mechanisms, we performed motif enrichment analysis
among the heterosis associated genes (Methods). PROLIFERATING CELL FACTOR (PCF) and c-Myc
transcription factor binding motifs are highly enriched in the promoters of negative genes
(569/2,248 genes, p=10*, and 433/2,248 genes, p=107', Fig. 4J, Fig. $10). PCF-binding motifs are
also highly enriched in the positive genes (144/499 genes, p=10", Fig. 4J). These findings were
corroborated by de novo motif searches (Fig. 4J). PCF/TCP proteins constitute a conserved plant-
specific transcription factor family that includes several regulators of cell cycle, growth, and disease
resistance (Gonzalez, 2015; Li, 2015). That both positive and negative genes were enriched for PCF

motifs points to these factors as a potential central toggle for global re-modeling of hybrid

transcriptomes.

11


https://doi.org/10.1101/2022.03.03.482808
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.03.482808; this version posted March 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
Yuan et al made available under aCC-BY 4.0 International license. Arabidopsis heterosis

Discussion

Heterosis by definition must be a highly heterogeneous phenomenon, as it describes the
performance of Fq hybrids in a variety of traits that are of interest to humans, whether related to
fitness in the wild or not. Such heterogeneity calls for systematic approaches to capture the
emergent properties of a broad spectrum of heterotic hybrids. Systematically sampling the genetic
diversity of the species’ natural range, our study confirmed the pervasiveness of heterosis in A.
thaliana, consistent with previous studies in which smaller populations were used (Oakley et al.,
2019). Incorporating size measurements into our analyses enabled us to quantitatively assess the
relationships between gene expression and plant growth (and hybrid performance), which sets our
analysis apart from other -omics studies that evaluated heterosis as a binary feature or that did not
link -omics data and growth phenotypes. By associating transcriptome changes and phenotypic
variation, we identified specific physiological processes as a signature of heterosis in our system.

Previous work has produced strong evidence for a role of circadian gene expression in heterosis
among certain A. thaliana F1 hybrids. While we did not find an enrichment of binding motifs for core
circadian regulators in genes whose non-additive expression affects heterosis in our set of hybrids,
we did find potential finding sites for PCF/TCP factors, several of which have been linked to the
circadian clock (Li, 2015; Pruneda-Paz et al., 2009). Studies with individual hybrids have suggested
up-regulation of photosynthetic function (Fujimoto et al., 2012) and down-regulation of stress-
response (Miller et al., 2015) in A. thaliana. We observed the same, with the new insight that the
degree of non-additivity in these pathways correlates with the degree of heterosis.

Additive (i.e., near-MPV) expression itself does not correlate with the larger size of F; hybrids,
hence probably does not directly contribute to heterosis. Additive expression is an intrinsic trait for
certain genes, mainly enriched in cell-death and stress-response pathways, in Fi hybrids, largely
independent of specific parental combinations. Whether tighter control of biotic defense responses
capacitates hybrid vigor requires further investigation.

In our system, biomass heterosis is driven in large part by non-additive gene expression. For
many genes, when parent-hybrid trios are considered, the degree of non-additivity in Fy expression
can either positively or negatively predict heterotic performance. GO enrichment points to
repression of reproductive development and abiotic stress response, as well as increased
photosynthesis as factors that support more vigorous growth in Fi hybrids. The rewiring of
transcriptional networks is likely to occur in trans, as binding motifs for a small number of

transcription factors were enriched in the promoters of the focal genes. This further suggests that
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beyond reciprocal complementation, unifying factors may exist that determine heterotic potentials
of individual parental combinations.

An important question is whether heterosis is more likely to be associated with up- or down-
regulation of genes (Birchler et al., 2003). Previous studies, while pointing to a global modulation
of gene regulatory networks in F; hybrids, did not provide conclusive answers (Jeffrey Chen, 2013).
Here, we observe a consistent species-wide trend of non-additive expression leading to Fq hybrids
being more similar to the low-expression parents. Considering that stabilized or increased gene
expression is generally favored by selection (Fraser et al., 2010; Kita et al., 2017), the coordinated
down-regulation of genes in hybrids suggests that heterosis is not an emergent property resulting
from selection benefits. Consistent with our finding that transcriptional programs related to cell
proliferation seem to be negatively regulated in heterotic A. thaliana hybrids, a recent study in yeast
showed that inter-specific F1 hybrids can grow more vigorously by relaxing cell-cycle checkpoints
and tolerating excessive genetic mutations (Bar-Zvi et al., 2017; Herbst et al., 2017). It is possible,
therefore, that heterosis arises as an emergent consequence of how gene regulatory networks are
hardwired, and with its long-term beneficial effect (such as supporting gene flow and adaptive
introgression) being merely an indirect consequence.

We found that neither inter-parental whole-genome genetic distance nor the genetic distance
of focal genes groups adequately explained the performance of the F; hybrids. While this seems to
contradict insights from crops, it agrees with recent findings in non-domesticated species including
A. thaliana (Oakley et al., 2019) and S. cerevisiae (Plech et al., 2014). It highlights the importance of
searching for mechanisms of heterosis outside of domesticated species of agronomic interest, in
which a higher genetic load and therefore a stronger role of complementation is expected from
their population history.

We observed putative deleterious effects (i.e., strong deviation of gene expression from that of
the population mean) of rare alleles in upstream regulatory sequences, primarily in inbred parental
accessions, and to a lesser degree in F; hybrids, suggesting that rare-allele burden has common
effects in inbreds and hybrids alike. The correlation between rare-allele burden and gene expression
is more pronounced in additively than non-additively expressed genes. However, while the (milder)
rare-allele burden in non-additive genes is strongly associated with phenotypic consequences in F;
hybrids, this is not reflected in the behavior of the additive genes. We conclude that concerted non-

additive gene expression, rather than canalization via additive gene expression, is a main driver of
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heterosis. It needs to be tested independently whether heterosis can be predicted from expression

and genetic data of a focused set of parental genes.

Materials and Methods

Generation of genetic resource: Accessions covering the entire species range were chosen from
the A. thaliana 1001 Genomes Project (1001 Genomes Consortium, 2016). F; hybrids used in this
study were generated via random crosses, either by randomly crossing individual accessions that
reached flowering stage at the same time (SHB1) (Vasseur et al., 2019), or according to a pre-
generated randomized crossing scheme after subjecting seedlings to a saturating (12 weeks)
vernalization under 4°C short-day conditions (SD, 8/16 hr photoperiod) to synchronize flowering
(SHB2).

Experimental design: The first experiment (Fig. 1A, “SHB1") initially included 101 parent-F; trios of
altogether 286 distinct genotypes. Single plants were grown in triplicate following an incomplete
randomized block design, with each tray as a block within which each genotype was sown as an
adjacent pair. The second experiment (Fig. 1B, "SHB2") included 40 parent-F; trios. Single plants
were grown in triplicates, following a split-block design where each block held 10 parent-F; trios
with each row consisting of one trio with duplicates of plants in adjacent pots. The trios within each
block, and the relative positions of genotypes within each trio were randomized. Plants were
subjected to either a mock or an artificial defense hormone treatment (see below). After accounting
for germination, survival, and initial filtering of RNA-seq outputs, 82 hybrids and 124 inbred parents
in SHB1, and 32 trios in SHB2 remained for downstream analyses.

To minimize circadian bias, sowing for both experiments was scheduled in batches to ensure
that harvesting could be finished within a 30-minute window at the same hour for a number of
consecutive days. At 21 days after sowing, the healthiest appearing plant of each genotype was
used for RNA-seq, to ensure any sampling bias is systematically towards the same direction for both
inbreds and hybrids. Meanwhile rosette size measurements were obtained for the same individual
plants for which RNA-seq were performed.

For a list of genotypes analyzed in both experiments, see Data S1.

Plant culture, treatment, and sampling: Single plants were grown in a 1:1 mixture of calcined clay
media (Diamond Pro, Arlington, TX, USA) and vermiculite (Floragard, Oldenburg, Germany)

supplemented with liquid growth media (Conn et al., 2013). Plants were not vernalized, to ensure
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that they remained in the vegetative growth phase. As a proxy of vegetative biomass ((Vasseur et
al., 2018) and Fig. S1), the rosette area of 21-day old plants was measured. The full rosettes grown
under 16°C long-day (LD,16/8 photoperiod) were harvested and flash-frozen at 21 day-after-
germination (DAG).

Defense hormone treatment started 14 days after sowing. An analog of the defense hormone
salicylic acid (SA), BTH (acibenzolar-S-methyl, Sigma-Aldrich) was used, with optimal dose and
treatment scheme of the defense hormone that had been established in a pilot experiment on
multiple accessions (Fig. S2). Each 10x6-pot-tray block was the unit of treatment and plants were
treated by topical spraying every other day with either a mock solution (20 mL; ddH2O, 0.1% DMSO,
0.006% Silwet) or a BTH solution (20 mL; 100 mM acibenzolar-S-methyl, 0.1% DMSO, 0.006%
Silwet), and covered for 1 hour with transparent plastic lids after spraying. A total of five treatments

were administered. Full rosettes were harvested and flash frozen at 21 DAG.

Growth image analysis: Plant growth was monitored by daily image capture from the top of the
trays using the RAPA system (Capovilla et al., 2018). Rosette areas were acquired by automatic
image segmentation and counting of green pixels, supplemented with manual curation. The rosette
size estimates were then converted from pixel counts to mm? by multiplication with a calibration

factor.

RT-gPCR: To establish defense hormone treatment and dosage, the effect of salicylic acid and BTH
application was tested by treating 18 Accessions with Mock (ddH-O, 0.1% DMSO, 0.006% Silwet),
350 mM SA and 100 mM BTH in 3 replicates, each with duplicated plants for phenotyping and
gPCR. After 5 treatments the rosettes were harvested in one set of plants to compare their sizes,
while the other set of plants were used for gPCR to compare the effect of 350 mM SA and 100 mM
BTH treatments. Specifically, RNA was extracted and reverse transcribed. qPCR was performed
using SYBER green (Thermo Scientific Maxima SYBR Green gPCR Master Mix (2x)) and primers for
ACTIN2, UBC21, PR1 and NPR1. Normalization across plates was performed using the same set of

samples featured on all plates. The data were analyzed by calculating AACq (Fig. S2).

RNA-seq: RNA-seq libraries were constructed as described (Cambiagno et al., 2021), using 750 ng
total RNA from full rosettes as input. All libraries, each carrying a unique barcode combination were
pooled and sequenced in multiple single-end lanes on an Illumina HiSeq 3000 platform for a target

coverage of 5M reads per sample.
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RNA-seq read mapping and post-processing: FASTQ files from multiple lanes were merged and
mapped to TAIR10 transcriptome using RSEM (bowtie2) with default parameters. Libraries with
more than 8M mapped reads were subsampled to 8M with seqtk prior to mapping. Transcripts
mapped to chloroplast, mitochondria, rDNA clusters, transposable elements (TEs) and
pseudogenes, as well as transcripts with effective length less than 150 nt were removed from the
raw RSEM count file. TPM (transcripts per million) counts were then re-estimated for the rest of the
genes. Libraries with less than 2M mapped reads and those identified as extreme outliers following
a principal-component analysis (PCA) of the whole-transcriptome logz(TPM) values were excluded
from further analysis. Gene lists were further filtered for average transcript abundance (trimmed

mean of logx(TPM)>0.3) and coefficient of variance >0.15.

Additive gene calling: For SHB1 data, MPV of each gene was calculated for all complete Parent-F;
trios by taking the arithmetic mean of the parental log,(TPM). Linear regression was then performed
between corresponding Fi expression value and the MPV. For SHB2, a linear-mixed model was
used to correct for treatment and batch effects. Genes were filtered for regression coefficient >0.5
and R? >0.4 for SHB1, and regression coefficient >0.4 and sigma <0.6 for SHB2. All thresholds were
determined by quantiles. Genes called in both SHB1 and SHB2 were taken as common additive

genes.

Non-additive gene calling: With SHB1, a population-wide MPV distribution was established for each
gene by calculating arithmetic means of logz(TPM) between all possible pairwise combinations of
inbred accessions. Two-sided Kolmogorov-Smirnov test was performed per gene to test if the
log2(TPM) from the Fi hybrids were drawn from the MPV distribution. Genes with g<0.001

(Benjamin-Hochberg FDR) were considered as non-additively expressed genes.

Bayesian modelling of non-additive expression and plant size: Non-additive genes from SHB1 were
clustered by K-means, with the optimal K determined by the elbow method. A linear-mixed-model
(LMM) spline was fitted using the Ime4 package (Bates et al., 2015) in R (R Core Team, 2021) for

gene expression:
GeneExpression~IsHybrid+Size+Size:IsHybrid+(IsHybridlLibraryBatch),

in which GeneExpression is the z-scaled log.TPM, IsHybrid is a binary code of the hybrid/inbred
identity, Size is the z-score of rosette size at sampling. Natural cubic splines were modeled for Size
and Size-IsHybrid interaction. The 95% credible intervals for the parameter estimates were

established with 10,000 iterations of Bayesian simulation using the arm package (Andrew Gelman,
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Yu-Sung Su, Masanao Yajima, Jennifer Hill, Maria Grazia Pittau, Jouni Kerman, Tian Zheng, Vincent

Dorie, 2021).

Expression-plant size MPH correlation: Expression-MPH and size-MPH were calculated per trio by
calculating the per-gene expression and rosette area difference between F; and the MPV in
corresponding treatments and replicates. Size MPH-to-expression MPH regression spline was
acquired separately for both treatments. An initial round of K-means clustering was performed on
the resulting spline coefficients, with the optimal K determined as the division with the highest Dunn
index which allows no more than 25% of the clusters carrying less than 5% of the genes. Resulting
clusters were inspected and removed if size and expression MPH do not co-vary. The remaining
genes (n=6,371) were re-clustered with the same criteria, and the resulting clusters were manually

sorted based on size-expression covariation into 12 general categories (Data S2, Fig. 4D, Fig. S10).
Deviation score: A deviation score was calculated for each common additive gene:
d=i=1n(yi-yfit)2(ymax-ymin)2 ,

in which, yiis the observed F; expression value of a given individual, and ys: is the fitted F; expression

value assuming a perfect additivity (y=x).
BTH responsive genes: The effect of BTH treatment on gene expression was identified by LMM:
GeneExpression~Treatment+IsHybrid+Treatment*IsHybrid+(1IPlantBatch),

to establish a significant threshold, 10,000 permutation was performed per gene, and the empirical
p-value was corrected with Benjamin-Hochberg FDR. Genes with q<0.001 were kept as BTH

responsive genes (n=8797), and examined for their size-MPH correlation.

Size-MPH covariation test: To establish the significance of the size-expression correlation, we
performed a Wilcoxon signed-rank test on the genes in each of the 61 clusters (Fig. 4B). For each
“none” cluster, each gene within the cluster was used as a data point, and the mean rosette size of
4 plants having the lowest and the highest expression MPH of the gene was calculated. The average
rosette size corresponding to the two extremes of expression MPH were then compared with a two-
sided Wilcoxon signed-rank test. Likewise, for “positive” and “negative” clusters, one-sided tests
were used to test for significant differences between average rosette size corresponding to the two
extremes of expression MPH within individual clusters. For “quadratic” clusters, separate one-sided
tests were performed comparing the samples with extreme expression MPH against those with

median expression MPH. Bonferroni correction was used to control for multiple hypothesis testing.
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The test revealed that our sorting procedure erred on the conservative side: while the top and
bottom deciles were significantly different for 17 clusters assigned to the “none” category, only 6
of the “none” clusters were misassigned as “positive”, and none were misassigned as “negative”
(Bonferroni corrected a<0.001, Data S2). The evidence for truly quadratic correlations was less

clear.

Genetic distance: Pairwise SNP Hamming distances were acquired for parental combinations using
PLINK v.1.90b (Purcell et al., 2007). For genome-wide genetic distance, all biallelic SNPs with minor
allele frequency (MAF) >0.2 were used. For sub-genome genetic distance, SNPs were further subset
by the genome coordinates (gene body + 1 kb upstream) of target features using vcftools v4.2
(Danecek et al., 2011). Pearson correlation coefficients were calculated between rosette size MPH
and genetic distance either using all common polymorphisms in the genome, or those within the

target features of interest.

GO enrichment Ontology enrichment was performed using the Agrigo v2 platform (Tian et al.,
2017), with all gene IDs that passed our initial filtering (n=14,067, TAIR10 annotation) as background
against plant GOslim database. Fisher's Exact Test was used, and the enrichment p-value was
corrected using Yekutieli FDR. The enrichment results were visualized with the built-in DAG-drawer

of Agrigo v2.

Rare allele analysis: Rare (MAF<0.05), biallelic SNPs 1 kb upstream of gene features were subset
from the SNP annotations of the 1001 Genomes project (1001 Genomes Consortium, 2016).
Genotype information at these SNPs were acquired for the accessions used in SHB2, and the sum
of these rare SNPs upstream of each gene were calculated per accession. For Fq hybrids, upstream
rare-allele count was determined by the mean of the rare-allele counts of both parents.

Samples, separated by inbred parents/F; hybrids and treatments, were ranked for their
expression values for each gene within a gene list of interest. For each given rank, a gene-list mean
upstream rare-allele count was acquired by averaging across all samples received the same rank in
any of the genes within the gene list. Relationships between gene-list mean upstream rare-allele
count and expression rank were examined by LOWESS regression and tested with Wilcoxon signed
rank sum test between the top and bottom decile of the expression rank.

Likewise, an average rosette-size MPH for each rank was calculated for the gene list, and the
Pearson correlation was acquired between average rosette-size MPH and upstream rare-allele

count.
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Motif enrichment and de novo motif finding: Motif enrichment and de novo motif finding was
carried out using HOMER v4.10.4 (Heinz et al., 2010) with TAIR10 reference genome and gene
annotation. For every set of candidate genes, genomic sequences 1 kb upstream from the
transcription start site (TSS) and 1 kb downstream from the transcription termination site (TTS) were
indexed from the strand-specific gene coordinates. Both assays were performed by using the

findMotifsGenome.pl function and HOMER's in-built plant promoter motif database as reference:

findMotifsGenome.pl [geneset_promoter_coord.bed] [TAIR10_customref]
[motif_outputdir] -size given -S 15 -preparse -mcheck

[homer_database/data’/knownTFs/plant/all.motifs]

The top known motif hit (in all cases p<107°) from each candidate set was then used for a second
motif enrichment step, where the promoters and downstream sequences were searched for the

significant motif using HOMER's annotatePeaks.pl function

annotatePeaks.pl [geneset_promoter_downstream.bed] [TAIR10_customref] -m
[motif_outputdirl/knownResults/known1.motif -size given -nmotifs -mbed [output1.bed] >
[output1.txt],

to generate corresponding genomic coordinates, and subsequently associated back to the genes

containing the motif of interest in their regulatory regions (bedtools v2.26.0 intersect) (Quinlan and

Hall, 2010).
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Fig. S1. Rosette area serves as a good predictor of rosette biomass. Pearson correlation coefficient
(R=0.96, p<2.2e-16) of biomass (g) with rosette area (mm?) as measured on the RAPA system at 21
days after sowing of 221 individuals of mixed genotypes (grey dots), and LOWESS trendline.
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Fig. S2. Efficient induction of defense responses in A. thaliana accessions by BTH dosage used.
gRT-PCR of two defense marker genes PR1 and NPRT in 16 natural accessions after BTH and SA

treatment. Each dot represents the mean AACq value against housekeeping genes in mock-treated

plants, with error bars indicating the standard deviation of the biological replicates.
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m Mock: 79.22 + 2.96 (mean +SE), p < 2e-16
m BTH: 39.50 + 4.19 (mean +SE), p < 2e-16
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Fig. S4. Consistent and significant reduction in rosette area by BTH in both batches of the SHB2
experiment. Each tray was a treatment unit. Shown are boxplots of rosette area (mm?) in each tray
with mock (green) or BTH treatment (orange). Only trays with parent-hybrid trios further used for
transcriptome analysis are included. The rosette area after treatment with BTH was reduced
compared to mock treatment (2-way nested ANOVA, mock: 79.2 = 3.0 mm?, BTH treatment: 39.5
+ 4.2 mm?% p < 107).
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Fig. S5. Hypothetical MPV expression from all trios reliably predicts expression level in F1 hybrids
for the 300 additive genes called in both SHB1 and SHB2 datasets. Mean expression values of

replicates for all F1 hybrids are plotted against the corresponding means of MPV for mock (green)

and BTH treatments (orange). The dashed line represents unity of y=x, tight scatter of data points

along which indicates a good prediction of MPV to F; expression. Graphs are sorted according to

their deviation score (Methods).
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Fig. S7. LMM spline fitting of cluster mean expression levels with 95% Bayesian credible intervals
for non-additive gene clusters not shown in Fig. 3. Mean expression level across all genes within a
cluster for inbred parents (purple dots) and F1 hybrids (turquoise dots) against last day rosette area
(mm?) were plotted. Clusters 1-5 showed little rosette size-expression level association, while
clusters 8-13 showed monotonic decrease of cluster mean expression level with increased plant
size. While F1 hybrids exhibited the same trend as the inbred parents, the mean expression levels

are consistently lower in Fy hybrids across the entire rosette size range for cluster 8-13.
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ive genes sorted into 61 clusters based on spline regression of rosette area

MPH (mm?) to their expression MPH across all trios. Shown are a graphic representation of the

Fig. S8. BTH-respons
clusters. Each thin line represents a gene, and the thick line represents cluster mean (green: mock,

orange: BTH). The 61 clusters were subsequently sorted into 12 general categories based on the

regression trends in mock and BTH treatments.
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Fig. S9. Positive genes are enriched for genes encoding thykaloid-localized proteins that are
involved in photosynthetic process. Fisher's Exact Test was used against the background list of

filtered expressed genes in SHB2 dataset, using plant GOslim based on TAIR10 annotation.
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Fig. S10. Enlarged rendering of Fig. 4D, GO enrichment for the negative genes. The diagram was

into two parts (a and b) for improved legibility.
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