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The mechanisms underlying heterosis have long remained a
matter of debate, despite its agricultural importance. How
changes in transcriptional networks during plant development
are relevant to the continuous manifestation of growth vigor in
hybrids is intriguing and unexplored. Here, we present an inte-
grated high-resolution analysis of the daily dynamic growth phe-
notypes and transcriptome atlases of young Arabidopsis seedlings
(parental ecotypes [Col-0 and Per-1] and their F, hybrid). Weighted
gene coexpression network analysis uncovered divergent expres-
sion patterns between parents of the network hub genes, in which
genes related to the cell cycle were more highly expressed in one
parent (Col-0), whereas those involved in photosynthesis were
more highly expressed in the other parent (Per-1). Notably, the
hybrid exhibited spatiotemporal high-parent-dominant expres-
sion complementation of network hub genes in the two pathways
during seedling growth. This suggests that the integrated capac-
ities of cell division and photosynthesis contribute to hybrid
growth vigor, which could be enhanced by temporal advances in
the progression of leaf development in the hybrid relative to its
parents. Altogether, this study provides evidence of expression
complementation between fundamental biological pathways in
hybrids and highlights the contribution of expression dominance
in heterosis.
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H eterosis refers to the superior performance of an F; hybrid
compared with its parental inbred lines in terms of growth,
yield, and adaption to the environment. Despite its successful
utilization in agriculture, the genetic basis underlying this phe-
nomenon remains elusive (1). Because each chromosome in the
F; genome possesses an allele from each parent, dominance is
one of the proposed hypotheses explaining heterosis. This hy-
pothesis attributes hybrid vigor to genome-wide dominant com-
plementation between beneficial alleles from either parent (2-4).
For example, function complementation between dominant su-
perior loci in hybrids has been reported to trigger heterosis in
crops (5, 6). In addition, single-parent expression has been found
to be a general mechanism driving expression complementation
in some hybrids (7-9). However, despite these findings, con-
current complementation of gene expression and biological
function in a hybrid has rarely been reported, and it has
remained a challenge to associate the genetic complementation
in a hybrid with its heterotic phenotypes.

Biomass heterosis, which has been interpreted as a compli-
cated quantitative trait (10), was recently found to be associated
with multiple loci from the perspective of hybrid genomic ar-
chitecture (11, 12), suggesting that genome-wide determinants
contribute to hybrid vigor. In addition, global gene expression
profiles have uncovered prevalent nonadditive transcriptional
changes in various tissues of Arabidopsis and other plant species
hybrids relative to their parents (13-22). However, most of these
studies did not link gene expression differences to the heterotic
phenotype and did not find a uniform pattern of differential gene
expression between hybrids and parents (1, 10), likely due to the
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limitations of tissue sampling at individual or discrete time points
during plant development. Therefore, understanding of the
mechanism of heterosis may progress by comparing time-series
transcriptional architectures of a target tissue between a hybrid
and its parents and by studying the dynamic manifestation of
heterosis during the entire developmental process.

In Arabidopsis, obvious biomass heterosis at the vegetative
growth stage has been shown to be common in crosses between
different ecotypes (11, 23-25), making it an excellent model for
studying the genetic and molecular basis of heterosis. Nonaddi-
tive expression of genes involved in cell cycle and photosynthesis
in hybrids has been reported in previous studies (14, 15, 23, 26),
and some genes in these two pathways were revealed to be as-
sociated with heterosis (11). However, how these genes and bi-
ological processes contribute to hybrid vigor is largely
uncharacterized. Arabidopsis cotyledons and true leaves com-
prise most of the above-ground seedling biomass during vege-
tative growth, and their development is precisely controlled by
dynamically regulated gene expression in multiple pathways,
along with programmed cellular and physiological behaviors
(27-29). Therefore, analyzing the dynamic transcriptome land-
scapes of early shoot or true leaf development in a hybrid and its
parents can provide a better understanding of the regulatory
networks underlying the enhanced growth and development
of hybrids.

Significance
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Here, we generated integrated high temporal-resolution phe-
notypes and transcriptome atlases of the early seedling shoots
(3-8 d after sowing [DAS]) and first true leaves (7-21 DAS) of
Arabidopsis ecotypes Col-0, Per-1, and their F; hybrid (Col-0 x
Per-1). Using weighted gene coexpression network analysis
(WGCNA), we defined the gene coexpression networks under-
lying two developmental processes and uncovered a conserved
coexpression network among the hybrid and parents for each
organ. We discovered that the hybrid’s coexpression modules
had gene expression profiles and interaction patterns different
from those of the parents. In addition, network hub genes
exhibiting opposite differential expression directions for the two
parents were involved in the cell cycle and photosynthesis,
reflecting a natural transcriptional divergence in Arabidopsis
ecotypes at key periods of shoot apex cell division and building
photosynthesis capacity. Remarkably, these two sets of hub genes
exhibited a complementary spatiotemporal high-parent-dominant
expression pattern in the hybrid, suggesting that integrated cell divi-
sion and photosynthesis abilities from the parents contributed to the
hybrid’s growth vigor. Thus, through transcriptional complementation
of these two fundamental biological pathways, we uncovered evi-
dence supporting the dominance model of heterosis, and our high
temporal-resolution transcriptome data provide a valuable resource
for further functional genomics studies of seedling development.

Results

Dynamic Growth Heterosis Established during Early Stage of Seedling
Development. In a previous study, we revealed a high positive
correlation between heterosis for shoot biomass and the first true
leaf area in hundreds of Arabidopsis hybrids, and the Col-0 X
Per-1 F; hybrid was recognized as exhibiting the most significant
heterosis for both shoot biomass and the first true leaf growth at
14 DAS (11). However, when and how the strong growth vigor of
the Col-0 x Per-1 hybrid was established during seedling growth
and development was unclear. To obtain a detailed under-
standing of the underlying attributes, we investigated the time-
series manifestation of seedling growth heterosis in Col-0 x Per-1
by determining the daily growth dynamics of the cotyledon
during 3-12 DAS and the first true leaf during 3-21 DAS. The
cotyledon size was significantly larger for the hybrid than the
parents during 3-12 DAS, but we found a dynamically changing
pattern in the level of heterosis (SI Appendix, Figs. S14 and S24
and Dataset S1). Best-parent heterosis (BPH) of cotyledon
growth was established (47.61%) as early as 3 DAS and reached
its peak (71.85-74.69%) during 4-6 DAS. For the first true leaf,
the F; hybrid exhibited significant growth vigor compared with at
least one parent during 3-21 DAS (SI Appendix, Figs. S1B and
S2B and Dataset S1). Notably, leaf area heterosis underwent
dramatic changes during the early stage of first true leaf devel-
opment, with BPH increasing from 70.37% at 5 DAS to 289.50%
at 6 DAS, significantly peaking at 7 DAS (346.95%), holding at
188.91% at 8 DAS, and decreasing sharply to 50.02% at 9 DAS.
From the cellular perspective, 6—7 DAS is approximately the cell
proliferation phase and the proliferation-to-expansion transition
phase for the first true leaf (27). Therefore, these results indicate that,
compared with its parents, the F; hybrid undergoes accelerated cell
cycle or cell division during early leaf growth, implying that the
growth heterosis of the mature leaf may result largely from a cu-
mulative effect of increased cell number in the hybrid at an early leaf
development stage. In addition, as the cotyledon’s growth heterosis
was established earlier than that of the first true leaf, it highlights the
embryonic tissue’s contribution to hybrid vigor (30).

Highly Preserved Gene Regulatory Networks in the Hybrid and Parents
during Early Shoot Development. As our phenotypic observations
showed that hybrid seedling growth vigor is continuously manifested
and highly dynamic, we wondered how that process is affected
by transcriptomic reprogramming in the hybrid during seedling
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development. We performed RNA-seq on early shoots (3-8
DAS) and first true leaves (7-21 DAS) from Col-0, Per-1, and
the Col-0 x Per-1 F; hybrid, generating daily temporal dynamic
transcriptome atlases based on ~1.2 Tb of RNA-seq data from
189 samples in three biological replicates (Fig. 14 and SI Ap-
pendix, Table S1 and Dataset S2). As expected, principal com-
ponent analysis (PCA) clearly showed transcriptome profile
clustering (Fig. 1B) that correlated with continuous develop-
mental states and dynamic changes in gene expression through-
out early shoot and first true leaf development in all three
genotypes. In general, the shoot expression profiles were not
always tightly related to the true leaf profiles, which reflected
both conservation and divergence of the developmental regula-
tory circuitry between the two organs. Nevertheless, for both
organs, expression profiles at the earlier developmental stages
(3-5 DAS for the shoot, and before 12 DAS for the true leaf)
were mostly different from the profiles in the later stages (6-8
DAS for the shoot, and after 12 DAS for the true leaf), sug-
gesting the relatively large transcriptomic changes during de-
velopmental progression. Furthermore, the global gene
expression in both parents and the hybrid remained closely
correlated, indicating highly conserved transcriptional features in
the parental and hybrid lines during early shoot and true leaf
development. The relationship among gene expression profiles
in different organs and genotypes was supported by the pairwise
Pearson correlation coefficients (Fig. 1C).

Because previous studies have not explored whether and how
transcriptional regulatory network differences between a hybrid
and its parents function in heterosis, we took advantage of our
high-resolution time-series transcriptome atlases to gain insights
into growth heterosis in a hybrid. WGCNA can be used to
construct coexpressed gene modules based on the correlation of
global gene transcription across experiments or samples (31).
The genes with similar expression behaviors cluster together and
are involved in closely connected biological processes (32). Thus,
a coexpression network can represent the complex transcrip-
tional architecture of the whole genome throughout dynamic
developmental progression. Here, we performed WGCNA to
construct gene coexpression networks underlying early shoot
development in Col-0, Per-1, and their F; hybrid, which sum-
marized the genotypes’ global gene expression status across this
process. Gene sets containing 14,088 (Col-0), 13,781 (Per-1), or
13,834 (F;) genes with expression level changes in shoots during
3-8 DAS were used to construct a signed, scale-free network for
each genotype according to their topological overlap matrix of
gene expression correlations produced by introducing the cor-
responding power (B) (SI Appendix, Fig. S3 A-C and E and Table
S2). Overall, the gene coexpression network comprised 8 mod-
ules of 524-4,664 genes, 10 modules of 111-5,877 genes, and 9
modules of 374-2,878 genes in Col-0, Per-1, and their hybrid,
respectively (SI Appendix, Fig. S4 and Table S2). In view of the
close relatedness revealed by the PCA, we assessed whether the
gene coexpression networks were well conserved between the
hybrid and its parents by conducting permutation tests. These
tests summarize the evidence that network properties are pre-
served between two independent datasets (33). By projecting
the Per-1 transcriptome dataset onto the Col-0 network, we
found that seven out of eight modules were strongly preserved
(Zsummary > 10), and one module exhibited weak to moderate
preservation (10 > Zgmmary > 2) (SI Appendix, Fig. S4). Fur-
thermore, by considering modules identified in the hybrid as a
reference network, we found that eight out of nine modules and
all nine modules were at least weakly (Zsymmary > 2) preserved
in Col-0 and Per-1 compared with the hybrid, respectively (SI
Appendix, Fig. S4). These results confirmed an overall highly
conserved transcriptional architecture underlying the dynamic
regulation of early shoot development in Col-0, Per-1, and
their hybrid.
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Fig. 1. Dynamic transcriptome landscapes of shoots at 3-8 d after sowing (DAS) and the first true leaves at 7-21 DAS in Arabidopsis Col-0, Per-1, and Col-0 x
Per-1. (A) Representative photographs of harvested organs for RNA-seq. (B) PCA of 189 transcriptome profiles of different organs and genotypes, including
three biological replicates. (C) Heat map illustrating pairwise Pearson correlation coefficients (PCCs) between each pair of 189 transcriptome profiles.

Divergent Core Gene Regulatory Networks between the Hybrid and
Parents during Early Shoot Development. As the overall transcrip-
tional networks were highly conserved in both the hybrid and the
parents, we investigated whether and how transcriptional dif-
ferences in the core gene regulatory network are associated with
the significantly greater growth vigor of the hybrid compared
with its parents. First, based on the network modules above, we
identified a conserved gene coexpression network underlying
early shoot development among the hybrid and its parents. This
network was represented by consensus modules (CMs), clusters
of genes presenting coexpression in all three genotypes (SI Ap-
pendix, Fig. S3 D and F). Genes in these modules were regulated
consistently in different genotypes, comprising the core regula-
tory mechanisms commonly involved in dynamic early shoot
growth and development in both the parents and hybrid, which
affected their shoot growth vigor and biomass. The 9,670 genes
assigned to the conserved network were clustered in 11 CMs
consisting of 78-3,346 coexpressed genes (Fig. 24 and SI Ap-
pendix, Table S2). We used each module eigengene (ME), de-
fined as the first principal component of the gene expression
profiles of a given module, to describe the global gene expression
behavior within each module during shoot development (32). In
the conserved network, each CM presented a specific eigengene
expression pattern for early shoot development during 3-8 DAS
(Fig. 2B). We also observed differing eigengene expression pat-
terns between the hybrid and its parents for some of the CMs,
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indicating a genotype-specific perturbation of gene expression
levels in these modules, a phenomenon that could potentially
play a role in the heterosis regulatory mechanism. For example,
brown CM eigengene expression levels decreased over 3-5 DAS
but increased over 6-8 DAS in all three genotypes (Fig. 2B).
However, compared with the parents, brown CM eigengene ex-
pression in the hybrid was more down-regulated over 3-5 DAS
and more up-regulated over 6-8 DAS. Gene Ontology (GO)
enrichment analysis indicated that genes of the brown CM were
significantly overrepresented in cell cycle-related processes
(Fig. 2C and Dataset S3). In contrast, the black CM indicated
similar eigengene expression patterns in the hybrid and Per-1,
which were different from that in Col-0 (Fig. 2B), and GO
analysis showed that the genes within that CM were significantly
enriched in the photosynthetic process (Fig. 2C and Dataset S3).
The hybrid and its parents also exhibited different eigengene
expression patterns in some of the other CMs (Fig. 2B), and the
genes in those CMs were associated with distinct biological
functions (Fig. 2C and Dataset S3).

The gene coexpression network structure describes the gene
regulatory relationships between genes in functionally divergent
modules. To test for network structure differences between the
hybrid and its parents, we analyzed network intermodule con-
nections among the 11 CMs in each genotype by generating an
eigengene network represented by pairwise correlation coefficients
among their CM eigengenes (34). The hybrid's CM eigengene
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Fig. 2. Preservation and divergence of gene coexpression networks between the hybrid and its parents underlying early shoot development (3-8 DAS). (A)

Hierarchical cluster dendrogram showing consensus gene coexpression modules (CMs) among Arabidopsis ecotypes (Col-0, Per-1) and their F; hybrid. In the
dendrogram, each leaf represents one gene, and each module below the dendrogram is labeled with one color. The red line above is the cut height (0.99)
for CM identification. CM colors are labeled independent of the separately identified modules in each genotype. Genes not coexpressed in all three genotypes
are marked in gray. (B) Differential eigengene expression patterns of CMs in the three genotypes across 3-8 DAS. Blue and red represent lesser and greater
expression, respectively. (C) Heat map summarizing GO enrichment of genes in each CM. Color intensity represents the significance (-logjoladjusted P value])
of GO term enrichment. (D) Heat maps of eigengene networks showing the relationships among CMs in each genotype.

network had an obviously different pattern from the network of either
parent (Fig. 2D). Due to the unique expression pattern and the in-
volvement in specific biological processes of each CM in the network,
the above result indicates changed genetic interactions and strengths
in various biological processes associated with early shoot growth or
development in the hybrid compared with its parents. Therefore,
despite its overall conservation, the hybrid’s core transcriptional
regulatory network during early shoot development diverged greatly
from that of its parents.

Complementary High-Parent-Dominant Expression of Network Hub
Genes Involved in the Cell Cycle and Photosynthesis in the Hybrid.
To further narrow our transcriptomic network analysis and
identify key regulators that may participate in the generation of
network differences underlying the dynamic regulation of het-
erosis in the hybrid during early shoot growth and development,
we detected hub genes that were highly connected to other genes
in each genotype’s conserved gene coexpression network. First,
we determined the correlation between each gene’s expression
profile and its corresponding ME to find the module member-
ship value for each gene (kyr) (32, 35). We subsequently iden-
tified 1,947, 860, and 1,056 hub genes (kpz > 0.90, P < 10_6) in
Col-0, Per-1, and their F, hybrid, respectively (Fig. 34 and
Dataset S4). Among these hub genes, 489 were shared between
the two parents, and 271 were shared by all three genotypes
(Fig. 34), indicating that these genes have preserved functional
features across genotypes. GO enrichment analysis revealed that
these hub genes were significantly overrepresented in growth-
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related functional categories, such as cell cycle, photosynthesis,
development, and other cellular metabolic processes (Fig. 3B
and Dataset S5). These results supported the key roles of hub
genes in early shoot growth and development.

The mitotic cell cycle continuously produces new cells from
the shoot apical meristem (SAM), enabling leaf growth and
development (36), whereas photosynthesis provides fundamental
energy for seedling metabolic processes and biomass accumula-
tion (37, 38). Genes in these two pathways were previously
revealed to be associated with growth heterosis in Arabidopsis
(14, 23). Coincidentally, evidence has been found of interfaces
between cell cycle-related and photosynthesis-related energy
metabolism (39). Accordingly, we compared the hybrid’s and its
parents’ mitotic cell cycle and photosynthesis hub gene expres-
sion profiles across early shoot development. We found that
many cell cycle regulator genes were expressed at higher levels in
Col-0 than in Per-1, whereas genes involved in photosynthesis
were expressed at higher levels in Per-1 than in Col-0 (Fig. 3C
and Dataset S6). Intriguingly, in the F; hybrid, a large set of hub
genes involved in the cell cycle were expressed in high-parent or
above high-parent patterns at 6-8 DAS, which is the key period
for true leaf initiation from the SAM in Arabidopsis. These genes
include those encoding the cyclin/CDK family of proteins and
transcription factors regulating cell division, as well as other
genes encoding essential proteins involved in cell cycle pro-
gression (Fig. 3C and Dataset S6). Among these genes,
CDKB2;1, CDKB2;2, and CYCBI;1 are involved in regulation of
the G,/M transition of the mitotic cell cycle (40); MYB3R4 acts
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Fig. 3. Hub genes in the core gene coexpression network underlying the dynamic regulation of early shoot development. (A) Venn diagram showing the
shared hub genes between Col-0, Per-1, and the F; hybrid. (B) GO enrichment analysis of the hub genes in A. Dot color intensity represents the significance
(adjusted P value) of the GO term enrichment, and dot size indicates the number of genes in each GO term. (C) Heat map showing the hybrid's comple-
mentary differential expression patterns (adjusted P < 0.05) for hub genes involved in the mitotic cell cycle and photosynthesis. The cell colors represent
differential expression patterns, and the colors on the Left and Right represent the corresponding consensus module (CM) and GO term to which each gene
belongs, respectively. C, Col-0; P, Per-1; F, Fy; DAS, days after sowing. (D and E) Expression levels of representative hub genes involved in the mitotic cell cycle
process (D) and photosynthesis (E) across 3-8 DAS. Data are mean TPM = SE in each genotype at each stage (n = 3).

as a transcriptional factor that positively regulates cytokinesis
(41); and EMB3013 encodes a microtubule-associated kinase-
like protein that colocalizes with the mitotic preprophase band,
spindle, and phragmoplast and is required for cell plate expan-
sion in cytokinesis (42) (Fig. 3D). All of this suggests that Col-
0 and the F; hybrid have greater cell division activity than Per-1.
In temporal complementation, most of the hub genes involved in
photosynthesis (e.g., genes encoding photosystem-associated
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proteins and the rubisco subunit, as well as genes involved in
photosynthetic electron transport, thylakoid membrane organi-
zation, and that positively regulate photosynthesis efficiency)
were also expressed in high-parent or above high-parent patterns
in the F; hybrid during 3-5 DAS, the key period for seedling
photomorphogenesis and photosynthesis capacity establishment
(Fig. 3C and Dataset S6). Among these genes, HCF136 encodes
a photosystem II stability/assembly factor (43), PGR5-LIKE A
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encodes a thylakoid transmembrane protein involved in photo-
synthetic electron transport in photosystem I (44), and CPI12 is
involved in the formation of a Calvin cycle complex and im-
portant in Calvin cycle functioning, as well as the photosynthetic
capacity (45, 46). CRR23, a subunit of the chloroplast NAD(P)H
dehydrogenase complex, is also involved in photosynthetic
electron transport in photosystem I (47) (Fig. 3E). These find-
ings suggest that Per-1 and the F; hybrid had better photosyn-
thesis capacity than Col-0. In summary, the hybrid’s expression of
network hub genes involved in both the cell cycle and photosynthesis
shows prominent, complementary high-parent-dominant patterns in
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different developmental periods. Therefore, we propose that the
growth vigor or biomass heterosis of early seedling shoots in the Col-
0 x Per-1 hybrid is likely achieved by integrating the higher cell di-
vision capability of the Col-0 accession and the higher photosynthesis
capability of the Per-1 accession.

Gene Coexpression Networks Underlying True Leaf Development
Emphasize the Fundamental Contribution of Early Shoot Vigor to
Heterosis. Next, we investigated whether true leaves exhibit
transcriptional differences in the core gene regulatory network
that are associated with the hybrid seedling’s growth heterosis.
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Again, we constructed gene coexpression networks for Col-0,
Per-1, and the F; hybrid, but these networks were underlying the
dynamic control of first true leaf growth and development during
7-21 DAS (SI Appendix, Figs. S5 A-C and E and S64 and Table
S2). Based on module preservation analysis (SI Appendix, Fig.
S6A), we compiled a conserved network among the three gen-
otypes (SI Appendix, Figs. S5 D and F and S6B and Table S2).
The six CMs in the network showed both distinct gene expression
patterns during 7-21 DAS and different expression levels be-
tween the hybrid and its parents (S Appendix, Fig. S6C), whereas
genes in these CMs were involved in divergent biological pro-
cesses (SI Appendix, Fig. S6D and Dataset S7). Interestingly, GO
anakysis revealed that the network hub genes (kyz > 0.90, P <
10™") were also significantly enriched in the pathways directly
related to plant growth and development, such as the mitotic cell
cycle, photosynthesis, organ development, and primary meta-
bolic processes (Datasets S8 and S9). Remembering that the
hybrid’s cell cycle and photosynthesis pathways had both con-
tributed to its growth vigor in the early shoot stage, we realized
that these processes would go on to influence the subsequent
growth and development of the true leaf. Therefore, we focused
our next analyses on the hub genes involved in these two path-
ways. We found hub genes related to photosynthesis were in
several CMs (including blue, green, red, and turquoise CMs),
and they showed different expression patterns across leaf de-
velopment (Fig. 4 A4 and B). Consistent with our observations of
early shoot development during 3-5 DAS, a majority of the
photosynthesis-related hub genes exhibited higher expression
during true leaf development in Per-1 than in Col-0 (Fig. 44 and
Dataset S10). They also exhibited high-parent or above high-
parent expression patterns in the hybrid through the leaf’s en-
tire development (e.g., ABI80, FTRAI, and PGRLIB) or at
earlier stages in its development (e.g., PSAE-2, ATCYP38, and
PLSPI) (Fig. 4B). This suggests that key genes in the photo-
synthesis pathway maintained consistent expression patterns and
functions in all above-ground organs throughout seedling de-
velopment, contributing continuously to hybrid growth vigor.

In contrast, the hub genes involved in the cell cycle exhibited
decreasing expression levels from 7 to 13 DAS, and then main-
tained low expression levels until 21 DAS (Fig. 4C). This cor-
responds to the dynamic cellular behaviors within the first true
leaf in Arabidopsis during development of 7-21 DAS, which in-
clude successive cell proliferation, division-to-expansion transi-
tion, and cell expansion until leaf maturation (27, 48). Cell cycle-
related hub genes once again exhibited higher expression in Col-
0 than in Per-1 (Fig. 4 A and C and Dataset S10), indicating a
stable, superior cell division capability in proliferating tissues
during seedling development in the Col-0 accession. However,
these cell cycle genes [i.e., cell cycle regulator genes including
CYCD3, which is involved in the switch from cell proliferation to
the final stages of differentiation (49)] were down-regulated in
the hybrid compared with its parents during leaf development
7-13 DAS and later kept the same expression levels as its parents
(Fig. 4 A and C and Dataset S10). Due to the gradual decrease in
cell cycle gene expression level and cell division activity during
leaf growth and development (50), our results suggested an
earlier transition from cell division to cell expansion in true
leaves in hybrid than the parents. However, cell cycle genes
showed high-parent expression in hybrid shoot as early as 6-8
DAS. Thus, the enhancement of this pathway in hybrid had al-
ready happened at the true leaf initiation and proliferation
stages and contributed to heterosis before its down-regulation
over the leaf development. Although these genes were down-
regulated in hybrid later, the adverse effect of this expression
pattern on heterosis was very limited due to their very low ex-
pression levels at later stages as well as the already increased cell
number and more cells undergoing expansion in hybrid. This
both explains the leaf growth heterosis peak at 6-7 DAS and
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further highlights the effects of the hybrid’s early shoot stage
growth vigor on heterosis at later developmental periods.

Discussion

Since agriculture’s earliest beginnings, farmers have exploited
heterosis to improve both biomass and yield. However, even with
its advances, modern agriculture still does not adequately un-
derstand the genetic and molecular mechanisms of heterosis.
Although genetic models, such as dominance, overdominance, and
epistasis, have been proposed to explain heterosis, only a few studies
have provided molecular-level support for these hypotheses, mostly
because of the hybrids’ complex genomic architecture and limited
understanding of the regulatory mechanisms of quantitative traits.
Transcriptome analysis is an effective tool for genomic studies in
plant biology and has been applied widely to characterize the mo-
lecular basis of heterosis (10, 20, 51). However, how genome-wide
changes in gene expression in hybrids cause hybrid vigor phenotypes
is largely unknown due to the complicated dynamic gene regulatory
networks in different tissues and at various developmental stages.
Here, we developed temporally dynamic transcriptome atlases during
early seedling shoot and true leaf development in an Arabidopsis
hybrid and its parents, allowing us to identify gene coexpression
network differences between the hybrid and its parents that underlie
the dynamic regulation of growth heterosis. Our study uncovered
highly preserved gene regulatory networks with distinct levels of
module gene expression and patterns of network structures shared by
the hybrid and its parents. Unlike traditional transcriptome studies
that examine differences between a hybrid and its parents, gene
regulatory network analysis, with time-series dynamic transcriptome
mapping, alleviates transcriptional noise due to single-stage tissue
sampling. In addition, hub gene determination helps identify the
hybrid’s differentially expressed genes that most effectively contribute
to the seedling growth heterosis phenotype. Furthermore, traditional
transcriptome analyses usually focus on genes that exhibit large
changes in expression in the hybrid. Here, we found that the key
genes associated with plant growth vigor were not greatly differen-
tially expressed in the hybrid, but maintained small, stable, and
functional up-regulation for a certain duration during plant devel-
opment, a phenomenon that may explain the difficulties in discov-
ering a uniform global differential gene expression pattern associated
with heterosis manifestations in hybrids (1, 10, 51). The gene coex-
pression information we provide will aid future research into plant
seedling growth regulatory mechanisms, as well as leaf development
control.

Previous studies reported that enhanced photosynthesis or
increased leaf cell number is associated with vegetative growth
vigor in different hybrids (14, 23), suggesting critical roles of
these biological processes in heterosis. Knowing the mechanisms
by which genes in these pathways function in hybrids can pro-
mote more efficient utilization of heterosis in plants. Recent
studies have proposed dominance as the most likely mechanism
for hybrid vigor, but it has been challenging to uncover relevance
between alleles in the dominance model and the heterotic phe-
notypes (3). Here, we revealed a hybrid’s (Col-0 x Per-1) comple-
mentary dominant gene expression pattern between transcriptional
regulatory network hub genes involved in the photosynthesis and cell
division pathways at different stages of seedling development. Mostly
during the photosynthesis capacity building stages of photosynthetic
organs, the hybrid’s photosynthesis genes exhibited Per-1-like higher
expression, whereas cell cycle genes exhibited Col-O-like higher ex-
pression at the true leaf initiation stages in the shoot apex (Fig. 5).
This implies that coordinated gene expression and function comple-
mentation during plant development contributes to heterosis, which is
consistent with the F; hybrid’s genomic features and provides bio-
logical pathway-level evidence supporting the dominance hypothesis
of heterosis.

We also found that a few photosynthesis hub genes continued
high-parent expression in the hybrid through true leaf development
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Fig. 5. A model for seedling growth heterosis triggered by complementary
high-parent-dominant expression between growth-related key genes in-
volved in the cell cycle and photosynthesis. At the early stages of seedling
growth (3-8 d after sowing [DAS]), regulatory network hub genes involved
in photosynthesis had higher expression levels in parent Per-1 than in parent
Col-0, and had expression levels similar to Per-1 in the F; hybrid mainly
during 3-5 DAS (the key period for establishing seedling cotyledon photo-
synthesis capability). In contrast, the regulatory network hub genes involved
in the cell cycle had higher expression levels in Col-0 than in Per-1, and in
temporal complementarity had expression patterns similar to Col-0 in the
hybrid mainly during 6-8 DAS (the key period for cell division-driven true leaf
initiation in the shoot apex). Thus, the hybrid spatiotemporally integrates one
parent's higher expression of cell cycle pathway genes and the other parent's
higher expression of photosynthesis pathway genes to realize enhanced growth
vigor triggered by the complementary capacities of these two fundamental bio-
logical pathways (MP: midparent, the average level of both parents).

(Fig. 4 A and B and Dataset S10). These genes are involved in light
harvesting, photosynthetic electron transport, and light reaction (e.g.,
ABI80, FTRA1, and PGRLIB), which are all processes that contin-
ually function along with photosynthesis in the true leaf throughout its
development. In contrast, the genes participating in photosystem as-
sembly or thylakoid organization (e.g., PSAE-2, ATCYP38, and
PLSPI) were expressed in a high-parent pattern in the hybrid only at
the earlier stage of leaf development. These two patterns demon-
strate the functional divergence of genes in the photosynthesis
pathway, and this is also reflected in their distinct expression patterns
across leaf development (Fig. 4 A and B). Moreover, in the true leaf,
some genes (e.g., HCF173, CP12, PSB2S, RBCSIA, RBCS3B,
ATCYP38, and LIL3:1) were down-regulated in the hybrid after 12
DAS (Fig. 4 A and B), and most of these genes’ functions were as-
sociated with biosynthesis or formation of the photosynthetic ma-
chinery (Dataset S10). These energy-consuming processes (52)
worked mostly during the early stage of leaf development to build
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photosynthetic capacity, so their down-regulation at later stages could
be a resource-saving strategy to avoid excessive energy waste in the
hybrid. Besides, the expression of hub genes in the cell cycle pathway
was significantly down-regulated in the shoot during 3-5 DAS, before
the most active true leaf initiation in the SAM (Fig. 3 C and D and
Dataset S6). This may have occurred because of the higher cell di-
vision activity in the parents’ cotyledons; it was no longer observed
after cell division ceased in the cotyledons.

In addition to the prominent expression complementation of
genes involved in cell cycle and photosynthesis, the above high-
parent expression pattern of a few hub genes in these two
pathways was also observed in hybrid (Figs. 3C and 4A4). This
type of nonadditive gene expression may be a result of the joint
function of both cis and frans regulation in the hybrid genome
(53). It cannot be excluded that the overdominance effect of the
above high-parent gene expression may lead to the improvement
of one of the two biological pathways in hybrid and contribute to
heterosis. However, the complementation of two different
pathways in hybrid could have much stronger effects on the level
of heterosis.

In summary, the early establishment of dynamic shoot and leaf
growth heterosis that we revealed using high-temporal-
resolution phenotype analysis, together with the transcriptional
complementation in early hybrid seedlings, illustrates the sig-
nificance of understanding and manipulating heterosis in the
early plant development stage in future research. Moreover,
given the similarity in the leaf growth regulation mechanism
between dicots and monocots (54), our study also benefits future
studies of heterosis in crops. Taken together, our findings pro-
vide insight and valuable guidance for future applications of the
dominance model in hybrid breeding.

Materials and Methods

Arabidopsis thaliana accessions (Col-0 and Per-1) were obtained from the
Arabidopsis Biological Resource Center. The F; hybrid Col-0 x Per-1 was
obtained using Col-0 as the maternal line through hand-pollination. Details
on the plant materials and sampling and phenotyping are described in S/
Appendix, SI Materials and Methods.

For RNA-seq, shoots at 3-8 DAS and the first or second true leaves at 7-21
DAS for both the parents and the hybrid were sampled to extract total RNA
with three biological replicates. Normalized gene expression value (tran-
scripts per million [TPM]) was quantified using Salmon and tximport soft-
wares. Differential gene expression analysis was conducted using the voom
function in limma software with an adjusted P value < 0.05. The transcrip-
tional network analyses were performed with WGCNA. The details and
procedures for RNA-seq and the data analysis are provided in S/ Appendix, SI
Materials and Methods.

Data Availability. RNA-seq data sets have been deposited in the Gene Ex-
pression Omnibus (GEO) database (https:/www.ncbi.nlm.nih.gov/geo) under
accession number GSE157957. All other study data are included in the article
and/or supporting information.
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