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Genetic and molecular regulation
of increased photosynthetic cell number
contributes to leaf size heterosis in Arabidopsis

Wenwen Liu,1 Diqiu Ren,1 Wenyi Yang,1 Miqi Xu,1 Yi Zhang,1 Xingwei Wang,1 Guangming He,1,*

and Xing Wang Deng1,2,3,*

SUMMARY

Heterosis is an important genetic phenomenon that has been observed and
widely utilized in agriculture. However, the genetic andmolecular bases of heter-
osis are unclear. Through transcriptome-wide association studies (TWAS) and
expression quantitative trait locus (eQTL) analysis to integrate genome, tran-
scriptome, and heterotic phenotype of a half-sibling Arabidopsis hybrid popula-
tion, we report that the genetic and molecular bases of variations in leaf growth
heterosis can be explained by the varied expression levels of growth-regulating
genes resulting from distinct sets of heterozygous eQTLs carried by the half-sib-
ling hybrids. In F1 versus parent, the degree of up-regulated gene expression in
the cell cycle pathway in the shoot apex and the photosynthesis pathway in
true leaf positively correlates with true leaf area heterosis level, and this is
affected by the accumulation of superior heterozygous eQTLs. This was further
corroborated by the major contribution of increased photosynthetic cell number
to leaf area heterosis.

INTRODUCTION

Heterosis, or hybrid vigor, is a widely observed genetic phenomenon in plants and animals that describes

the F1 hybrid’s phenotype (i.e., biomass, yield, or environmental fitness) as being superior to that of its

parents.1–3 Despite its great influence in agriculture, themechanism underlying heterosis remains a compli-

cated conundrum of biology with no consensus as to how it works. Also unknown is why replacing half a

parental genome produces superior trait performance in the resulting F1 hybrid compared to the parents

and why heterosis levels vary in different intraspecific hybrids. Differences in the genome-wide gene

expression in F1 hybrids relative to their parents are important links between genomic variation and

heterosis phenotypes.4–6 However, how gene expression changes in F1 hybrids influence the heterosis

phenotype is unclear, and the genetic causes of differential gene expression in hybrids relative to parents

remain uncharacterized.

Heterosis in Arabidopsis is most commonly and obviously manifested in the greater biomass of F1 hybrids

versus their parents.2 A previous population-level study revealed that Arabidopsis leaf area heterosis is

highly, positively correlated with biomass heterosis.7 Here, we systematically investigated the relationships

among heterozygous genome, gene expression changes, and leaf area heterotic phenotypes in a half-sib-

ling Arabidopsis F1 hybrid population using combined eQTL and transcriptome-wide association studies

(TWAS) analyses. Our results dissect the molecular network of how allelic divergence positively or

negatively influences growth-related gene expression, and how the varied gene expression change

degrees affect heterosis level variations in different half-sibling hybrids because of the distinct classes of

heterozygous loci accumulated in hybrid genomes.

RESULTS

Specific gene expression changes significantly influence leaf area heterosis

Using the homozygousArabidopsis ecotype Col-0 as a commonmaternal parent and 96 other homozygous

ecotypes as paternal parents, we created a half-sibling Arabidopsis hybrid population and used it to

explore how leaf area heterosis manifests among the 96 hybrids that differ from each other by half their
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genomes (Figure S1). Because the first true leaf area of Arabidopsis 15 days after sowing (DAS) accounts for

>70% of the leaf’s eventual size and is well into cell expansion,8 we determined the first true leaf area

heterosis in those hybrids at this stage (Figure 1A; Table S1). To examine the transcriptomic regulation

of heterosis during leaf development which undergo initiation from the shoot apical meristem and growth

controlled by coordinated cell division and expansion,9 we performed RNA-seq of the shoot apex 6 DAS

and the first true leaf 15 DAS in all 96 half-sibling hybrids and their parents (Figure S2; Table S2). Then, we

performed TWAS for leaf area heterosis using the corresponding transcriptome-wide gene expression ra-

tios in hybrids versus the fixed parent Col-0. It showed that the significantly associated genes (p < 0.01)

were specific to the tissue and developmental stage (Figure 1B), suggesting that the molecular regulation

network of leaf growth heterosis is spatially and temporally dynamic.

In detail, for shoot apex, the changes in the expression of 355 genes in F1 versus Col-0 significantly corre-

lated (200 positively and 155 negatively) with leaf area heterosis, while for true leaf, the changes in the

expression of 232 genes in F1 versus Col-0 significantly correlated (115 positively and 117 negatively)

with leaf area heterosis, and very few genes are found to be correlated simultaneously with the heterosis

for both tissues (Figure 1C). The correlation coefficients varied from �0.41 to 0.43 (Table S3), indicating

a cumulative effect of those genes’ expression changes on the heterotic phenotype of leaf growth. Mean-

while, differential gene expression analysis of TWAS candidate genes also validated the contribution of

their expression changes in hybrid to the heterosis levels (Figure S3).

Different biological pathways cooperatively contribute to leaf area heterosis in a temporally

dynamic context

To gain a deeper understanding of how those genes function in leaf area heterosis, Gene Ontology (GO)

enrichment analysis was separately conducted on each of the aforementioned 4 sets of significantly

associated genes. The positively correlated genes for shoot apex were overrepresented in cell cycle regu-

lation, whereas the negatively correlated genes were overrepresented in cell maturation (Figure 1D). This

suggests that enhanced cell cycle and weakened cell maturation in the shoot apex might contribute to leaf

area heterosis, which leads to increased leaf cell number in hybrids relative to the parents, thus resulting in

a larger leaf area in a later period of leaf development. With the leaf well into the expansion phase 15 DAS,

the photosynthesis pathway was significantly enhanced in hybrid relative to parents and thus could main-

tain the leaf area heterosis by more energy producing, fixing, and efficiently allocating. However, the

function of negatively correlated genes was overrepresented in mitochondrion organization (Figure 1D),

suggesting a potential negative role of energy decomposition in heterosis. Remarkably, at the population

level, the leaf area heterosis levels rose along with the expression ratio of those genes in hybrids versus

parents (Figure 1E). In particular, significant difference in the degree for the expression change of those

genes displayed between the two groups of hybrids showing the highest and lowest levels of leaf area het-

erosis (Figure 1F). These results indicate that the transcriptional regulation of leaf growth heterosis is quite

dynamic, involving distinct sets of genes during different developmental periods. Moreover, in hybrids,

both up-regulated and down-regulated pathways cooperatively contribute to leaf area heterosis.

Increased photosynthetic cell number is the prominent cellular source for leaf area heterosis

Palisade mesophyll cells, which are located near the upper surface of the leaf, contain a large number of

chloroplasts for both harnessing light and photosynthesis. To verify the contribution of enhanced gene

transcription in cell cycle and photosynthesis pathways to leaf area heterosis, we investigated the palisade

mesophyll cell area and cell number in the first true leaf area 15 DAS for the 96 hybrid combinations

(Figures 2A and S1). Significantly increased photosynthetic cell number was displayed in F1 hybrids relative

to parents, but no significant difference was observed in regard to photosynthetic cell area (Figure 2B).

Accordingly, mid-parent and best-parent heterosis (MPH and BPH) for leaf area and cell number, but

not cell area, was prevalent in the hybrid population (Figure 2C). These results further prove the main

contribution of increased cell number and photosynthesis to leaf area heterosis at the population level.

Likewise, TWAS performed for the cellular-level phenotypes also identified the gene expression change

related to their heterosis (Figure S4). Consistently, many shared significant genes were uncovered by the

TWAS for leaf area and leaf cell number (Figure S5A). However, the TWAS significant genes for cell number

heterosis showed no clear function enrichment, and that for cell area heterosis indicates the positive role of

glucan biosynthesis and negative role of jasmonic acid (JA) biosynthesis (Figure S5B). Notably, JA-induced

glucosinolate accumulation and its negative effects on cell size have been uncovered.10,11 Furthermore,

different from the comparisons between hybrids and the fixed maternal parent, for hybrids versus paternal
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ecotypes, few biological processes were significantly enriched for the TWAS candidate genes (Figure S5),

suggesting the diverse biological functions of the genes from fixed maternal parent (Col-0) to complement

the allelic expression from different paternal parents in half-sibling hybrids, which is likely because of the

A C

B
D

E
F

Figure 1. Mechanism of how the transcriptomic alterations in the specific pathways function in leaf area heterosis variation

(A) Normal distribution of leaf area heterosis (F1/Col-0) in the 96 half-sibling hybrids.

(B) Manhattan plots of transcriptome-wide association study (TWAS) performed between leaf area heterosis and gene expression alterations in shoot apex

and true leaf in hybrids compared to the maternal parent (Col-0). The black horizontal lines indicate the threshold levels for p < 0.01.

(C) Overlap among TWAS candidate genes positively or negatively correlated to leaf area heterosis.

(D) Functional analysis of the 4 sets of TWAS candidate genes in (C). Gray means no significant enrichment.

(E) Relationships between leaf area heterosis levels (leaf area ratio) and the degrees of gene expression change (expression ratio) in hybrids versus Col-0.

Curvilinear regression lines were generated using the lm method (n = 2–5; Error bar of bar plot indicates mean G sd).

(F)Geneexpression ratios toCol-0of thehybrids that had thehighest and lowest levelsof leaf areaheterosis.Aboveeachplot arep valuesobtainedbyStudent’s t test.
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A C

B

Figure 2. The prominent contribution of increased photosynthetic cell number to leaf area heterosis

(A) Leaf area, cell number, and cell area changes in hybrids compared to the parents (maternal Col-0 and paternal ecotypes). The data were normalized by

Col-0 trait values. Red dashed lines indicate the normalized value of Col-0. Density plots outside the top and right of the scatterplot visualize the cell number

and cell area distribution of the hybrids and paternal parents. The colors in the density plots were mapped according to the colors of the points in the

scatterplot.
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natural genomic variation in different paternal ecotypes. Next, in order to understand how increased cell

number in hybrid compared to parent happened at the tissue level, we used the mitotic cell reporter line of

Col-03Per-1 F1 hybrid that gains leaf area heterosis by increased cell number to visualize the mitotic cell

regions of the first true leaves (Table S1). It showed that a significantly larger mitotic cell region was pre-

sented in F1 versus Col-0 (Figure S6), suggesting that the ongoing division of more cells resulted in the

increased cell number in hybrid.

Genomic architecture affects gene expression alteration in hybrids to shape heterosis

performance

To discover how replacing half the genome of a parent could lead to the obviously divergent degrees of

expression fluctuation of the heterosis-related genes in different half-sibling hybrids and thus affect their

leaf area heterosis performance, we studied the genetic regulation of those genes’ expression through

eQTL mapping. Both cis-eQTLs (physical distance to the eGene <5 Mb) and trans-eQTLs (physical dis-

tance to the eGene >5 Mb) were significantly recognized (p < 10�6) for those eGenes.12 Significant dif-

ferences in the degree of the changes in each eGene expression in hybrids versus parent (Col-0) were

observed between the half-sibling hybrids containing homozygous and heterozygous forms of the

eQTLs. And the effects of the heterozygous eQTL on the changes in eGene expression in hybrids versus

parent differed from each other, which could be either up-regulation or down-regulation (Figures 3A and

3B). In shoot apex, the change in expression in F1 versus parent in the cell cycle regulation core gene

CYCA1 was associated with the genotype of the eQTL at Chr1 24129636, and the expression ratio of

CSLD5, which is involved in cell plate formation during cytokinesis, was associated with the genotype

of the eQTL at Chr1 29745973 (Figure 3A).13,14 Similar regulation modes were also found for genes

related to cell maturation, such as GH9A1, which is involved in cellulose synthesis and cell elongation

(with the eQTL at Chr1 25320108), and EXPANSIN3, which functions in cell wall organization and cell

growth (with the eQTL at Chr3 5519925).15–17 Moreover, we found that the change in gene expression

in hybrids versus the parent could be simultaneity associated with several genetic loci. For example,

in true leaf, the change in expression of CP12-1, which participates in the formation of an enzyme com-

plex embedded in the Calvin cycle,18 was associated with two eQTLs at Chr2 15354570 and Chr2

19457218 (Figure 3B). In addition, the genotype of eQTL at Chr1 22134246 was found associated with

the change in the expression of COX17, a gene that mediates the assembly of a functional cytochrome

oxidase complex in the mitochondria.19

To validate the effect of the aforementioned genetic and molecular mechanisms on the level of corre-

sponding heterotic phenotypes, we further analyzed the relationships between the eQTL genotypes

and the leaf area heterosis in the 96 F1 hybrids. Obvious divergences displayed in the lead SNP geno-

types (heterozygous or homozygous) between the two sets of hybrids with the highest and lowest levels

of leaf area heterosis (Figures 3C and 4A–4E). Besides, some eQTLs’ effects on heterosis for leaf area

were validated in other hybrid populations even when the plants were grown in different environments

and phenotyped at different developmental stages (Figures 4F–4H). Thus, although altering half of the

Col-0 genome led to heterozygosity of numerous alleles in hybrids, not all of the heterozygous loci func-

tioned in the performance of leaf area heterosis. Instead, only some of the heterozygous loci in the

genome could affect spatiotemporal-specific changes in the expression of genes related to leaf growth

in hybrids versus parent. And variation in the leaf area heterosis phenotype in different hybrids was coor-

dinately conferred by the changes in the growth-related gene expression that dynamically regulated

during leaf development.

DISCUSSION

Plant heterosis has contributed greatly to improving the yield of many crops and vegetables, yet the

genetic and molecular bases of heterosis remain unclear, particularly for these complicated quantitative

traits such as biomass accumulation vigor in hybrids.3 Currently, both modern molecular biology and ge-

nomics ask why substitution of half the parental genome often causes improved trait performance in the

resulting hybrids and how introducing different allogeneic genomes results in different levels of hybrid

Figure 2. Continued

(B) Raincloud plots show the distribution of trait value in hybrids and parents. Above each plot are p values obtained by Student’s t test.

(C) The roles of cell number or cell area increasing in leaf area heterosis for each F1 hybrid (n = 3–5, p < 0.05, Student’s t test). * Significance supported by all

the 3 pairwise comparisons; # Significance supported by 2 of the 3 pairwise comparisons. F, F1 hybrid; C, Col-0; E, ecotype.
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vigor. Our study explored the genetic and molecular mechanisms as well as the cellular basis underlying

leaf growth heterosis using a half-sibling hybrid Arabidopsis population (Figure 5). During leaf develop-

ment, half-sibling hybrids with more heterozygous loci that up-regulate positive growth-regulating genes

and down-regulate negative growth-regulating genes benefit from the comprehensive effects of changes

A B

C

Figure 3. The superior heterozygous loci gathering in hybrid aids its gene expression changes to benefits leaf

growth

(A and B) Boxplots and scatterplots show the relationships among the eQTL genotype, eGene expression change, and

leaf area heterosis. The horizontal axes shared by the boxplots and scatterplots show the gene expression ratio in

(A) shoot apex and (B) true leaf. The vertical axes of boxplots show the genotypes of each eQTL in the hybrids represented

by the lead SNP, followed by the corresponding number of hybrids. Curvilinear regression lines were generated using the

lm method. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t-test).

(C) The relationship between the eQTL genotype and the level of leaf area heterosis. Each row in the heatmap indicates a

lead SNP and each column indicates a hybrid. The leaf area ratio is displayed under the heatmap (n = 2–5; Error bar

indicates mean G sd; p value was calculated by Student’s t-test).
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in growth-regulating gene expression, resulting in high levels of leaf area heterosis through increased

photosynthetic cell number. In contrast, half-sibling hybrids with more heterozygous loci that down-regu-

late positive growth-regulating genes and up-regulate negative growth-regulating genes are hindered

by the comprehensive effects of changes in growth-regulating gene expression, resulting in low

levels of leaf area heterosis. Finally, the mature leaf area heterosis level would be determined by the

whole effect of dynamic profile of gene expression changes in the hybrid versus parents during leaf

development.

Besides this general principle, a few exceptions were observed in some hybrids (Figures 1E, 3A, and 3B),

likely because of other ecotype-specific genomic variations or the genome-wide epigenomic divergence.

Given the divergent heterozygous loci carried in the different half-sibling hybrids’ genomes and the

genome-wide interactions among them, the size of the effect of an eQTL on the corresponding changes

in gene expression in different hybrids could be distinct. Thus, a more detailed study will help to fully eluci-

date the heterosis mechanism in a specific trait of a specific hybrid. However, varying divergence in the ep-

igenomes of different half-sibling hybrids may also contribute to changes in their gene expression

compared to their parents. Consistently, we identified cis- or trans-eQTLs for only part of the significant

genes identified by TWAS. This implies that, in addition to the genomic regulators acting in a cis or trans

manner, epigenetic factors (e.g., DNA methylation, histone modification, and small RNAs) could also

influence the degree of change in gene expression in hybrids versus their parents, and this can be further

characterized through epigenome-wide association studies.

A B C D

E F G H

Figure 4. Validation of the leaf area heterosis-related eQTLs in different hybrid populations

(A–E) Different eQTL genotypes can distinguish the leaf area heterosis levels in the 96 half-sibling hybrids.

(F and G) Different eQTL genotypes can distinguish the leaf area heterosis levels in another population containing 94 half-

sibling hybrids grown at the same condition and at the same developmental stage (15 DAS cultured at plates) as for the 96

hybrids.

(H) Different eQTL genotypes can distinguish the leaf area heterosis levels in a population containing 171 half-sibling

hybrids grown in soil for 7 days after 7-day culturing at plate (Original data are from Yang et al., 2017). *p < 0.05, **p < 0.01,

Student’s t-test.
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The genes involved in the cell cycle and photosynthesis were revealed as critical contributors to biomass or

leaf growth heterosis in a few Arabidopsis hybrids.7,8,20–24 After examining this from a population perspec-

tive, our findings emphasize the general roles of these two pathways in leaf growth heterosis in transcrip-

tomic level, and provide a clue to understand it by studying the mechanism that how photosynthetic cell

number improved in hybrids.

Overall, we revealed a general mechanism of how divergent hybrid genomes influence variation in gene

expression changes in hybrid relative to parent and lead to heterosis level variation. Our study proved

that TWAS and eQTL are feasible and effective approaches that help us understand the genetic and

molecular mechanisms of heterosis. Moreover, the methods used in this study provide bioinformatic

clues for hybrid breeding programs in crops, including mining of the superior alleles of target traits,

predicting heterosis performance, and selecting optimal parental combinations for breeding ideal

hybrids.

Limitations of the study

By TWAS for leaf area heterosis, we have identified a set of genes positively or negatively affect heterosis

level through gene expression change in hybrid relative to parent. However, no putative main-effect candi-

date gene was recognized, which might be due to the limited population size in this study. We have

Figure 5. Genetic and molecular mechanism underlying the contribution of increased photosynthetic cell number to leaf area heterosis

In half-sibling hybrids (Col-0 as the maternal parent and different ecotypes as paternal parents), distinct regions of their genome became heterozygous

relative to the homozygous Col-0 genome. The heterozygous loci could spatiotemporally affect (either in cis or trans) the expression levels of leaf growth-

regulating genes in the F1 hybrids displayed as 4 modes: (1) The heterozygous locus acts upon the genes that positively regulate leaf growth, leading to up-

regulation of their expression in hybrids versus Col-0; (2) the heterozygous locus acts upon the genes that negatively regulate leaf growth, leading to down-

regulation of their expression in hybrids versus Col-0; (3) the heterozygous locus acts upon the genes that positively regulate leaf growth, leading to down-

regulation of their expression in hybrids versus Col-0; or (4) the heterozygous locus acts upon the genes that negatively regulate leaf growth, leading to up-

regulation of their expression in hybrids versus Col-0. For the hybrids that substantially accumulated type (1) and (2) heterozygous loci because of genomic

variation between parents, the expression of the genes that positively regulate leaf growth was up-regulated while the expression of the genes negatively

regulating leaf growth was down-regulated relative to Col-0. Together, this resulted in a larger leaf area in the hybrids versus Col-0. In contrast, for the

hybrids that substantially accumulated type (3) and (4) heterozygous loci because of genomic variation between parents, the expression of the specific genes

positively regulating leaf growth was down-regulated while the expression of the specific genes negatively regulating leaf growth was up-regulated relative

to Col-0. The combined results were a smaller leaf area in hybrids versus Col-0.
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performed eQTL analysis and uncovered the relationships between eQTL genotypes and leaf area heter-

osis phenotypes in different hybrid populations, as well as the relationships between eQTL genotypes and

TWAS candidate gene expression changes. However, the biological function of these eQTLs or genes re-

mained to be verified through genetic modification.
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Genome-wide analysis of core cell cycle
genes in Arabidopsis. Plant Cell 14, 903–916.
https://doi.org/10.1105/tpc.010445.

15. Cosgrove, D.J. (2000). Loosening of plant cell
walls by expansins. Nature 407, 321–326.
https://doi.org/10.1038/35030000.

16. Kwon, Y.R., Lee, H.J., Kim, K.H., Hong, S.W.,
Lee, S.J., and Lee, H. (2008). Ectopic

expression of Expansin3 or Expansin beta 1
causes enhanced hormone and salt stress
sensitivity in Arabidopsis. Biotechnol. Lett.
30, 1281–1288. https://doi.org/10.1007/
s10529-008-9678-5.

17. Nicol, F., His, I., Jauneau, A., Vernhettes, S.,
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PromoterPer-1 CYCB1;1::DB-EGFP-GUS This paper N/A
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3PromoterPer-1 CYCB1;1::DB-EGFP-GUS F1

This paper N/A
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Plasmid: pKGWFS7.0 BioVector NTCC Inc. N/A
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PLINK v1.9 Purcell et al.27 https://zzz.bwh.harvard.edu/plink/
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Xing Wang Deng (deng@pku.edu.cn).

Materials availability

Materials generated in this study will be made available on request.

Data and code availability

All original sequences, gene expression, and SNP variant data generated in this study have been deposited

in the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo) under accession number

GSE227500. All code for the bioinformatics analysis is publicly available on github at https://github.

com/WenwenLiu54. Additional data, such as raw image files, that support this study are available from

the corresponding authors upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Seeds of Arabidopsis thaliana Col-0 and other ecotypes were obtained from the Arabidopsis Biological

Resource Center (Ohio State University, Columbus, Ohio, USA). Using hand pollination, we generated

half-sibling hybrids with Col-0 as the maternal parent and each of other ecotypes as the paternal parent.

METHOD DETAILS

Trait phenotyping

To measure leaf area heterosis levels, we measured the PM cell area and number of the first or second true

leaves of several representative 15-DAS seedlings from each half-sibling hybrid and its two parents (Col-0

and the paternal ecotype), all of which had been planted on the same Murashige and Skoog (MS) plate.

Seeds were surface-sterilized and stratified in the dark at 4�C to break dormancy before sowing. Sampled

true leaves with each genotype were treated with ethyl alcohol overnight to remove chlorophyll, and then

were transferred to a chloral hydrate solution to better clear the leaves.34 We used chloral hydrate solution

as a mounting medium, mounted each leaf on a microscope slide, and then used microscopes equipped

with a camera to acquire images of the leaves and PM cells. To measure each genotype’s leaf area, five

representative leaves were selected for each genotype and viewed under a binocular microscope (Leica

M165 C) with calibration performed by photographing a ruler at the same magnification for each leaf,

and then the leaf area was obtained using ImageJ (https://imagej.nih.gov/ij/). Next, we used a differential

interference contrast microscope (Leica DM6000) at 403magnification and ImageJ to measure the PM cell

area of the same five leaves for each genotype. Images were acquired while visualizing the PM cells approx-

imately midway between the tip and bottom of each leaf and halfway between the leaf margin and the mid-

vein. PM cell number per leaf was calculated for each genotype by dividing the average leaf area by the

average PM cell area. Finally, to remove a potential batch effect among the half-sibling crosses planted

on different plates, the leaf area and PM cell area and number for each genotype were normalized to

that of the Col-0 planted on its shared plate. For each trait, MPH was calculated as (F1-MP)/MP,

where F1 is the hybrid phenotype value and MP is the mid-parent phenotype value. BPH was calculated

as (F1-BP)/BP, where BP is the better parent phenotype value.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Matrix eQTL v2.3 Shabalin32 https://github.com/andreyshabalin/

MatrixEQTL

clusterProfiler v3.10 Yu et al.33 https://www.rdocumentation.org/

packages/clusterProfiler/

ll
OPEN ACCESS

12 iScience 26, 107366, August 18, 2023

iScience
Article

mailto:deng@pku.edu.cn
https://www.ncbi.nlm.nih.gov/geo
https://github.com/WenwenLiu54
https://github.com/WenwenLiu54
https://imagej.nih.gov/ij/
https://github.com/andreyshabalin/MatrixEQTL
https://github.com/andreyshabalin/MatrixEQTL
https://www.rdocumentation.org/packages/clusterProfiler/
https://www.rdocumentation.org/packages/clusterProfiler/


Mitotic cell reporter line generation and GUS staining

To identify mitotic cells in the first true leaf, a construct (pCYCB1;1::DB-EGFP-GUS) using plasmid

pKGWFS7.0 to fuse the ecotype-specific promoter and destruction box of the CYCB1;1 to GUS, which is

expressed only in cells during G2M and is destroyed in mitosis, was generated for Col-0 and Per-1 to obtain

their transgenic mitotic cell reporter lines, respectively. The F1 hybrid reporter line was obtained by hand

pollination with the Col-0 reporter line as maternal parent. The construct assay was the same as a published

protocol.35 Histochemical GUS staining was performed on the seedlings of Col-0 and Col-03Per-1 F1
hybrid 7 days after sowing using a GUS staining kit (GT0391, HUAYUEYANG biotechonology, Beijing,

China). And the GUS-staining intensity was examined with a Leica microscope equipped with a digital

camera and software imageJ.

DNA preparation and whole-genome resequencing

Surface-sterilized seeds from five Arabidopsis ecotypes (Er-0, Bch-1, Me-0, Old-1, Le-0) were stratified in

the dark at 4�C and then sown on MS plates containing 1% sucrose. After 10 days, the seedlings were

planted in pots with soil and grown under long-day conditions for a few weeks. A few representative young

leaves of each ecotype were sampled and quick-frozen in liquid nitrogen; DNA was extracted using a Plant

Genomic DNA Extraction Kit (DP342, Tiangen Biotech, Beijing, China). Subsequent DNA sequencing

libraries were constructed using a Universal DNA Fragmentase Kit (AN200102, Annoroad, Beijing, China)

and the Universal DNA Library Prep Kit (AN200101, Annoroad). Each library was sequenced on a

NovaSeq 6000 platform (Illumina, San Diego, California, USA) to generate 150-nucleotide paired-end reads

(�5 Gb of clean data). Whole genome resequence data for the other ecotypes were downloaded from the

NCBI Sequence Read Archive, accession number SRP056687.36

RNA preparation and sequencing

RNA-seq samples from the SA 6 DAS or the first TL 15 DAS were prepared for the 96 half-sibling cross pop-

ulation in 11 batches, and each batch included one shared sample of Col-0 as a reference for removing the

batch effect in RNA-seq data analysis. For each batch, samples were prepared as follows. Seeds of Col-0, a

few ecotypes, and their half-sibling hybrids were cultured and grown as described for trait phenotyping

above. Either the SA 6 DAS or the first two TLs 15 DAS were collected from several representative seedlings

of each genotype and then quick frozen in liquid nitrogen. For each organ of each genotype, we sampled

one biological replicate, ultimately obtaining 406 samples in 11 batches, 203 RNA-seq samples for each

organ, including 96 from hybrids, 96 from ecotypes, and 11 from Col-0 (Table S2). Total RNA was extracted

using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and the DNA was digested using the RNase-

Free DNase Set (Qiagen). Next, we constructed libraries with the NEBNext� Ultra� RNA Library Prep

Kit for Illumina (New England Biolabs, Ipswich, Massachusetts, USA) and sequenced all of the RNA-seq

samples in only one batch on a NovaSeq platform (Illumina), ultimately generating 150-nucleotide

paired-end reads (�5 Gb of clean data for each sample).

Genome resequencing data analysis and variant calling

Quality control was performed for the DNA read data for each of the 96 ecotypes using fastp v0.20.0.25 Us-

ing BWA-MEM v0.7.17,26 the high-quality reads that remained after filtering weremapped to theArabidop-

sis Col-0 reference genome obtained from TAIR10. PCR duplicate reads were removed by Picard v2.23.4,

and only unique mapped reads with mapping quality >20 were retained for variant calling using GATK4

tools as follows. First, the read base quality was recalibrated using BaseRecalibrator and then

ApplyBQSR with the parameter "–known-sites" was set to the published, high-quality variation in the

1001 Genomes Project.36 Next, variants were detected using HaplotypeCaller, CombineGVCFs, and

GenotypeGVCFs, and then high-quality SNP variants were selected using SelectVariant and a threshold

of "QD < 2.0 || MQ < 40.0 || FS > 60.0 || SOR > 3.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0".

The SNPs were filtered using PLINK v1.927 using the parameters "–geno 0.05" and "–maf 0.05", and

only biallelic nuclear genome SNPs were retained. Consequently, we obtained 1,067,509 SNPs for the 96

ecotypes.

RNA-seq data processing

Once again, we used fastp (v0.20.0)25 to obtain high-quality reads, and these reads for each sample were

mapped to the TAIR10 Arabidopsis Col-0 reference genome using the aligner HISAT2 v2.1.028 with the

parameter "–score-min L, 0, -0.4", which reports only up to a 1.5-base-mismatched alignment. In addition,
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the multiple mapped reads were filtered to retain only unique mapped reads for quantification of gene

expression. Next, the read counts mapped to each gene were quantified using featureCounts according

to the gene structure annotation information in the Arabidopsis gtf from TAIR10. Potential batch effects

for each tissue’s (SA 6 DAS or TL 15 DAS) 203 samples were corrected using the ComBat-seq function in

the sva software package.29 Finally, transcript per million (TPM) gene expression was calculated by normal-

izing gene length and library size among all 406 samples; the resulting data were normalized using the

trimmed mean of m-values (TMM) method to obtain final gene expression values. In our analysis, genes

with expression levels < 1 (TPM < 1) in more than 98% of samples were discarded, as were organelle genes.

This left 21,014 genes in the reference nuclear genome, and these genes’ expression profiles were used for

sample Pearson correlation analyses. Using the prcomp function in R, we performed principal components

analysis (PCA) on the expression profiles of the 1,000 genes that showed the largest TPM variation (stan-

dard deviation) among the 406 samples. Both sample correlation calculation and PCA showed that batch

effect interference in gene expression was removed successfully (Figure S2). Differential gene expression

analysis was performed using edgeR v3.40.2 with a cutoff of FDR < 0.05.

TWAS

Genotype imputation was conducted based on the 1,067,509 SNPs in the 96 ecotypes, and the kinship

among them was calculated using the VanRaden method37 in rMVP v1.0.6.30 TWASs were then performed

between the change in gene expression and the corresponding trait changes in leaf area, cell number, and

cell area of the hybrids versus each of their parents (numbered as TWAS I–XII). For each TWAS, the TPM

ratio for gene expression in a hybrid versus its parent was calculated for each gene, after which the genes

were filtered without the TPM ratio varying among the 96 hybrids. Genes with a TPM ratio of 0 in at least 5%

of the 96 hybrids were also removed. Next, we conducted TWAS through the GWAS function in rrBLUP

v4.6.131 with default settings using the quantile normalized TPM ratio (–1�1) based on amixed linear model

that considers kinship between different ecotypes. The cutoff for determining significantly associated

genes was p < 0.01. Correlation levels between significantly associated gene expression ratios and trait

ratios of hybrids versus parents were calculated using the Pearson coefficient.

eQTL identification

The significantly associated genes identified by TWAS I and VII underwent eQTL analysis usingMatrix eQTL

v2.332 based on a linear model, with the TPM gene ratio of the hybrids versus that of the common maternal

parent (Col-0) in the SA 6 DAS or TL 15 DAS as the expression trait and the 1,067,509 SNPs of the 96 eco-

types as the genotype. The cutoff for determining significant SNPs was p < 1310-6. The significant SNPs for

each gene were grouped into clusters with a maximum distance of 10 kb between two consecutive SNPs,

and only the cluster with more than three significant SNPs was retained as a putative eQTL. For each eQTL,

the significant SNP showing the lowest p-value was identified as the lead SNP. Local (cis) and distant (trans)

eQTLs were distinguished according to the distance of each SNP-eGene pair. A cis-eQTL had a distance

between the eGene transcription start site and the lead SNP of < 5 Mb, whereas that distance for a trans-

eQTL was >5 Mb.

GO enrichment analysis

GO enrichment analysis of the associated genes identified by the TWASs was performed with GO Biolog-

ical Process Complete using clusterProfiler v3.1033 with all the associated genes from TWAS I-VI or TWAS

VII-XII as a reference and a hypergeometric test with FDR correction (adjusted p < 0.05) applied. Gene

description information and GO terms were assigned according to TAIR (https://www.arabidopsis.org/)

and the corresponding R package, org.At.tair.db.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis details have been described in methods and results.
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