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Abstract 

Heterosis, recognized for improving crop performance, especially in the first filial  (F1) generation, remains an area 
of significant study in the tobacco industry. The low utilization of leaf veins in tobacco contributes to economic inef-
ficiency and resource waste. Despite the positive impacts of heterosis on crop genetics, investigations into leaf-vein 
ratio heterosis in tobacco have been lacking. Understanding the mechanisms underlying negative heterosis in leaf 
vein ratio at the molecular level is crucial for advancing low vein ratio leaf breeding research. This study involved 12 
hybrid combinations and their parental lines to explore heterosis associated with leaf vein ratios. The hybrids dis-
played diverse patterns of positive or negative leaf vein ratio heterosis across different developmental stages. Notably, 
the  F1 hybrid (G70 × Qinggeng) consistently exhibited substantial negative heterosis, reaching a maximum of -19.79% 
80 days after transplanting. A comparative transcriptome analysis revealed that a significant proportion of differen-
tially expressed genes (DEGs), approximately 39.04% and 23.73%, exhibited dominant and over-dominant expression 
patterns, respectively. These findings highlight the critical role of non-additive gene expression, particularly the domi-
nance pattern, in governing leaf vein ratio heterosis. The non-additive genes, largely associated with various GO terms 
such as response to abiotic stimuli, galactose metabolic process, plant-type cell wall organization, auxin-activated 
signaling pathway, hydrolase activity, and UDP-glycosyltransferase activity, were identified. Furthermore, KEGG enrich-
ment analysis unveiled their involvement in phenylpropanoid biosynthesis, galactose metabolism, plant hormone 
signal transduction, glutathione metabolism, MAPK signaling pathway, starch, and sucrose metabolism. Among 
the non-additive genes, we identified some genes related to leaf development, leaf size, leaf senescence, and cell wall 
extensibility that showed significantly lower expression in  F1 than in its parents. These results indicate that the non-
additive expression of genes plays a key role in the heterosis of the leaf vein ratio in tobacco. This study marks the first 
exploration into the molecular mechanisms governing leaf vein ratio heterosis at the transcriptome level. These find-
ings significantly contribute to understanding leaf vein ratios in tobacco breeding strategies.
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Background
Hybrid vigor, also known as heterosis, refers to the phe-
nomenon where the first-generation offspring  (F1) dem-
onstrates superior agronomic traits compared to its 
homozygous parents in plants. These enhanced traits 
often include larger plant stature, increased biomass, 
growth rate, improved grain yield, quality factors, and 
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heightened resistance to abiotic stress [1–3]. Heterosis 
is a widely observed biological phenomenon that signifi-
cantly benefits crop growth and adaptation to varying 
environmental conditions [4–6]. At present, there are 
three competing, but not mutually exclusive, hypotheses 
to explain the molecular mechanism of heterosis at the 
genetic level: the dominant hypothesis [7, 8], the super-
dominant hypothesis [5], and the epistasis hypothesis 
[9, 10]. Research on heterosis has progressed in various 
crops [11–14], especially rice and maize [15–20]. Never-
theless, only a limited number of these factors have been 
systematically characterized for their involvement in 
yield heterosis [21]. Theoretical research on heterosis lags 
far behind practical applications and the relative contri-
butions of genetic components vary with different traits 
and crops [22, 23]. However, there is no consensus on the 
mechanism of heterosis.

With the advancement of next-generation sequencing 
technologies, an increasing number of researchers have 
employed omics technologies to investigate the molecu-
lar mechanisms underlying heterosis [24]. In the case of 
rice, a total of 1.2 Tb of genome sequence was acquired 
by sequencing 1495 diverse varieties with a two-fold 
genome coverage [22]. Liu et al. [25], 628 loci with rela-
tively high mapping resolutions were identified from 
three maize hybrids, revealing that most loci exhibited 
dominance or overdominance effects on heterosis. Using 
RNA-seq, 75,281 genes were obtained from the roots 
of rapeseed seedling classes. Subsequent analysis high-
lighted the crucial role of overexpressed differentially 
expressed genes (DEGs) in hybrid root growth in rape-
seed [3]. Another investigation on Chinese cabbage het-
erosis through transcriptome sequencing demonstrated 
that over 81% of the DEGs displayed dominant inherit-
ance [13]. In a study, Shahzad et al. [26] focused on yield 
heterosis in upland cotton, most DEGs in the hybrids 
exhibited dominant parent expression levels across dif-
ferent tissues, as revealed by comparative transcrip-
tome analysis. Additionally, an examination of Easter lily 
involved identifying 4,327 DEGs from hybrids and their 
parents using RNA-Seq [27]. Transcriptomic analysis has 
proven to be both feasible and reliable in exploring het-
erosis. However, to date, there have been no reports on 
the analysis of leaf vein ratio heterosis using omics.

The vein ratio of tobacco leaves denotes the weight per-
centage of tobacco veins in the leaves [28], serving as a 
crucial measure for assessing the utility of tobacco leaves. 
High vein ratios in tobacco leaves result in lower rates of 
flake and silk production during threshing and redrying, 
leading to reduced leaf availability. The coarse tobacco 
veins, often treated as by-products in the cigarette 
industry, are commonly considered waste, contributing 
to both resource wastage and environmental pollution, 

significantly impacting cigarette processing quality, pro-
curement expenses, and overall profitability [29, 30]. Pre-
vious investigations on the vein ratio of tobacco leaves 
have indicated its hereditary control with high heritabil-
ity, along with substantial heterosis [31, 32].

Leaves serve as the primary location for plant photo-
synthesis and are linked to crop productivity [33]. Leaf 
veins are essential for the transportation of water and 
nutrients, as well as providing structural support for 
leaves as they grow and develop [34]. Plant hormones, 
such as Auxin, gibberellin (GA), and other compounds, 
are vital in the regulation of leaf growth and development 
[12, 35]. Auxin plays a crucial role as a signaling mole-
cule necessary for the differentiation and growth of plant 
leaves. It significantly influences the development of leaf 
veins through a channelized model of vein formation 
[36–39]. Currently, numerous studies have identified sev-
eral genes that play a role in regulating the development 
of leaf veins.. Among these, the homeodomain-leucine 
zipper III (HD-ZIP III) gene has been recognized as a cru-
cial factor in plant leaf vein development. In Arabidopsis, 
five key HD-ZIP III genes, PHABULOSA (PHB), PHAVO-
LUTA  (REV), CORONA (CNA), ATHB15, and ATHB8, 
are known to be involved in this process [40]. Apart from 
the HD-ZIP III genes, the VND gene family, SND1 gene 
family, and MYB transcription factor family play a role in 
regulating the differentiation and development of vascu-
lar bundle tissue [41]. The overexpression of MYB33 and 
MYB65 genes results in the development of phenotypic 
features of curled leaves and shortened petioles [42]. 
Xylan transglycosidase/hydrolase (XTH) plays a crucial 
role as a cell wall modifying enzyme during plant cell wall 
remodeling [43]. XTH genes are involved in the regula-
tion of the growth and development in plant leaves [44]. 
The lack of the AtXTH27 gene leads to a reduction in the 
length of third-level branches in rose leaves, and as well 
as a decrease in the quantity of third-level branches in 
the initial leaf [45].

Nicotiana tabacum L. (2n = 4x = 48) represents a typi-
cal allotetraploid crop derived from the hybridization of 
Nicotiana sylvestris and Nicotiana tomentosiformis [33]. 
Tobacco, a significant cash crop, is cultivated in over 120 
countries worldwide [34–37]. Apart from Arabidopsis 
thaliana, tobacco is frequently utilized as a model plant 
in biological research due to its short growth cycle, sus-
ceptibility to diseases, ease of genetic modification, and 
other favorable attributes [38]. Both inter- and intraspe-
cific tobacco varieties exhibit substantial heterosis [39, 
40]. In China, exploration of tobacco heterosis com-
menced in the 1950s [41, 42]. Research on tobacco het-
erosis has primarily focused on potassium content [43], 
root growth [44], leaf area [45], leaf number [46], and nic-
otine content [47], but advancements have been gradual. 
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Nonetheless, the molecular foundation underlying leaf 
vein ratio heterosis in tobacco at the transcriptomic 
level remains unexplored. This study aims to unravel 
the mechanism of heterosis formation at the transcrip-
tome level, offering significant practical implications for 
enhancing the efficiency of leaf vein ratios in hybrid vari-
eties. Furthermore, these findings provide technical guid-
ance and molecular insights to unveil the genetic basis of 
crop heterosis.

Results
Heterosis performance of vein ratio of leaves in  F1 hybrids
The middle leaves of tobacco typically ripen around 
3  weeks after topping. Among the 12 hybrid combi-
nations, consistent heterosis in the leaf vein ratio was 
observed both 1  week (80  days) and 3  weeks (94  days) 
after topping. Notably, 50% of combinations exhibited 
negative heterosis one week after topping (Additional 
File 1), pinpointing this duration as a pivotal period 
for leaf vein ratio heterosis formation. The 13 parental 
materials displayed significant variations in the leaf vein 
ratio, ranging from 9.70% to 18.23% after 80  days post-
transplanting (Fig.  1a). This variation among genotypes 
underscored ample genetic diversity for enhancing the 
leaf vein ratio. Among the 12 hybrid combinations, the 
G70 × Qinggeng hybrid consistently demonstrated sta-
ble negative heterosis, reaching a maximum of -19.79% 
after 80 d post-transplanting(Fig. 1b). The leaf vein ratio 
in G70 × Qinggeng measured 9.93%, lower than that 
of its parents and notably different from the maternal 
plant after 80 d post-transplanting (Fig.  1c). Addition-
ally, heterosis values categorized as over high parental 
heterosis (OPH), medium parental heterosis (MPH), and 
low parental heterosis (BPH) in G70 × Qinggeng were 
-30.58%, -19.79%, and -7.72%, respectively (Fig.  1d). At 
the same time, the average values of repeated MPH, OPH, 
and BPH for the hybrid combination G70 × Qinggeng 
in 2020 and 2021 were -16.13%, -28.14%, and -1.96%, 
respectively (Additional file  2), indicating a substantial 
infection ability for leaf vein ratio heterosis in hybrid 
offspring. To delve deeper into the mechanisms under-
lying leaf vein ratio heterosis, fresh leaf samples from 
G70 × Qinggeng and its parental plants were selected 80 
d post-transplanting for transcriptome sequencing analy-
sis The fresh leaves figure of the hybrid G70 × Qinggeng 
and its parents were shown in Fig. 2.

RNA‑seq data analysis of leaves between parents and  F1
In this investigation, we utilized G70 × Qinggeng and its 
parental lines to generate nine cDNA libraries that were 
subsequently sequenced using an Illumina HiSeq 2000 
platform. The quality assessment of sequencing data for 
the nine cDNA libraries is detailed in Additional File 

3. The average error rate across all samples was 0.02%, 
with Q20 scores exceeding 98.00%, Q30 scores surpass-
ing 94.00%, and GC content measuring above 42.00%. 
The read and mapping outcomes are displayed in Addi-
tional File 4, demonstrating read counts ranging from 
68,195,482 to 83,395,016. Over 95.15% of the total 
sequences were successfully mapped onto the reference 
genome ‘K326’, affirming the reliability of the transcrip-
tome sequencing data for subsequent analyses.

For validation purposes, we selected eight genes ran-
domly from the transcriptome results and subjected 
them to Real-Time Fluorescence Quantitative PCR (qRT-
PCR) analysis. Actin served as the internal reference 
gene to normalize the expression levels of each gene. The 
genes and corresponding primers employed for qRT-PCR 
are delineated in Additional File 5. Our findings revealed 
a consistency between the qRT-PCR expression pattern 
and the RNA-seq data, affirming the reliability of the 
transcriptome mapping data (Fig.  3, Additional File 6). 
These results lay the foundation for subsequent steps in 
differential gene screening and expression analysis.

DESeq2 software was used to determine the DEGs 
between the  F1 hybrids and their parents to explore 
the differences in the expression characteristics of leaf 
vein ratio heterosis at the transcriptome level. When 
the parameters were set to P ≤ 0.05 and |log2 Fold 
Change|≥ 2, 3767 DEGs were identified (Fig. 4). Between 
the two parents, G70 and Qinggeng, there were 2143 
DEGs were identified, including 1121 genes that were 
up-regulated and 1022 genes that were down-regu-
lated. There were 661 DEGs in the comparison group 
of ‘F1vsP1,’ 322 were up-regulated and 339 were down-
regulated. Similarly, there were 824 DEGs between ‘F1vs 
P2’ (Fig. 4a). Among the 824 DEGs, 382 were upregulated 
and 442 were downregulated. Common genes among 
the three groups are shown in Fig. 4b. The venn diagram 
analysis revealed that the comparison group ‘P1vsP2’ and 
the comparison group ‘F1 vs P2’ share the largest num-
ber of genes, which is 444. However, only 58 differen-
tial genes shared between the two comparison groups 
‘F1vsP1’ and ‘F1vsP2’. Furthermore, 108 common differen-
tial identified among the three comparison groups.

F1 hybrid demonstrated a non‑additive gene expression 
pattern
For further analysis of DEGs and to explore the hetero-
sis formation mechanism of the leaf vein ratio in tobacco 
leaves, 1319 common DEGs were identified between  F1 
and the parents (Additional File 7). The 1319 DEGs were 
divided into 12 expression patterns (P1–P12, Fig.  5a), 
according to a previously described method [48]. The 
genes in P1 and P2 were classified as having additive 
expression patterns. The P3–P6 expression patterns 
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Fig. 1 The characteristics of leaf vein ratio and leaf vein ratio heterosis in different tobacco materials. The significant difference in leaf vein ratio 
was determined using Duncan’s new multi range test method. Different lowercase letters represents significant difference (P < 0.05). The data 
plotted in the figure is the mean ± standard error. a The results of leaf vein ratio in 13 parent materials. b Heterosis performance value of vein 
ratio of leaves in hybrid  F1 of the G70 × Qinggeng at 58th, 73th, 80th, 87th, and 94th day after transplanting. c Leaf vein ratio in tobacco hybrid 
G70 × Qinggeng and its parents. d Heterosis performance value of vein ratio of leaves in hybrid  F1 of G70 × Qinggeng. The OPH, MPH, and BPH 
represent over high parental heterosis, medium parental heterosis and low parental heterosis respectively. Figures were generated using GraphPad 
Prism 9



Page 5 of 16Duan et al. BMC Genomics          (2024) 25:924  

were dominant. The genes at P7–P12 showed transgres-
sive expression, and the genes at P7–P9 showed down-
regulated overdominance, whereas the genes at P10–P12 
showed upregulated overdominance. The numbers of 
genes with different expression patterns are shown in 
Fig. 5b. Among the 12 expression patterns, P2 and P6 had 
the highest number of genes, with 326 and 203 genes, 
respectively. P8 and P5 contained the least number of 
genes (28 and 35, respectively). Additive expression (P1-
P2) and non-additive expression (P3-P12) had 491 and 
828 genes, respectively (Fig. 5c). The proportion of non-
additive expression (62.77%) was much higher than that 
of additive expression (37.23%). Among the non-additive 

expression patterns, the dominant expression pattern 
(P3-P6) exhibited a high proportion (39.04%). This result 
revealed that non-additives play a vital role in leaf vein 
ratio heterosis, especially in the dominant expression 
patterns.

Functional enrichment analysis of non‑additive expressed 
genes
Numerous studies have underscored the vital role 
played by non-additively expressed genes in hybrid 
offspring performance. We conducted Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analyses on 828 non-additive genes 

Fig. 2 The 10th leaf position fresh leaf images of hybrid G70 × Qinggeng and its parents. a Front view of blade. b Blade back view
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Fig. 3 Comparison of RNA-seq and qRT-PCR gene expression between G70 × Qinggeng and its parents. G70 = P1, Qinggeng = P2, 
and  F1 = G70 × Qinggeng

Fig. 4 The identification of DEGs and Venn diagrams of upregulated or downregulated gene expression in G70 × Qinggeng hybrids and parents. 
a The identification the upregulated and downregulated DEGs in the  F1 hybrids and parents. Red and blue columns represent upregulated 
and downregulated DEGs, respectively. b Venn diagram of differential expression in the  F1 hybrids and their parents. G70 = P1, Qinggeng = P2 
and  F1 = G70 × Qinggeng
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to comprehend their physiological functions better. 
The GO enrichment results (Fig.  6a, Additional file  8) 
indicated that among the 828 genes, 709 were enriched 
across biological processes, cellular components, and 
molecular functions. Notably, the molecular functions 
category exhibited the most significant enrichment 
among these genes. The 709 genes were particularly 
enriched in functions associated with responses to 
abiotic stimuli, galactose metabolic processes, plant-
type cell wall organization, auxin-activated signaling 
pathways, hydrolase activity, UDP-glycosyltransferase 
activity, and other GO terms (Fig.  6a). These results 
emphasized the significant role of these non-additive 
genes in influencing the leaf vein ratio.

Moreover, the KEGG enrichment analyses (Fig.  6b, 
Additional file  9) revealed that among the 828 genes, 
359 were associated with 96 KEGG pathways. The first-
level classification showed that a majority of the dif-
ferentially expressed genes (DEGs) were involved in 
metabolism (196, 54.59%), genetic information process-
ing (113, 31.48%), environmental information processing 
(22, 6.13%), cellular processes (16, 4.46%), and organis-
mal systems (12, 3.34%). Specifically, the non-additive 
DEGs were prominently enriched in pathways such as 
phenylpropanoid biosynthesis, galactose metabolism, 
plant hormone signal transduction, glutathione metabo-
lism, MAPK signaling pathway, plant starch, and sucrose 
metabolism (Fig.  6b). The top 20 KEGG pathways with 

Fig. 5 Classification of 12 DEG expression patterns of differentially expressed genes in  F1 hybrids compared to their parents. a Expression patterns 
of 12 differentially expressed genes. ♂: male parent; H: hybrid; ♀: female parent. b The number of genes in each of the 12 hybrid expression patterns. 
c Numbers and proportions of the five total expression patterns in differentially expressed genes
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the highest enrichment level were shown in Additional 
file 10. These findings suggest that the expression of these 
non-additive DEGs regulates vital biological processes in 
hybrids, contributing to leaf development and regulation 
of the leaf vein ratio in hybrids.

Mining of key regulatory genes for vein ratio of leaves 
in hybrid
In order to further analyze the formation basis of vein-specific 
heterosis, we conducted annotation analysis and homologous 
comparison of important genes in the KEGG pathway associ-
ated with leaves (Table 1; Additional File 11). Plant hormones 
are commonly present in plants and participate in multiple 
growth and development processes. We found three AUX/
IAA genes (LOC104109697; LOC104231359; LOC104111767) 
were over dominant downregulation expression. There were 
two ethylene-responsive transcription factors (LOC104109693; 
LOC104115628; LOC104109693) were dominant downregu-
lation expression and one (LOC125862211) was overdomi-
nant downregulation expression. And one gibberellin (GA) 
gene (LOC104112986) were overdominant downregulation 
expression in this study. 24 xylose-transglucosylase/hydrolase 
proteins involved in the construction and remodeling of cel-
lulose/xyglucan crosslinks, which play important roles in reg-
ulating cell-wall ductility, were downregulated in the hybrid. 
Many transcription factors related to the leaf development  
showed dominant or over-dominant downregulation in  
hybrid, such as MYB(LOC109235261), bHLH(LOC104245010;  
LOC107813550), bZIP(LOC107813846; LOC107781357;  
LOC107804246; LOC104228318; LOC104221704). Cytochrome  

P450, which is involved in leaf development and senescence. 
There were four cytochrome P450 genes (LOC104084433;  
LOC104112316; LOC104241840; LOC104241840) were 
overdominant downregulated in the hybrid. We selected 
six genes related to leaf vein ratio and transport for qRT-
PCR analysis (Fig.  7). These genes and their correspond-
ing primers are listed in Additional File 12. The results 
showed that the expression levels of these genes in the 
G70 × Qinggeng hybrid were significantly lower than those 
in the two parental inbred lines, indicating that these genes 
had significant overdominant and dominant expression 
patterns in the hybrid. These results suggest that over-
dominant and dominant downregulation of key genes 
related to leaf vein ratio leads to leaf vein ratio heterosis.

Discussion
Heterosis refers to the enhanced performance of off-
spring in desired traits compared to either parent [3]. 
The utilization of hybrid vigor breeding has successfully 
leveraged heterosis advantages to improve worldwide 
crop quantity and quality [15, 49, 50]. Numerous studies 
have investigated hybrid vigor various such as rice [15], 
wheat [51], cotton [52], A. thaliana [53], maize [54], and 
Brassica napus [55]. The advancement of quantitative 
genetics, molecular genetics, and genomics has led to the 
utilization of experimental techniques including tran-
scriptomics [53, 56], metabolomics [57], and proteomics 
[23, 58] to elucidate the mechanisms of heterosis forma-
tion. The incorporation of transcriptome analyses into 
heterosis research has offered valuable molecular insights 

Fig. 6 Enrichment analysis of dominantly expressed genes. a GO enrichment analysis of non-additively expressed genes in hybrids and parents. 
b KEGG enrichment pathway analysis of non-additively expressed genes in hybrids and parents. Figures were drawn using a bioinformatics website 
(https:// www. bioin forma tics. com. cn/)

https://www.bioinformatics.com.cn/
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Table 1 Statistics of genes related tovein ratio of leaves heterosis

MP represents the average value of gene expression of two parents G70 and Qinggeng

FC represents the foldchange of hybrid combination G70 × Qinggeng, and H_FPKM represents the heterosis value of gene expression

Pattern Gene symbol Description F1 P1 P2 MP FC H_FPKM

Dominant LOC104109693 ethylene-responsive transcription factor TINY isoform X1 0.02 1.99 0.03 1.01 0.02 -97.68

LOC104115628 ethylene-responsive transcription factor ERF056-like 1.78 21.28 1.25 11.27 0.16 -84.17

LOC104245010 transcription factor bHLH110-like 0.53 1.86 0.64 1.25 0.43 -57.39

LOC104228318 receptor-like serine/threonine-protein kinase ERECTA isoform X2 5.76 17.44 6.08 11.76 0.49 -51.03

LOC107783985 allene oxide synthase, chloroplastic-like 1.59 7.39 1.98 4.68 0.34 -66.12

LOC107804012 beta-amyrin 28-oxidase-like 0.95 1.27 3.11 2.19 0.43 -56.71

LOC104107783 xyloglucan endotransglucosylase/hydrolase protein 24-like 11.53 50.99 9.59 30.29 0.38 -61.95

Overdominant LOC125862211 ethylene-responsive transcription factor TINY isoform X1 1.00 5.60 2.05 3.83 0.26 -73.95

LOC104109697 auxin-responsive protein IAA27-like 3.31 9.78 5.30 7.54 0.44 -56.10

LOC104231359 auxin-induced protein AUX22-like 104.73 162.87 299.05 230.96 0.45 -54.66

LOC104111767 auxin-induced protein AUX22-like 8.38 12.12 23.57 17.85 0.47 -53.06

LOC107813550 transcription factor bHLH137 isoform X2 1.09 1.81 2.07 1.94 0.56 -43.77

LOC107813846 LRR receptor-like serine/threonine-protein kinase At3g47570 0.03 0.24 0.01 0.13 0.27 -73.33

LOC107781357 LRR receptor-like serine/threonine-protein kinase EFR isoform X1 0.61 0.26 2.85 1.55 0.39 -60.73

LOC107804246 bZIP transcription factor TGA10 0.03 0.49 0.09 0.29 0.10 -89.71

LOC104221704 leucine-rich repeat receptor-like protein kinase At1g35710 0.50 1.49 0.35 0.92 0.54 -45.85

LOC109235261 myb family transcription factor EFM-like 0.57 5.60 1.96 3.78 0.15 -85.02

LOC104084433 cytochrome P450 CYP82D47-like 0.11 0.58 0.41 0.50 0.22 -78.45

LOC104112316 cytochrome P450 CYP72A219-like 0.88 1.59 7.96 4.78 0.18 -81.51

LOC104240584 cytochrome P450 716B1-like 0.98 0.74 2.36 1.55 0.63 -36.91

LOC104241840 cytochrome P450 superfamily 0.03 6.56 0.03 3.30 0.01 -99.09

LOC107778026 alkane hydroxylase MAH1-like 0.77 1.46 2.67 2.07 0.37 -62.90

LOC104112986 snakin-2 219.15 784.81 629.42 707.12 0.31 -69.01

Fig. 7 Expression level analysis of vein ratio of partial leaf genes using qRT-PCR. Different lowercase letters represent significant (P < 0.05). The data 
plotted in the figure is the mean ± standard error
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into various plant species, including A. thaliana, rice [6, 
22], maize [25, 49], Chinese cabbages [14], easter lily [27] 
and tobacco [23, 59]. However, the molecular basis of leaf 
vein ratio in tobacco remains unexplored. The high vein 
ratio found in tobacco leaves, attributed to the dense and 
thick tissue structure of veins, creates challenges during 
cigarette processing. Disposal of these leaves contrib-
utes to environmental pollution and adversely affects 
the quality, cost, and profitability of cigarette produc-
tion. Hence, our research aims to investigate the genetic 
mechanisms of heterosis in achieving low leaf vein ratios 
in  F1 hybrids and their parent plants using a comparative 
transcriptome analysis.

Our study identified 661 and 824 DEGs in the  F1 hybrid 
(G70 × Qinggeng) and its respective inbred parents. We 
observed a higher count of downregulated DEGs com-
pared to than upregulated ones. This suggests that down-
regulated genes might contribute to the strong negative 
heterosis observed in the tobacco leaf vein ratio. Analy-
sis of the 1319 common DEGs between hybrids and 
parents revealed that a higher number of non-additively 
expressed genes (828) compared to additively expressed 
ones (491). The analysis of 828 DEGs revealed that 277 
were dominantly expressed in the hybrid line, whereas 
238 showed dominant expression in the parental lines. 
Among the 1319 DEGs, 39.04% were identified as dom-
inant genes, highlignting their collaborative role in 
tobacco leaf vein ratio heterosis. Previous research on 
crop heterosis has consistently highlighted the signifi-
cance of dominant gene expression. For example, a study 
on Chinese cabbage hybrids revealed that more than 
81% of differentially expressed genes exhibited domi-
nance [13]. An analysis of upland cotton hybrids using 
transcriptome technology indicated that a significant 
proportion of hybrids displayed a preference for DEGs 
in comparison to their parental varieties [26]. Yu et  al. 
[60] demonstrated in their research on rice heterosis 
that four QTLs exhibited a mode of dominance or super-
dominance. Shen et al. [61] noted in their research on B. 
napus hybrid and found that high parental expression-
level dominance played an important role in heterosis. 
Overall, the expression of dominant genes significantly 
impacts leaf vein ratio heterosis..

Plant hormone signal transduction pathways, includ-
ing tryptophan metabolism (auxin), zeatin biosynthesis 
(cytokine), dite biosynthesis (gibberellin), carotenoid 
biosynthesis (abscisic acid), brassinosteroid biosynthesis 
(brassinosteroid), α-linolenic acid metabolism (jasmonic 
acid), and phenylalanine metabolism (salicylic acid), play 
an important role in repulating various plant growth and 
development processes. These processes include plant 
cell division, embryogenesis, morphogenesis, sexual 
response, prolonged dormancy, apical dominance, and 

tissue differentiation. The plant hormone auxin, known 
as indole-3-acetic acid (IAA), plays a crucial role in regu-
lating various stages of plant growth and development, 
from embryogenesis to senescence. It modulates the 
expression of downstream genes that code for proteins 
involved in a diverse array of physiological processes 
[62, 63]. Auxins play a crucial role in plant growth and 
development by directly or indirectly influencing the 
development of plant leaf veins [64]. Research on the dl2 
rice mutant has demonstrated that the polar transport 
and distribution of auxin play a crucial role in regulat-
ing the mid-vein ratio and nutritional growth of rice 
leaves [65]. Previous studies have demonstrated that the 
absence of IAA9 can induce the conversion of compound 
tomato leaves into single leaves, while the upregulation 
of IAA9 expression can enhance leaf vascularization 
[66]. This indicated that IAA9 is a key mediator of leaf 
morphogenesis. Our study observed reduced expres-
sion levels of IAA (LOC104109697, LOC104231359, and 
LOC104111767) in hybrids compared to the parental 
inbred lines, exhibiting downregulated over-dominant 
expression. The lower expression of IAA genes in hybrid 
might contribute to manifestation of heterosis in leaf vein 
ratio.

The APETALA2/ethylene-responsive factor (AP2/ERF) 
superfamily, predominantly identified in plants, is recog-
nized as one of the largest transcription factor families. 
It is widely involved in important biological processes, 
such as plant growth and development, the regulation 
of secondary metabolism, and responses to both biotic 
and abiotic stress [67, 68]. AP2/ERF transcription fac-
tors are categorized into five primary groups based on 
the number and similarity of AP2 domains they harbor: 
AP2 (APETALA2), dehydrogenation-responsive element-
binding proteins (DREB), ethylene-responsive factor 
(ERF), Related to AB13/VP (RAV), and the Soloist sub-
family [69]. Jiang et  al. [70] found that mutations in an 
AP2 transcription factor-like gene affected maize inter-
node length and leaf shape. Moreover, the study on A. 
thaliana revealed that the upregulation of DEAR4 corre-
lated with leaf senescence and could be triggered by ABA, 
JA, darkness, drought, and salt stress. After leaf aging, 
degradation of certain mesophyll substances results in 
an increased leaf–vein ratio. Our research revealed a 
decrease in the dominant or overdominant expression of 
ethylene-related genes in the hybrid. We hypothesize that 
this downregulation could explain the negative heterosis 
observed in the vein ratio of tobacco leaves.

Gibberellic acid (GA) is a phytohormone crucial for 
various aspects of plant development [71]. Fundamental 
roles of GAs have been identified in almost every phase 
of plant development, including seed germination [72], 
flowering [73], leaf expansion [74], leaf formation [75], 
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leaf angle [76], leaf size [77], and senescence [78]. Various 
factors such as bioactive GAs, GA biosynthesis genes, 
DELLAs, light, TFs, phytohormone crosstalk, and other 
proteins are involved in regulating leaf size by affecting 
cell size, cell number, and the size of the leaf [79]. There-
fore, the gene (LOC104112986) related to GAs exhibited 
overdominant downregulation in the hybrid, leading to 
the generation of a major vein ratio in tobacco leaves.

Xyloglucan is the main hemicellulose present in the pri-
mary cell walls of dicotyledonous and non-gramineous 
monocotyledonous plants [80]. Xyloglucan endotrans-
glucosylase/hydrolase (XTH) is a cell-wall-relaxation 
factor found in diverse plant tissues and cells.,Its func-
tion includes modifying the structure of cellulose–xylan 
complex by catalyzing the breaking and rejoining of xylo-
glucan molecules within the plant cell wall [81]. XTH is 
a crucial enzyme involved in the remodeling of plant cell 
wall. The XTH family consists of multipe members, and 
exhibiting diverse expression profiles in different plant 
tissues and developmental stages. These enzymes play 
essential roles in plant growth and development, impact-
ing functions in roots, stems, leaves, flowesr, and fruit 
ripening. The XTH gene in A. thailiana, exhibits signifi-
cant expression of AtXTH27 in leaf vein guiding tissues 
and extended rosette leaves, with the deletion mutation 
of AtXTH27 leading to shortened of the tertiary leaf vein 
ducts [82]. In tobacco, the NtXTH gene (LOC104107783) 
regulates vein ratio by influencing leaf vein development. 
Suppression of NtXTH gene expression in hybrids is 
linked to a decrease in major vein ratios of leaves, along 
with an enhancement in plant-type cell wall organization 
as revealed by GO enrichment analysis.

Transcription factors (TFs) play important roles in sev-
eral biochemical and physiological processes in numer-
ous tissues at different developmental stages, such as seed 
germination, flowering time regulation, shade avoidance, 
and stress responses [83, 84]. The basic helix-loop-helix 
(bHLH) family, the second largest TF group in plants, 
significantly influences plant growth, development, and 
stress responses [85]. In A. thailiana, the overexpres-
sion of Cibhlh027 resulted in accelerated leaf senescence, 
reduced chlorophyll content, enhanced ion permeability, 
and increased cell death [86].

The HD-ZIP III gene plays a crucial role in the regu-
lation of leaf vein development in plants. There are five 
HD-ZIP III genes in A. thailiana, namely PHB, REV, 
CNA, ATHB15, and ATHB8. ATHB8 exhibits specifical 
expression in precursor and procambium cells, directly 
regulated by MONOPTEROS(MP) [87]. The expres-
sion of ATHB8 is regulated by MP through its binding 
to the auxin-responsive element TGT CTG  (ARE). The 
investigation of the mp/athb8 dual mutant indicated 

that ATHB8 acts on the downstream regulation of leaf 
vein development in MP [87]. Our study found that the 
expression levels of five genes associated with the regu-
lation of leaf vein development in  F1 hybrids were lower 
than those in the two parents, indicating a negative 
expression advantage.

The MYB transcription factor family, one of the larg-
est transcription factor families in plants [88, 89], plays 
key roles in plant development, metabolism, and stress 
tolerance,with AtMYB91/AS1 being specifically involved 
in leaf patterning regulation [90, 91]. AtMYB2 regulates 
leaf senescence, while AtMYB44/MYBR1 plays a role 
in the regulatory pathways of leaf senescence and ABA 
signaling [92, 93]. By examining the expression patterns 
in diverse tissues, it was revealed that BcMYB101 has 
higher transcript levels in petioles, leaves, roots, and flo-
ral organs. The overexpression of BcMYB101 was found 
to enhance leaf number and result in the downward 
curling of cauline leaves [94]. Additionally, the findings 
indicated that LOC109235261, which is involved in leaf 
development and senescence, showed decreased domi-
nant expression in the hybrid.

The CYP78A family (CYP78As) is a plant-specific gene 
family highly conserved among terrestrial plants [95]. 
AtKLU/AtCYP78A5 regulates the growth of leaves, flow-
ers, grains, siliques, and other organs by modulating cell 
division [96–99]. The klu loss-of-function mutants pro-
duce smaller leaves and floral organs because of the inhi-
bition of cell division [97]. Mutant analyses revealed that 
AtKLU, AtCYP78A7, and AMP1 (Altered meristem pro-
gram1) regulate plastochron length and leaf senescence 
in the same genetic pathway in A. thaliana. Christ et al. 
[100] revealed that the cytochrome P450 CYP89A9 is 
involved in the formation of major chlorophyll catabo-
lites during leaf senescence in A. thaliana. In this study, 
the overdominant downregulation expression of four 
genes related to cytochrome P450 in the hybrid  F1 results 
in a negative heterosis of the vein ratio of tobacco leaves.

The study offers insights into the intricate regulatory 
process of heterosis in crops, shedding light on the mech-
anism underlying leaf vein ratio heterosis in tobacco at 
the transcriptional level. This research opens a new ave-
nue for understanding and potentially cultivating tobacco 
varieties with reduced leaf vein ratios. The leaf vein ratio, 
intricately linked with leaf morphology, size, and senes-
cence, is notably influenced by gene expression related 
to these physiological functions. The hybrid’s low expres-
sion of genes associated with these functions contributes 
to the manifestation of negative heterosis in the leaf vein 
ratio, thereby prominently displaying negative heterosis 
in this trait.
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Materials and methods
Plant materials, growth conditions, and analysis of leaf 
vein ratio of leaves
In this study, 13 tobacco materials with distinct leaf vein 
ratios served as parental lines, while 12 hybrid combina-
tions were generated to investigate leaf vein ratio het-
erosis. These materials, acquired from the Guizhou Key 
Laboratory of Tobacco Quality Research, were cultivated 
at the Guizhou University Tobacco Research Base start-
ing in 2021. The seeds were initially planted in a spe-
cialized substrate for flue-cured tobacco and nurtured 
in a growth room until they reached the stage of having 
five true leaves before being transplanted to the field. 
The field trial was conducted using a randomized block 
design with three biological replicates, each comprising 
45 individual plants. The spacing between rows and inter-
row spacing was set at 110  cm and 55  cm, respectively. 
Topping of all materials occurred on the same day once 
over 50% of the plants had bloomed (73 days after trans-
planting). At 58, 73, 80, 87, and 94 d post-transplanting 
from the main veins and mesophyll between the 6th and 
8th branches of the 9th to 11th leaf positions. For each 
collection, three randomly selected thriving plants from 
each batch were used for mixed sampling. Fresh samples 
were rapidly frozen in liquid nitrogen and subsequently 
preserved in an ultra-low-temperature refrigerator at 
-80°C for qRT-PCR and transcriptomic analysis. The 
remaining leaf samples were subjected to denaturation 
at 105°C for 30 min followed by drying at 75°C. The leaf 
vein ratio was calculated based on the method described 
by Que et al. [101].

RNA isolation and sequencing
Total RNA was extracted from the leaf tissue using  
TRIZOL® Reagent (Plant RNA Purification Reagent for 
plant tissue) according to the manufacturer’s instructions  
(Invitrogen). RNA quality was determined using a 2100 
Bioanalyzer (Agilent) and quantified using an ND-2000 
(NanoDrop Technologies). All of the RNA samples were 
collected in high-quality situations (OD260/280 = 1.8 ~ 2.2, 
OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, > 1 μg). RNA-seq  
transcriptome library was prepared following TruSeqTM 
RNA sample preparation Kit from Illumina (San Diego, 
CA) using 1  μg of total RNA. First, mRNA was isolated 
according to the poly-A selection method using oligo(dT) 
beads and then fragmented using fragmentation buffer. Next,  
double-stranded cDNA was synthesized using a SuperScript 
double-stranded cDNA synthesis kit (Invitrogen, Carlsbad, 
CA, USA) with random hexamer primers (Illumina). Then 
the synthesized cDNA was subjected to end-repair, phos-
phorylation, and ‘A’ base addition according to Illumina’s 
library construction protocol. Libraries were selected for 

cDNA target fragments of 300 bp on 2% low-range ultra-
agarose, followed by PCR amplification using Phusion 
DNA polymerase (NEB) for 15 PCR cycles. After quantifi-
cation using TBS380, the paired-end RNA-seq library was 
sequenced using an Illumina HiSeq xten/NovaSeq 6000 
sequencer (2 × 150 bp read length).

Transcriptomics data processing and analysis
Raw paired-end reads were trimmed and quality was 
controlled using SeqPrep.  (https:// github. com/ jstjo hn/ 
SeqPr ep), and Sickle (https:// github. com/ najos hi/ sickle) 
with default parameters. Clean reads were separately 
aligned to the K326 genome (https:// solge nomics. net/ 
organ ism/ Nicot iana_ tabac um/ genome) in orientation 
mode using the HISAT2 (http:// ccb. jhu. edu/ softw are/ 
hisat2/ index. shtml) software [102]. The mapped reads 
of each sample were assembled using StringTie (https://  
ccb. jhu. edu/ softw are/ strin gtie/ index. shtml). t = exam-
ple), using a reference-based approach [103]. To identify 
DEGs (differentially expressed genes (DEGs) between the  
two samples, the expression level of each transcript was 
calculated according to the transcripts per million reads 
(TPM) method. RSEM (http:// dewey lab. biost at. wisc. 
edu/ rsem/) [104] was used to quantify gene abundance. 
Essentially, differential expression analysis was performed 
using the DESeq2 [105] with padjust ≤ 0.05, DEGs with 
|log2FC|≥ 1 were considered to be significantly differ-
ent expressed genes. In addition, functional-enrichment 
analysis including GO and KEGG was performed to 
identify which DEGs were significantly enriched in GO 
terms and metabolic pathways at Bonferroni-corrected 
P-value ≤ 0.05 compared with the whole-transcriptome 
background. GO functional enrichment and KEGG path-
way analyses were performed using Goatools (https:// 
github. com/ tangh aibao/ Goato ols) and KOBAS (http:// 
kobas. cbi. pku. edu. cn/ home. do) [106]. Transcription fac-
tor analysis was performed by using the plant transcrip-
tion factor database (PlantTFDB) with Hmmscan E-value 
and Blast E-value parameters were both set to less than 
or equal to 1.0E-5.

qRT‑ PCR
To validate the expression levels of tobacco genes derived 
from RNA sequencing, we performed Real-time PCR 
(qRT-PCR) experiments using the BIO-RAD CFX96 
Real-Time qRT-PCR system. Randomly selected genes 
were analyzed, and the specific primers used for qRT-
PCR are listed in Additional Files 5 and 12. The qRT-
PCR analysis, conducted using Talent qRT-PCR PreMix 
(SYBR Green) from TIANGEN (FP209) underwent 3 bio-
logical repetitions with 3 technical replicates. Final test 
results were calculated using the  2−ΔΔCt method [107]. 

https://github.com/jstjohn/SeqPrep
https://github.com/jstjohn/SeqPrep
https://github.com/najoshi/sickle
https://solgenomics.net/organism/Nicotiana_tabacum/genome
https://solgenomics.net/organism/Nicotiana_tabacum/genome
http://ccb.jhu.edu/software/hisat2/index.shtml
http://ccb.jhu.edu/software/hisat2/index.shtml
https://ccb.jhu.edu/software/stringtie/index.shtml
https://ccb.jhu.edu/software/stringtie/index.shtml
http://deweylab.biostat.wisc.edu/rsem/
http://deweylab.biostat.wisc.edu/rsem/
https://github.com/tanghaibao/Goatools
https://github.com/tanghaibao/Goatools
http://kobas.cbi.pku.edu.cn/home.do
http://kobas.cbi.pku.edu.cn/home.do
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Results from real-time PCR for all genes are presented as 
average values along with their standard errors.

Statistical analysis
The field experiment design was randomized with three 
replicates. DPS (Data Processing System) software was 
used to analyze the variance of the data (ANOVA). The 
variance analysis was determined using Duncan’s new 
multiple range test method. Different lowercase and 
uppercase letters indicate significant (P < 0.05). Over high-
parent heterosis (OPH), mid-parent heterosis (MPH), and 
below low-parent heterosis (BPH) was calculated as fol-
lows: OPH(%) =  (F1-HP)/HP × 100, MPH(%) =  (F1-MP)/
MP × 100%, BPH(%) =  (F1-LP)/LP × 100%, where;  F1 = per-
formance of the hybrid, HP = high-value parent, mid-
parent average(MP) = (P1 + P2)/2, LP = low-value parent. 
In the analysis of gene expression advantage, MP is the 
average expression level of a certain gene in both parents 
((P1 + P2)/2), and FC is the ratio of the expression level of 
a certain gene in  F1 to the expression level in both par-
ents (FC =  F1/MP). H FPKM refers to the heterosis value 
of gene expression, calculated using the formula for het-
erosis calculation ((F1-MP)/MP × 100%).

Conclusion
Leaves function as the primary organs for photosynthe-
sis in higher plants. The occurrence and development of 
leaf veins are closely associated with leaf growth, serving 
a crucial role in transporting water and nutrients while 
providing structural support during development. Given 
the need to minimize economic costs and resource wast-
age in the tobacco industry, there’s a growing demand 
for tobacco varieties with reduced leaf vein ratios. This 
study conducted a comparative transcriptome analysis 
of leaf vein ratio heterosis observed in the hybrid and its 
parental lines. Broadly, non-additive genes emerged as 
significant contributors to leaf vein ratio heterosis, par-
ticularly dominantly expressed genes, which constituted 
the majority. Among these dominant genes, several were 
found to encode plant hormones. These identified differ-
entially expressed genes (DEGs) might actively contrib-
ute to the observed leaf vein ratio heterosis in tobacco 
plants. Consequently, this extensive research presents 
novel insights into the molecular mechanisms underpin-
ning leaf vein ratio heterosis in tobacco. These findings 
hold promise as a valuable resource for further molecular 
investigations aimed at breeding tobacco varieties with 
reduced leaf vein ratios.
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