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Allele-specific expression reveals complex cis- and trans-regulatory divergence underlying
fruit phenotypic differences between cultivated and wild tomato species
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Abstract

Tomato (Solanum lycopersicum) is one of the most important agricultural crops and serves as a
model system for fleshy fruit biology. However, domestication bottlenecks have led to limited
genetic diversity for further crop improvement. Wild relatives represent a rich reservoir of
phenotypic diversity, yet the molecular basis underlying such phenotypic diversity remains largely
unknown. As gene expression variation is a major driver of phenotypic diversity, we performed
genome-wide allele-specific expression analyses in F1 hybrids between cultivated tomato and three
wild relatives spanning a range of evolutionary distances, across three fruit tissues and multiple
developmental stages. Our analysis generated a multi-species map of cis- and trans-regulatory
variation, revealing a predominant role of cis-regulatory effects in expression divergence across
species, tissues, and stages. The majority of cis effects were tissue- and/or stage-specific,
underscoring the importance of tissue context in regulatory variation. Regulatory mechanisms and
inheritance patterns shifted with evolutionary distance, with more distantly related species
showing increased cis-regulatory contributions. Finally, we identified extensive regulatory
divergence in biosynthetic pathways related to fruit nutritional value and flavor quality, including
carotenoids, flavonoids, alkaloids, sugars, and volatiles. This study presents a high-resolution map
of regulatory variation underlying tomato fruit development and provides evolutionary insights
into the regulation of fruit nutrition and flavor traits.

Introduction

Cultivated tomato (Solanum Iycopersicum), one of the most important agricultural crops

worldwide, has undergone domestication and intensive breeding to improve traits such as yield,

fruit size, color, firmness, and plant architecture, resulting in high-performing modern varieties
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(Bergougnoux, 2014; Lin et al., 2014). However, domestication bottlenecks have caused a
substantial loss of genetic diversity, limiting the potential for further improvement of cultivated
germplasm (Bai and Lindhout, 2007; Razifard et al., 2020). In contrast, wild tomato species display
remarkable morphological and metabolic diversity and represent a rich reservoir of genetic
variation that can be harnessed to improve agronomic traits such as nutritional and flavor quality,
yield, and tolerance to biotic and abiotic stresses (Soyk et al., 2017; Tieman et al., 2017; Zhao et
al., 2019; Li et al., 2023). Recent studies employing transcriptomics, metabolomics, genome-wide
association studies (GWAS), and pangenomics have uncovered multiple loci and structural
variants underlying fruit trait diversity (Zhu et al., 2018; Zhao et al., 2019; Alonge et al., 2020;
Szymanski et al., 2020; Wang et al., 2020; Li et al., 2023). Despite these advances, the molecular
basis underlying phenotypic differences between cultivated and wild tomato species remains
largely unknown.

Phenotypic differences between species can arise from genetic variation in coding
sequences as well as from differences in gene expression. Increasing evidence suggests that
changes in gene expression contribute substantially to phenotypic evolution and speciation
(Tiroshauth et al., 2009; Meyer and Purugganan, 2013; Lemmon et al., 2014; Alonge et al., 2020).
In tomato, several genes cause phenotypic differences as a result of changes in gene regulation
rather than protein function. Examples include genes controlling fruit size and shape (Cong et al.,
2002; Xiao et al., 2008; Chakrabarti et al., 2013), flowering induction (Soyk et al., 2017), style
length (Chen et al., 2007), and flavor-related volatiles (Gao et al., 2019).

Regulatory divergence leading to gene expression differences can be caused by cis-acting
factors (e.g., DNA polymorphisms or DNA methylation changes), trans-acting factors (e.g.,
transcription factors or regulatory RNAs), or a combination of trans- and cis-effects (Wittkopp et
al., 2004; Tiroshauth et al., 2009; McManus et al., 2010; Lemmon et al., 2014; Crowley et al.,
2015; Signor and Nuzhdin, 2018; Bao et al., 2019). Mutations in cis-regulatory sequences
represent a prevalent mechanism underlying the evolution of phenotypic diversity, driving natural
or domestication-associated selection (Wittkopp and Kalay, 2012; Meyer and Purugganan, 2013;
Lemmon et al., 2014). Compared with mutations in coding regions, changes in cis-regulatory
elements are often less pleiotropic and can affect not only gene expression levels but also the
spatial and temporal specificity of expression. Consequently, cis-regulatory variants represent
attractive targets for crop improvement (Swinnen et al., 2016; Rodriguez-Leal et al., 2017).

Comparative transcriptomic analyses have revealed extensive gene expression differences
associated with phenotypic variation between cultivated tomato and its wild relatives (Koenig et
al., 2013; Sauvage et al., 2017; Doron-Faigenboim et al., 2023). However, such studies offer
limited insight into the regulatory mechanisms underlying gene expression divergence. One
approach to differentiate between cis- and trans-regulatory effects is the analysis of allele-specific
expression (ASE) in Fi hybrids compared with their parents. In Fi hybrids, the two parental alleles
are exposed to the same cellular environment and therefore to the same set of frans-acting factors.
Consequently, ASE differences in Fi hybrids provide a readout of cis-regulatory activities, whereas
expression differences between the parents that are not observed in the hybrids indicate trans-
regulatory divergence (Signor and Nuzhdin, 2018). Genome-wide ASE analyses have been used
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to characterize cis- and trans-regulatory divergence in several plant species (Cubillos et al., 2014;
Lemmon et al., 2014; Shao et al., 2019; Shi et al., 2024). In tomato, ASE analysis has been used
to characterize gene expression differences between cherry-type and large-fruited accessions
(Albert et al., 2018), and it has yet to be applied to evaluate interspecific gene expression variation
between cultivated tomato and its wild relatives.

In recent years, quantitative trait locus (QTL) mapping, GWAS, and pangenome studies
have uncovered that many genetic changes associated with tomato domestication and breeding
reside in cis-regulatory regions (Gao et al., 2019; Alonge et al., 2020; Szymanski et al., 2020;
Wang et al., 2020; Li et al., 2023). Nevertheless, the number of cis-regulated alleles identified to
date remains limited. This underscores the need for systematic approaches to expand the
identification and characterization of regulatory variants in tomato—not only to elucidate the
genetic basis of phenotypic divergence between cultivated tomato and its wild relatives but also to
support improvement of fruit traits in cultivated tomato.

In this study, we performed a tissue-specific ASE analysis across tomato fruit development
using F1 hybrids between cultivated tomato and three wild relatives spanning different evolutionary
distances. To enhance the power of detecting regulatory variants, we analyzed ASE in three fruit
tissues collected at three or four developmental stages. We examined both cis- and trans-regulatory
effects, their interactions, and patterns of gene expression inheritance. Our results reveal a
significant role of cis-regulatory divergence in determining gene expression differences between
cultivated and wild tomato species. The majority of cis effects were specific to particular fruit
tissues and/or developmental stages, underscoring the importance of tissue context in regulatory
variation. Regulatory variation was identified in diverse metabolic pathways, providing
evolutionary insights into the regulation of fruit nutritional quality and flavor traits. This study
provides a comprehensive inventory of allele-specific gene expression that can be leveraged to
explore regulatory divergence in genes and pathways contributing to fruit phenotypic diversity.

Results

Transcriptome sequencing of F1 hybrids and genome assemblies of parental lines

To investigate the basis of gene expression divergence in tomato, we performed ASE analysis using
F1 hybrids between S. Ilycopersicum and three wild tomato species that represent distinct
evolutionary lineages: the red-fruited close relative S. pimpinellifolium and the more distantly
related green-fruited species S. neorickii and S. pennellii. Crosses were made between each wild
species and its respective S. lycopersicum line-NC EBR-1 X S. pimpinellifolium LA2093, TA209
x S. neorickii LA2133, and M82 X S. pennellii LA0716—with reciprocal hybrids generated for the
NC EBR-1 x S. pimpinellifolium LA2093 cross (Fig. 1a). Parental lines were selected to align with
introgression lines (ILs) for S. pennellii (Alseekh et al., 2013), recombinant inbred lines (RILs) for
S. pimpinellifolium (Ashrafi et al., 2012), and backcross inbred lines (BILs) for S. neorickii (Brog
etal., 2019). RNA-seq analysis was performed for three fruit tissues (pericarp, placenta, and jelly)
at multiple developmental stages spanning fruit growth and maturation in both parents and F;
hybrids, with three biological replicates per sample. On average, 39.5 million and 19.0 million
cleaned read pairs were generated for the Fi hybrids and the parents, respectively (Supplementary
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Fig. 1 Experimental design and principal component analysis (PCA) of gene expression across
genotypes, fruit tissues, and developmental stages. a, Schematic of crosses and representative fruit
images of the parental lines and corresponding F; hybrids. b-d, PCA of total read counts for parents and F;

hybrids derived from crosses between S. lycopersicum and S. pimpinellifolium (b), S. neorickii (¢), and S.
pennellii (d). e-g, PCA of allele-specific read counts for parents and F; hybrids from crosses between Slyc
and Spimp (e), Sneo (f), and Spen (g). dpa, days post anthesis; MG, mature green; Br, breaker. Slyc, S.
lycopersicum; Spimp, S. pimpinellifolium; Sneo, S. neorickii; Spen, S. pennellii. Scale bar = 1 cm.

To enable accurate ASE quantification, we leveraged high-quality genome assemblies and
annotations for all parental lines. Reference genomes were already available for S.
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pimpinellifolium L A2093 (Wang et al., 2020) and S. lycopersicum M82 (Zhou et al., 2022). For S.
neorickii LA2133 and S. pennellii LA0716, we generated de novo assemblies using PacBio high-
fidelity (HiFi) long reads. We obtained 32.72 Gb of HiFi data (34.4x coverage, mean read length
of 13.2 kb) for LA2133 and 22.85 Gb (19.0x coverage, mean read length of 13.4 kb) for LA0716.
The resulting assemblies were highly contiguous, with total sizes of 831.2 Mb (contig N50 = 8.3
Mb) for LA2133 and 1,062.2 Mb (contig N50 = 10.6 Mb) for LA0716, and with 97.45% and 95.51%
of contigs anchored to chromosomes, respectively (Supplementary Table 2). High genome
completeness and accuracy were confirmed by k-mer analysis using Merqury (Rhie et al., 2020)
and BUSCO assessments (Simdo et al., 2015) (Supplementary Tables 2 and 3). For the S.
lycopersicum parental accessions NC EBR-1 and TA209, we reconstructed pseudogenomes using
[llumina short-read sequencing (64.4 Gb, 67.8x for NC EBR-1; 57.9 Gb, 60.9x for TA209),
aligning reads to the ‘Heinz 1706’ reference genome (v4.0) (Hosmani et al., 2019).

Synteny-guided orthologue mapping identified 37,686, 34,826, and 38,611 one-to-one
gene pairs between the parental genomes of S. lycopersicum and S. pimpinellifolium, S.
lycopersicum and S. neorickii, and S. lycopersicum and S. pennellii, respectively (Supplementary
Table 4). As expected, the number of parent-specific genes increased with increasing phylogenetic
distance from S. lycopersicum.

Gene expression patterns in F1 hybrids and their parental species

Principal component analysis (PCA) of genome-wide expression profiles revealed that S.
lycopersicum and S. pimpinellifolium clustered closely with their F; hybrids, with developmental
stage representing the major variable separating samples. Notably, at the ripe stage, pericarp
samples from the hybrids shifted toward the S. pimpinellifolium parent, indicating subtle parental
influences on ripening-related transcriptional programs (Fig. 1b). In contrast, hybrids involving
the more distantly related S. neorickii and S. pennellii separated clearly from their respective
parental lines, in addition to the separation by developmental stage (Fig. 1c,d). Tissue-specific
divergence was also observed; for example, jelly samples at the mature green (MG) stage in S.
neorickii hybrids and parents, and jelly sample at the breaker (Br) stage in S. pennellii hybrids and
parents, were clearly separated from the other samples (Fig. 1¢,d).

To quantify allele-specific expression across different fruit tissues and developmental
stages, RNA-seq reads from F; hybrids and their parents were partitioned into parent-specific
categories based on alignments to their respective parental genomes (Supplementary Table 1).
PCA of allele-specific expression profiles revealed consistent separation between parental alleles,
with Fi hybrid alleles clustering alongside their corresponding parents (Fig. 1e-g). Developmental
stage emerged as the primary factor shaping allele-specific expression in Fi hybrids and parents,
outweighing tissue-specific effects. However, notable exceptions were observed. For instance, in
S. lycopersicum x S. pennellii hybrids, the S. pennellii allele in jelly tissue showed partial
separation from other tissues at the MG and Br stages, highlighting localized regulatory divergence
restricted to specific tissue—stage combinations (Fig. 1g). Sample correlation analysis of allele-
specific gene expression further confirmed that parental alleles and their corresponding alleles in
F1 hybrids were in general tightly clustered according to developmental stage (Supplementary
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Fig. 1). Within stages, tissues generally clustered together, though discrepancies were observed at
the ripe stage, where jelly, pericarp, and placenta occasionally co-clustered, reflecting partial
convergence of transcriptional programs during ripening. Collectively, these results demonstrate
that developmental stage is the primary determinant of transcriptional regulation in tomato hybrids
while tissue type exerts a secondary yet still meaningful influence, particularly during early
ripening stages.

Regulatory effects underlying divergence between cultivated and wild tomato species

We next explored transcriptional divergence between cultivated tomato and its wild relatives by
assigning differentially expressed genes to different regulatory categories following established
frameworks (McManus et al., 2010; Lemmon et al., 2014), focusing on cis, trans, and their
interactions (cis + trans or cis x trans). Approximately half of the annotated genes were expressed
in each tissue and developmental stage in all hybrids (Supplementary Table 5). The majority
exhibited conserved expression (no significant allelic expression differences between parents or in
hybrids), with the highest proportions observed in S. pimpinellifolium hybrids (55-75%), followed
by S. neorickii (52-61%) and S. pennellii hybrids (42-56%) (Supplementary Table 5). In the
reciprocal S. lycopersicum % S. pimpinellifolium hybrids, 6,353 and 6,677 genes showed evidence
of cis and/or trans effects (Supplementary Data 1 and 2), whereas nearly twice as many genes
exhibited such effects in S. neorickii (12,716) and S. pennellii (14,460) hybrids (Supplementary
Data 3 and 4). This pattern indicates that regulatory divergence increases with increasing
evolutionary distance from cultivated tomato. Reciprocal S. lycopersicum x S. pimpinellifolium
hybrids exhibited nearly identical proportions of genes across regulatory categories, indicating
negligible parent-of-origin effects (Fig. 2; Supplementary Fig. 2).
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Fig. 2 Allele-specific expression in tomato hybrids. a, Percentage of genes in different regulatory
categories across fruit tissues and developmental stages. b, Scatter plots showing the relative expression of
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cultivated and wild alleles in parents versus the relative expression of the corresponding alleles in the F;
hybrid for pericarp tissue at the ripe stage. MG, mature green; Br, breaker. Slyc, S. [ycopersicum; Spimp, S.
pimpinellifolium; Sneo, S. neorickii; Spen, S. pennellii.

In all tissues and stages cis-regulated genes were prevalent among those showing allelic
expression differences, accounting for 3-22% of expressed genes, with notably higher proportions
in S. neorickii and S. pennellii hybrids (Fig. 2a,b). Overall, the number of cis-regulated genes
increased during ripening (Fig. 2a; Supplementary Table 5), suggesting a central role of cis-
acting variants in fine-tuning ripening-associated pathways. In contrast, trans-regulated genes
represented a smaller proportion (1-5% of expressed genes) and displayed a relatively consistent
pattern across hybrids. Genes with combined cis- and trans-regulation (0.4-2%) or compensatory
effects (0.4-1.8%) were comparatively rare. Tissue-level analyses revealed slightly higher
proportions of cis-regulated genes in jelly compared to placenta and pericarp in ripe tissues of S.
pimpinellifolium and S. pennellii hybrids, whereas in S. neorickii hybrids, pericarp harbored a
higher proportion of cis-regulated genes than jelly and placenta (Fig. 2a; Supplementary Table
5).

To determine the relative contributions of cis and frans regulation to parental expression
divergence, we calculated the proportion of divergence due to cis effects for groups of genes binned
by the magnitude of parental expression differences calculated as |logz (P2/P1)| (P1, cultivated
parent; P2, wild parent). In general, divergence due to cis effects increased with total parental
divergence in all hybrids, with the exception of S.pimpinellifolium hybrids at the ripe stage (Fig.
3a; Supplementary Fig. 3a). The increase in the proportion of cis regulatory contributions with
greater parental divergence was particularly pronounced for genes under cis + trans regulation, in
which cis and trans effects acted in the same direction (Supplementary Fig. 4). Quantification of
parental expression divergence magnitude, further showed that cis + trans-regulated genes
consistently exhibited the largest parental expression differences in both S. neorickii and S.
pennellii hybrids (Fig. 3b; Supplementary Fig. 3b). In S. pimpinellifolium hybrids, the largest
parental expression differences were generally observed in either cis, cis + trans or cis x trans-
regulated genes, depending on tissue and developmental stage (Fig. 3b; Supplementary Fig. 3b).
A striking phylogenetic pattern emerged in parental expression bias expressed as log2(P2/P1). Both
S. neorickii and S. pennellii hybrids displayed predominant upregulation of wild alleles (parental
divergence direction > 0) across all regulatory modes, whereas in S. pimpinellifolium hybrids this
bias was restricted to specific tissues and developmental stages (Fig. 3¢c; Supplementary Fig. 3c).
As expected, genes with cis-regulated effects (cis, cis + trans, or cis x trans) exhibited greater cis-
regulatory divergence magnitude than frans effect in Fi hybrids, which showed near zero cis effect
magnitude (Fig. 3d; Supplementary Fig. 3d). Further examination of cis-regulatory divergence
revealed consistent directional biases: genes under cis and cis + trans regulation preferentially
showed upregulation of the wild allele (cis divergence direction > 0), albeit with minor
discrepancies in specific tissues or stages (Fig. 3e; Supplementary Fig. 3e). In contrast, cis x
trans-regulated genes exhibited predominantly upregulation of cultivated alleles (cis divergence
direction < 0) across most tissues and hybrids, with exceptions in tissues at 7 dpa and MG in S.
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divergence in x-axis. b-e, Parental divergence magnitude [|log2(P2/P1)|] (b), parental divergence direction
[log2(P2/P1)] (¢), cis divergence magnitude [|log2(P2/P1)| in Fi] (d), and cis divergence direction
[log2(P2/P1) in F] (e) for genes under cis, trans, cis + trans, or cis * trans regulation. P1, cultivated parent;
P2, wild parent. In all panels: S. lycopersicum x S. pimpinellifolium (left), S. lycopersicum x S. neorickii
(middle) and S. lycopersicum * S. pennellii (right). Significant deviations from zero, indicated by red stars
(*), were inferred using the Wilcoxon test (P < 0.05).

pimpinellifolium hybrids (Fig. 3e; Supplementary Fig. 3e). Collectively, these findings
demonstrate that cis-regulatory contributions increase with overall parental expression divergence,
with cis + trans regulation driving the most pronounced transcriptional differences and
developmental stage dynamically modulating parental expression biases.

An analysis of the tissue- and stage-specific distribution of cis-regulated genes revealed
that the proportion of genes exhibiting cis effects exclusively in a single tissue and developmental
stage ranged from 3% to 38% (Supplementary Table 6). The proportion of tissue-specific cis-
regulated genes decreased with increasing phylogenetic distance from cultivated tomato and was
overall lower in the placenta than in other tissues (Fig. 4). Although most tissue-specific cis-
regulated genes were unique to individual hybrids, some showed conserved tissue-specific cis
effects across all hybrids. For example, SIKLUH (Solyc03g114940), which encodes a cytochrome
P450 involved in controlling fruit mass (Chakrabarti et al., 2013), displayed placenta-specific cis
regulation in all hybrids, and was expressed predominantly at early developmental stages.
Expression of the wild allele of SIKLUH was significantly lower than that of the S. lycopersicum

S . )
a - o Slyc x Spimp b 'f"b @&@ i Spimp x Slyc
- T 4
200 g S 8 AR 3
o I I Iiﬂ«‘o,\"aé«;@“ SO '19‘1"1« § g 3 o 100 IIII S P4 @&b@oyg‘v Qo § g
0 RN EEeeee=? 0 T T .. .....-

Jelly_Ripe ® z 1052 Pericarp_| MG L S 572
Pericarp_Ripe ° I . 878 Pericarp_Ripe @ I I 549
Placenta_Ripe I 869 Placenta_Ripe . 310
Pericarp_MG I . 852 Jelly_MG I 302

Jelly_MG . 749 Placenta_MG I 774
Pericarp_7dpa . 749 Jelly_Ripe I 768
Placenta_7dpa . 725 Placenta_7dpa 741
Placenta_MG . 581 Pericarp_7dpa 739

c
&6 ,\ Slyc x Sneo d o ,go S bh N Slyc x Spen
- B u") >° - 2P0 o o
E P2 5 PSS
8400 rb 5'@@« 3 q'q’q’\‘ﬂou% $
NS
200 I II% SIS eae 8 8 ° IIIIII 289 g g 8
3 limnmmman: ¢ 5 Illllllll?_‘.“_‘{_‘f

i i . 3228 Jelly_Ripe I 3649
Pericarp_Ripe x — Placenta_ Rp — 3490
Placenta_Ripe I 3182 Pericarp__| . N 3260
Pericarp_MG . 3078 Pericarp_Ripe ° I 3256

P 2765 Sy, nfe ® — 3113

& e
Pericarp_7dpa @ Pericarp_27dpa = ® 2096
Placenta_7dpa I 2752 Placenta_MG E_— 2979

Jelly_Ripe . 2639 Placenta Br © EE. 2918

a Jelly Br — 2909
Placenta_MG I 2579 Jelly_| — 2829

Jelly MG 2294 Pericarp_Br o — 2351

elly_! Placenta_21dpa

Fig. 4 Tissue- and stage-specific distribution of cis-regulated genes. a-d, Upset plot of cis-regulated
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allele (Supplementary Fig. 5a), consistent with the reported association between reduced
SIKLUH expression and smaller fruit size (Chakrabarti et al., 2013; Alonge et al., 2020). Another
example is a zeta-carotene desaturase gene (Solyc01g097810), which in S. pennellii hybrids
exhibited cis regulation exclusively in the pericarp at the ripe stage, despite being expressed in all
fruit tissues (Supplementary Fig. 5b). Notably, pericarp-specific cis regulation of this gene was
also observed in S. pimpinellifolium hybrids; however, in this case expression was biased toward
the wild allele, whereas in S. pennellii hybrids the wild allele was downregulated (Supplementary
Fig. Sb). Together these examples underscore the remarkable tissue specificity of cis-regulatory
events.

To explore the genetic basis of these cis effects, we examined the enrichment of structural
variants (SVs; >30 bp) within 2-kb promoter regions of cis- versus trans-regulated genes. In S.
pimpinellifolium hybrids, cis-regulated genes were more likely to harbor promoter SVs than trans-
regulated genes, whereas in S. neorickii and S. pennellii hybrids, the proportions were more
balanced (Supplementary Table 7). Notably, among constitutively cis-regulated genes—those
showing cis effects across all tissues and stages—promoter SVs were strikingly enriched,
particularly in S. pennellii hybrids, where 70.7% of such genes carried them (Supplementary
Table 7). This suggests that promoter SVs are likely a key driver of stable cis-regulatory
divergence, especially in the more distantly related wild species.

Gene expression inheritance in F; hybrids

We next examined gene expression inheritance patterns in the hybrids and classified them as
additive, dominant, overdominant, and underdominant. Across all hybrids, the total numbers of
dominant and overdominant genes were similar, but notable differences were observed in the
numbers of underdominant and additive genes (Supplementary Fig. 6). Specifically, S. neorickii
and S. pennellii hybrids contained fewer underdominant genes and showed a substantially higher
prevalence of additive inheritance compared with S. pimpinellifolium hybrids. Tissue- and stage-
specific patterns were also evident. For instance, jelly samples at the MG stage in S.
pimpinellifolium hybrids and placenta samples at 21 dpa in S. pennellii hybrids, harbored higher
proportion of cultivated parent dominant genes (P1-dominant) relative to other tissues. More
broadly, wild parent dominance (P2-dominant) was predominant in S. neorickii and S. pennellii
hybrids (Fig. Sa), suggesting that with increasing evolutionary divergence, transcriptional control
in hybrids becomes increasingly biased toward wild alleles.

To establish functional connections between inheritance pattern and regulatory mechanisms, we
systematically examined distributions of inheritance modes among cis- and trans-regulated genes.
In S. pimpinellifolium hybrids, cis- regulated genes predominantly exhibited over-dominant
inheritance (28.2-39.2%, average 33.7%) and markedly low additive inheritance (6.8-15.5%,
average 12.3%) (Fig. Sb; Supplementary Fig. 6). This regulatory profile shifted in hybrids with
more phylogenetically distant species: S. neorickii hybrids showed a marked increase in additive
inheritance (18.8-33.5%, average 25.7%) accompanied by a reduction in over-dominance (average
12.8%). Notably, S. pennellii hybrids displayed extreme parental-dominance biases, with P1-
dominant inheritance reaching 48.3% in placenta tissue at 21 dpa, and P2-dominant inheritance
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peaking at 51.4% in jelly tissue at the MG stage, while intermediate additive inheritance levels
were maintained (20.1-35.7%, average 27.9%) (Fig. 5b; Supplementary Fig. 6).
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regulation for each inheritance category. Within each inheritance category, bars represent individual stages
or tissues, shown in the same order as in panel a. P1, cultivated parent; P2, wild parent. dpa, days post
anthesis; MG, mature green; Br, breaker. Slyc, S. lycopersicum; Spimp, S. pimpinellifolium; Sneo, S.

neorickii; Spen, S. pennellii.

Inheritance patterns for trans-regulated genes in S. pimpinellifolium hybrids were similar
to those observed for cis-regulated genes and showed pronounced over-dominance (24.38-54.06%;
mean: 37.95%), exceeding the levels in cis-genes by ~4%. Both S. neorickii and S. pennellii
hybrids exhibited elevated P2-dominant inheritance compared to S. pimpinellifolium (Fig. S¢).
Collectively, these data reveal an inverse relationship between phylogenetic distance and over-
dominant inheritance, with increasing parental-dominance polarization in more distant relatives,
suggesting that transcriptional inheritance architectures are systematically reprogrammed with
genetic divergence.

We further evaluated the contribution of cis regulation across inheritance categories. In S.
neorickii and S. pennellii hybrids, cis-regulated genes were prevalent across all inheritance
categories (Fig. 5d), consistent with the pervasive role of cis variation in shaping gene expression
divergence in these lineages (Fig. 2a). By contrast, in S. pimpinellifolium hybrids, cis- and trans-
regulation contributed more evenly across categories, with one exception: underdominant
inheritance at the ripe stage showed an increased proportion of trans-regulated genes. Altogether,
these results indicate that, with increasing phylogenetic distance, gene expression inheritance in
tomato hybrids shifts towards additive and wild-parent dominant modes, driven largely by cis-
regulatory changes, providing mechanistic insight into the regulatory complexity underlying
phenotypic diversity.

Regulatory variation underlying tomato flavor and nutrition
To investigate how regulatory divergence shapes tomato fruit nutritional and flavor quality, we
examined allele-specific expression of genes involved in the accumulation of carotenoids,
flavonoids, alkaloids, sugars, and volatiles—key determinants of tomato nutrition, flavor, and
consumer preference.

Carotenoids provide both pigmentation and nutritional values. Unlike red-fruited species,
S. pennellii and S. neorickii retain green fruit at the ripe stage due to the lack of lycopene
accumulation. Key genes—including GGPPS (Solyc04g079960, Solyc09g008920), PSY1
(Solyc03g031860), PDS (Solyc03g123760), Z-1SO (Solyc12g098710), ZDS (Solyc01g097810),
LCYB (Solyc10g079480), and LCYE Solycl2g008980)—displayed lineage-specific regulation
dominated by cis-effects (Fig. 6a). Hybrids with the green-fruited species showed cis and trans
effects upregulating the cultivated alleles of PSY/ and genes involved in downstream steps of
lycopene synthesis, such as Z-ISO. In contrast, the wild alleles of LCYE and LCYB, which divert
carotenoid flux away from lycopene toward 6- and y-carotenes, were upregulated exclusively
through cis effects (Supplementary Fig. 7). This allele-specific rewiring of the carotenoid
pathway explains the lack of lycopene accumulation in green-fruited wild species and illustrates
how cis-regulatory changes drive striking phenotypic divergence in fruit color and nutritional
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We observed widespread cis or cis + trans regulation of phenylpropanoid pathway genes
in S. neorickii and S. pennellii hybrids (Fig. 6b). For example, PAL (Solyc10g086180), encoding
phenylalanine ammonia lyase, a key enzyme regulating hydroxycinnamate and flavonoid
accumulation (Brog et al., 2019), showed near-constitutive cis-regulation with significantly higher
expression of the wild allele (Supplementary Fig. 8). Similarly, CHII (Solyc05g010320),
encoding chalcone isomerase that catalyzes the committed step in the production of flavonoids,
was consistently cis-regulated and favored the wild allele across tissues and developmental stages.
In addition, trans-regulatory variation was detected specifically in pericarp tissue for genes such
as CHS2, F3'H, FLS, and Fd3GlcT. Together with cis variants in flavonoid glycosylation genes,
these findings expand the catalog of regulatory variants influencing polyphenolic diversity.

Domestication has markedly reduced bitter and toxic steroidal glycoalkaloids (SGAs) in
modern tomatoes (Zhu et al., 2018). We detected predominant trans-regulation in early pathway
genes that convert cholesterol to a-tomatine (Fig. 6¢), with S. pennellii alleles showing elevated
expression relative to S. lycopersicum alleles, whereas S. neorickii alleles were downregulated. By
contrast, late-pathway genes (e.g., GAME36, GAMES), which catalyze the conversion of
hydroxytomatine into non-bitter esculeoside A, showed strong cis-regulation, with cultivated
alleles driving enhanced ripening-associated expression (Supplementary Fig. 9). These results
suggest a domestication-linked regulatory shift: frans-regulation maintains a-tomatine
biosynthesis in immature fruit, while cis-variants in cultivated alleles enhance its conversion into
non-toxic, non-bitter metabolites during ripening.

Sugar composition represents a fundamental domestication trait that distinguishes
cultivated tomatoes—which accumulate primarily fructose and glucose—from their wild relatives
(e.g., S. neorickii and S. pennellii), which additionally accumulate sucrose (Husain et al., 2001).
However, the cis- and frans-regulatory mechanisms governing sucrose accumulation and
partitioning remain poorly understood. Our analysis of key sucrose metabolism genes revealed
species-specific regulatory architectures underlying these metabolic differences. The vacuolar
invertase gene T1V1 (Solyc03g083910), which encodes an enzyme critical for sucrose hydrolysis
(Klann et al., 1996), exhibited divergent regulatory pattern across species. It was predominantly
trans-regulated in S. pimpinellifolium hybrids but shifted to near-constitutive cis-regulation in both
S. neorickii and S. pennellii hybrids, with consistent upregulation of the cultivated allele across
developmental stages (Supplementary Fig. 10). This regulatory divergence was complemented
by allele expression differences in the invertase inhibitor gene SIVIF (Solycl2g099190), which
inhibits sucrose hydrolysis during ripening (Qin et al., 2016). The wild SIVIF allele exhibited
significantly higher expression than the cultivated allele in S. neorickii and S. pennellii hybrids
during ripening—particularly at the ripe stage—thereby establishing a coordinated regulatory circuit
that favors sucrose accumulation in green-fruited wild species (Supplementary Fig. 10). Together,
these allele-specific expression patterns underscore the functional significance of 77V 1 and SIVIF
in fine-tuning sucrose metabolism and establish that cis-regulatory divergence has been a primary
mechanism underlying the optimization of sugar partitioning during tomato domestication and
species evolution.

Volatile compounds are key determinants of tomato flavor and consumer preference. Our
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analysis revealed extensive cis-regulatory divergence in genes involved in the biosynthesis of
volatiles derived from fatty acids, branched-chain amino acids (BCAAs), and nitrogen-containing
precursors (Supplementary Fig. 11a). For fatty acid-derived volatiles, LIPI (Solyc12g055730)
(Garbowicz et al., 2018) and TomLoxC (Solyc01g006540) (Shen et al., 2014) exhibited cis
regulation during ripening. LIP1, encodes a lipase associated to the release of fatty acids from
tryacylglycerols and was regulated by cis and cis + trans interactions in S. neorickii and S. pennellii
hybrids during ripening favoring expression of the wild allele. TomLoxC, a lipoxygenase gene
regulating fatty acid-derived volatile and apocarotenoid formation, exhibited a dynamic allelic
expression shift during fruit development: in S. pimpinellifolium and S. pennellii hybrids the wild
allele was preferentially expressed at early fruit stages, whereas the cultivated allele became
dominant during ripening (Supplementary Fig. 11). This temporal shift aligns with previous
findings that sequence variation in the 7omLoxC promoter underlies transcriptional differences
between wild and cultivated alleles (Gao et al., 2019; Li et al., 2023). In S. neorickii hybrids,
however, wild alleles remained upregulated even during ripening, suggesting the involvement of
distinct cis-regulatory elements in S. neorickii.

SIBCATI (Solyc12g088220), which encodes a branched-chain aminotransferase involved
in the biosynthesis of branched chain amino acid (BCAA)-derived volatiles (Maloney et al., 2010),
showed near-constitutive cis regulation in S. pennellii hybrids with upregulation of the cultivated
allele (Supplementary Fig. 11a). On the other hand, the S. pimpinelifolium allele of FLORAL4
(Solyc04g063350), which functions in the catabolism of BCAA and may also play a role in the
production of phenolic-derived volatiles (Tikunov et al., 2020), was favored showing near-
constitutive cis-regulation.

Additionally, several phenylpropanoid derived and nitrogen-containing volatile genes
showed cis- and cis +trans regulatory divergence during ripening. SITNH1, a gene involved in the
ripening-related accumulation of nitrogenous volatiles (Liscombe et al., 2022) exhibited higher
expression of the cultivated allele in S. pennellii hybrids. SIMES!I (Solyc02g065240), encoding a
methyl esterase involved in salicylic acid-derived volatile metabolism (Frick et al., 2023), showed
upregulation of the S. pimpinellifolium and cultivated allele in S. pimpinellifolium and S. neorickii
hybrids, respectively. However, The S. neorickii allele of CTMOTI (Solyc10g005060), a gene
encoding a cathecol methyltransferase responsible for the synthesis of guaicol (Mageroy et al.,
2012), was upregulated by cis effects (Supplementary Fig. 11b). Together, these results illustrate
the complex and dynamic allele-specific regulatory landscape underlying volatile biosynthetic
pathways in tomato hybrids, linking regulatory variation to metabolic and sensory diversity
between cultivated tomatoes and their wild relatives.

Discussion

Wild tomato species harbor remarkable morphological, metabolic, and genetic diversity, making

them invaluable resources for tomato genetics and breeding (Meléndez-Martinez et al., 2010; Lin

et al., 2014; Zhu et al., 2018; Li et al., 2023). The high-quality reference genomes of S. pennellii

and S. neorickii generated in this study complement recently published wild tomato genomes

(Wang et al., 2020; Li et al., 2023) and enable precise dissection of gene regulatory evolution. By
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integrating these high-quality genomes with high-resolution, tissue- and stage-resolved
transcriptomes from interspecific crosses spanning diverse phylogenetic distances, we performed
a comprehensive analysis of allele-specific expression in hybrids of cultivated tomato with three
of its wild relatives. Recent studies in plants and animals have emphasized the role of tissue and
cell type specificity in shaping the effects of regulatory variants (Andergassen et al., 2017;
Ramasamy et al., 2025; Marand et al., 2025). However, comprehensive ASE analyses across
tissues and developmental stages remain scarce in plants. Here, we included distinct fruit tissues
at various stages of fruit development to enhance the power for capturing regulatory variation. Our
results show a predominance of cis-regulated genes—particularly pronounced in hybrids involving
the more distantly related wild species S. neorickii and S. pennellii—underscoring the central role
of cis regulation in shaping phenotypic diversity during tomato evolution and domestication.
Notably, a large number of genes exhibited cis regulation exclusively in a specific fruit tissue and
/or developmental stage, highlighting the remarkable tissue specificity of the ASE process.

A prominent example of regulatory evolution is the extensive rewiring of ripening-associated
metabolism required to convert bitter, chemically defended wild fruits into palatable, nutrient-rich
cultivated tomatoes. This transition involves the coordinated downregulation of anti-nutritional
steroidal glycoalkaloid (SGA) biosynthesis (Zhu et al., 2018; Liu et al., 2023a). Our analyses
reveal a sophisticated dual regulatory pattern: frans regulation predominates in immature fruits to
maintain defensive a-tomatine accumulation, whereas cis-regulatory variants in cultivated alleles
promote the ripening-specific conversion of bitter tomatines into non-toxic esculeosides. This
“defense early, edibility at maturity” switch exemplifies how ASE analyses can uncover the precise
regulatory shifts that underlie tomato domestication.

Sugar metabolism is a hallmark domestication trait (Zhang et al., 2024). Our results reveal
distinct cis-regulatory evolutionary trajectories in sucrose metabolism genes across tomato species.
For example, we identified cis-regulated alleles shared by S. neorickii and S. pennellii in key
metabolic genes, such as the vacuolar invertase gene 77V, which catalyzes the hydrolysis of
sucrose into fructose and glucose. Concurrently, the invertase inhibitor gene S/VIF, which binds
to and suppresses 77V 1 activity, showed upregulation of the wild allele during ripening. This
coordinated regulation reduces sucrose hydrolysis and thereby promotes sucrose accumulation in
these green-fruited wild species. These allele-specific expression patterns underscore the
functional significance of 77V1 and SIVIF in fine-tuning sucrose metabolism. More broadly, they
illustrate how cis-regulatory divergence contributes to the diversification of sugar profiles across
tomato lineages, highlighting transcriptional reprogramming of sugar metabolism as a key feature
of tomato evolution and domestication.

Cis-regulatory divergence is also evident in carotenoid biosynthesis, where cis-regulatory
variants of PSYI, LCYB, and LCYE explain the evergreen fruit phenotype of S. pennellii and S.
neorickii, in which lycopene synthesis is blocked and the pathway is diverted toward alternative
carotenoids. Similarly, allelic differences in PAL and CHI may result in phenylalanine and
flavonoid accumulation in S. neorickii and S. pennellii, consistent with QTLs identified in wild
introgression lines (Brog et al., 2019; Szymanski et al., 2020).

Fruit volatiles are critical determinants of consumer preference yet remain a major
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challenge in tomato breeding (Tieman et al., 2017; Klee and Tieman, 2018; Zhao et al., 2019).
Extensive cis-regulatory divergence in genes involved in the biosynthesis of volatiles derived from
fatty acids, branched-chain amino acids, and nitrogen-containing precursors provides a genetic
blueprint for flavor diversification. Our results indicate that promoter SVs are likely a key driver
of stable cis-regulatory divergence, particularly in more distantly related wild species. A similar
mechanism has been reported for 7TomLoxC, in which a rare promoter allele greatly impacts tomato
fruit flavor (Gao et al., 2019).

In conclusion, our study presents a high-spatiotemporal-resolution map of allele-specific
expression underlying tomato fruit ripening. We establish cis regulation as a cornerstone of tomato
evolution and domestication, shaping key quality traits such as sweetness, color, and flavor. By
demonstrating how ASE analysis in interspecific hybrids can decode the evolutionary pattern of
complex traits, this work advances our understanding of tomato domestication and identifies
regulatory targets for future precision breeding aimed at improving tomato quality.

Materials and Methods

Genome sequencing, assembly, and pseudogenome construction

For S. neorickii LA2133 and S. pennellii LA0716, high-molecular-weight DNA was extracted from
young fresh leaves using the cetyltrimethylammonium bromide (CTAB) method. PacBio SMRT
libraries were constructed following the standard SMRTbell construction protocol (PacBio, USA)
and sequenced on the PacBio Sequel II platform to generate HiFi reads. HiFi reads from each
accession were assembled into contigs using hifiasm (Cheng et al., 2021) (v0.16.1-r375) with
default parameters. The resulting contigs were then clustered into pseudochromosomes using
RagTag (Alonge et al., 2022) (v2.1.0), with the S. neorickii ZY58 (Li et al., 2023) and S. pennellii
LAO716 (Bolger et al., 2014b) genome assemblies serving as references for S. neorickii LA2133
and S. pennellii LA0716, respectively.

For S. lycoperiscum NC EBR-1 and TA209, genomic DNA was extracted from young fresh
leaves using the DNeasy Plant Mini Kit (QIAGEN). Illumina libraries were constructed using the
[llumina Genomic DNA Sample Preparation kit and sequenced on a NextSeq 500 platform. Raw
reads were processed to trim adaptors and low-quality sequences using Trimmomatic (Bolger et
al., 2014a) (v0.39) with parameters ‘TruSeq3-PE-2.fa:2:30:10:1: TRUE SLIDINGWINDOW:4:20
LEADING:3 TRAILING:3 MINLEN:40’. Cleaned reads were mapped to the ‘Heinz 1706’
reference genome (v4.0) (Hosmani et al., 2019) using BWA-MEM (Li, 2013) (v0.7.17) with
default parameters. SNPs and small indels were then called using the Sentieon software package
(https://www.sentieon.com/) and filtered using GATK (Mckenna et al., 2010) (v3.8) with
parameters ‘QD < 2.0 || FS > 60.0 || MQ < 40.0 || SOR >3.0 || MQRankSum < -12.5 ||
ReadPosRankSum < -8.0” for SNPs and ‘QD < 2.0 || FS > 200.0 || ReadPosRankSum < -20.0’ for
small indels. The resulting high-quality variants were then patched and projected onto the ‘Heinz
1706’ genome to generate the final pseudogenomes of NC EBR-1 and TA209 using the g2gtools
pipeline (https://github.com/churchill-lab/g2gtools).

Repetitive sequence annotation and protein-coding gene prediction
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Repetitive sequences in the S. neorickii LA2133 and S. pennellii LA0716 genome assemblies were
annotated using EDTA (Ou et al., 2019) (v2.0.1) with parameters ‘--sensitive 1 --anno 1°. Protein-
coding genes were predicted from the repeat-masked genomes by integrating evidence from ab
initio, homology-based, and transcriptome-based gene predictions. Ab initio gene predictions were
performed using AUGUSTUS (Stanke et al., 2006) (v3.4.0), SNAP (Korf, 2004) (v2006-07-28)
and GeneMark-ES (Lomsadze et al., 2005) (v4.69 lic). Homology-based evidence included
protein sequences from tomato ‘Heinz 1706’ (v5.0) (Zhou et al., 2022), pepper Zhangshugang (Liu
et al., 2023b), S. pennellii LA0716 (Bolger et al., 2014b) and other recently generated cultivated
and wild tomato genomes (Li et al., 2023). Transcriptomic evidence was derived from RNA-seq
data generated in this study and from NCBI (accession numbers SRR11044803, SRR3031964,
SRR3119152, SRR3119156, SRR12714714, and SRR3031975). RNA-seq reads were processed
using Trimmomatic (Bolger et al., 2014a) (v0.39) and de novo assembled using Trinity (Haas et
al., 2013) (v2.14.0). Predictions from the above three approaches were integrated using Maker
(Cantarel et al., 2008) (v3.01.04). To further improve gene prediction accuracy, gene models from
‘Heinz 1706’ (v5.0) (Zhou et al., 2022) and the recently generated cultivated and wild tomato
genomes (Li et al., 2023) were mapped to all six parental genomes using Liftoff (Shumate and
Salzberg, 2021) (v1.6.3) with parameters ‘-copies -sc 0.97 -exclude partial -s 0.97 -a 0.95 -p 50°.
Final gene models of the six parents were then generated using EVidenceModeler (Haas et al.,
2008) (v1.1.1).

Protein-coding genes were functionally annotated by comparing their protein sequences
against the NCBI non-redundant (nr), TTEMBL/SwissProt (Boeckmann et al., 2003), and InterPro
(Mitchell et al., 2015) databases.

Identification of unique gene-to-gene pairs between parental genomes

Unique gene-to-gene pairs between the two parents of each cross were identified by first mapping
gene models from the cultivated parent to the wild parent genome using Liftoff (Shumate and
Salzberg, 2021) (v1.6.3) with parameters ‘-copies -sc 0.97 -exclude partial -s 0.97 -a 0.95 -p 50°.
Genes from the wild parent that did not overlap mapped regions were then mapped back to the
cultivated parent genome following the same procedure. Mapped gene models lacking valid open
reading frames were still retained for further RNA-seq read mapping purpose. In addition, owing
to the high synteny between the two parent genomes, only unique gene-to-gene pairs located on
the same chromosomes were retained.

Plant growth, RNA isolation, and sequencing

Solanum lycopersicum accessions M82, TA209, and NC EBR-1, S. pimpinellifolium 1L.A2093, S.
pennellii LA0716, and S. neorickii LA2133 were grown under standard greenhouse conditions
with a 16 h/8 h light/dark photoperiod and day/night temperatures of 26 °C/18 °C. Reciprocal
crosses between NC EBR-1 and LA2093 were performed using NC EBR-1 as either the pollen
acceptor (NC EBR-1 x LA2093) or pollen donor (LA2093 x NC EBR-1). Crosses of M82 x
LAO716 and TA209 x LLA2133 were also performed, with wild parents used as pollen donors.
Parents and F; hybrids were grown under the same conditions described above, and hand
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pollinations were performed to ensure accurate dating of fruit age. For reciprocal crosses between
NC EBR-1 and LA2093, fruits were collected at 7 dpa, mature green (MG), and ripe stages. For
M82 x LA0716, fruits were collected at 21 dpa, MG, breaker (Br), and ripe stages. For TA209 x
LA2133, fruits were collected at 7 dpa, MG, and ripe stages. At each stage, pericarp, placenta, and
jelly tissues (when possible) were collected from 10 randomly selected individual plants per
genotype. Total RNA was isolated from frozen tissues using the RNeasy Mini Kit (Qiagen). Strand-
specific libraries were constructed following Zhong et al. (2011) and sequenced on an Illumina
NextSeq 500 platform. Three biological replicates were conducted for each sample.

Allele-specific expression quantification and regulatory mode classification
Raw RNA-seq reads were first processed using Trimmomatic (Bolger et al., 2014a) (v0.39) to
remove adaptor and low-quality sequences with parameters ‘TruSeq3-PE-2.fa:2:30:10:1: TRUE
SLIDINGWINDOW:4:20 LEADING:3 TRAILING:3 MINLEN:40’. Poly(A/T) tails were
trimmed using PRINSEQ++ (Cantu et al.,, 2019) (v1.2.4) with parameters ‘-min_len 40 -
trim_tail left 10 -trim_tail right 10’ and rRNA contaminations were removed by aligning reads to
the SILVA rRNA database (Quast et al., 2013) (release 138) using HISAT2 (Kim et al., 2019)
(v2.2.1). The resulting cleaned reads were mapped separately to the genomes of both parents using
HISAT2. RNA-seq reads were then assigned to one of the two parents with higher mapping
qualities or fewer mismatches. Reads with equal mapping qualities to both genomes were excluded
from the downstream analyses.

Raw read counts for each unique gene-to-gene pair were calculated using featureCounts
(Liao et al., 2014) (v2.0.3) with parameters ‘-p -s 2 --countReadPairs -M -t gene’ and normalized
to FPKM (fragments per kilobase of exon per million mapped fragments). Only genes with FPKM
> 1 in at least one sample of either parent or either parental allele in F; hybrids were retained for
regulatory mode classification. Two separate binomial exact tests were conducted using the
DESeq2 R package (Love et al., 2014): one comparing the two parents (P1, cultivated; P2, wild)
and the other comparing the parental alleles in F; hybrids. Genes showing an adjusted P-value <
0.05 and fold change > 2 or < 0.5 were considered differentially expressed. To assign regulatory
patterns (cis, trans, and their interactions), Fisher’s exact test (adjusted P-value < 0.05) was applied
using expression values from the two parents and the two parental alleles in F; hybrids. Based on
these tests, genes were classified into five regulatory modes, following McManus et al. (2010) and
Lemmon et al. (2014): (1) cis-regulated, if significant expression differences were observed
between parents and between parental alleles in Fi hybrids but not in Fisher’s exact test; (2) trans-
regulated, if significant expression differences were observed between parents and in Fisher’s
exact test but not between parental alleles in F; hybrids; (3) cis + trans-regulated if all three tests
were significant and the favored allele showed increased expression in both parents and F; hybrids;
(4) cis x trans-regulated, if all three tests were significant but the favored allele showed increased
expression in only one context (either parents or hybrids) but not both; and (5) compensatory if
significant expression differences were observed between parental alleles in Fi hybrids and in
Fisher’s exact test but not between the parents. All other patterns of significance or non-
significance with no clear interpretation were named ambiguous.
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The magnitude of cis effects was estimated by |logz (hybrid P2 / hybrid P1)| and the magnitude
of trans effects was calculated by subtracting cis effects from the total expression divergence
between parental species: [log> (parent P2 / parent P1) - |log> (hybrid P2 / hybrid P1)|. The
percentage of expression divergence contributed by cis effects was calculated as: %cis = cis

magnitude / (cis magnitude + trans magnitude) x 100. The percentage of expression divergence

contributed by trans effects was calculated as: %trans = trans magnitude / (cis magnitude + trans

magnitude) x 100.

Gene expression inheritance

Gene expression inheritance was determined by comparing expression levels in F1 hybrids with
those in their parents. Genes whose expression in F; hybrids was significantly lower than in P1
(cultivated parent) while significantly higher than in P2 (wild parent), or vice versa, were classified
as additive. Genes whose expression in F; hybrids differed significantly from P2 but not from P1
were classified as P1-dominant, whereas genes differing significantly from P1 but not from P2
were classified as P2-dominant. Genes whose expression in F; hybrids was significantly higher
than in both parents were classified as over-dominant, and those significantly lower than in both
parents were classified as under-dominant.

Variant identification among the six parents

Genomic variants, including SNPs, small indels, and SVs, were detected among the six parents
using the Minigraph-Cactus pipeline (Hickey et al., 2024) with parameters ‘--
permissiveContigFilter 0.1 --maxLen 10000 --clip 10000 --vcf --giraffe --gfa --gbz --odgi’, using
the M82 genome as the reference.

Data availability

Raw RNA-seq reads have been deposited in the NCBI BioProject database under the accession
number PRINA1348326. Raw HiFi reads and genome assemblies have been deposited in the
NCBI Bioproject database under the accession number PRINA807529. Genome assemblies and
annotations are also available at http://ted.bti.cornell.edu/ftp/tomato_genome/.
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