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Abstract

MicroTom has a short growth cycle and high transformation efficiency, and is a prospective model plant for studying organ development,
metabolism, and plant-microbe interactions. Here, with a newly assembled reference genome for this tomato cultivar and abundant
RNA-seq data derived from tissues of different organs/developmental stages/treatments, we constructed multiple gene co-expression
networks, which will provide valuable clues for the identification of important genes involved in diverse regulatory pathways during
plant growth, e.g. arbuscular mycorrhizal symbiosis and fruit development. Additionally, non-coding RNAs, including miRNAs, IncRNAs,
and circRNAs were also identified, together with their potential targets. Interacting networks between different types of non-coding
RNAs (miRNA-IncRNA), and non-coding RNAs and genes (miRNA-mRNA and IncRNA-mRNA) were constructed as well. Our results
and data will provide valuable information for the study of organ differentiation and development of this important fruit. Lastly, we
established a database (http://eplant.njau.edu.cn/microTomBase/) with genomic and transcriptomic data, as well as details of gene co-
expression and interacting networks on MicroTom, and this database should be of great value to those who want to adopt MicroTom

as a model plant for research.

Introduction

Tomato (Solanum lycopersicum) is one of the most popular fruits
(although usually referred to as a vegetable) in the world. In 2020,
its annual worldwide production was estimated at ~186 millions
of tons and has been increasing every year (http://www.fao.org/
faostat). Tomato is also an emerging model plant system for
developmental biology and, in some cases, can be an better option
than Arabidopsis thaliana, e.g. for studies of fruit development
[1, 2], metabolism [3-5], plant-pathogen interactions [6, 7], and
arbuscular mycorrhizal (AM) symbiosis [8, 9].

MicroTom is a tomato cultivar and currently a widely applied
experimental model plant for laboratory studies. This cultivar
has a smaller size than regular tomato cultivars (e.g. Heinz 1706
and M82), which, together with a shorter growth cycle and higher
transformation efficiency, makes it one of the best choices for
a laboratory model among tomato cultivars. However, a high-
quality genome has been lacking for this model cultivar, despite
the fact that hundreds of tomato cultivars/accessions have been
(re-)sequenced already [4, 10-12]. Nowadays, developmental biol-
ogists rely on the Heinz tomato genome as a reference, whereas

functional experiments are mainly performed using MicroTom
as the transformation system. Many re-sequencing studies
have indicated considerable sequence diversity among cultivar/
accession genomes [4, 12-14] and the newly developed pan-
genome strategy revealed the existence of specific genes only
belonging to certain cultivars/accessions [11, 15, 16]. Such obser-
vations suggest that the different genetic background between the
reference genome and others might complicate experiments, e.g.
in cloning target genes, potentially leading to failure of the entire
experimental design. Therefore, the availability of a high-quality
MicroTom genome was badly needed.

In this study, we provide a high-quality genome of Micro-
Tom and conducted comparative genomic analysis with the pre-
viously published Heinz tomato genome. Additionally, together
with large amounts of RNA-seq data obtained in this study and
collected from public databases, we present the RNAome land-
scape of MicroTom across different organ/developmental stages/
treatments and performed comprehensive analyses of the tran-
scriptome of MicroTom protein-coding genes, with respect to
(aspects of) gene expression and alternative splicing (AS). With
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Table 1. Statistics and comparison of MicroTom and Heinz genomes

MicroTom Heinz 1706 (SL4.0)
Contigs Pseudomolecules Contigs Pseudomolecules
Size (bp) Number Size (bp) Number Size (bp) Number Size (bp) Number
N50 41367923 8 66788879 6 6007 830 37 65269487 6
Maximum length 68578620 94 893795 26291688 90 863682
Total number 60 12 448 12
Gap number 47 435
Assembled length 798935606 782475302
BUSCO completeness 98.57% 97.40%
Gene model number 35213 34690

the reference genome and abundant gene expression data, we
constructed co-expression networks for tomato organ develop-
ment, which will provide valuable information for the regula-
tion of organ development in the life cycle. Non-coding RNAs
were also identified by combining different sequence strategies,
and their interaction networks were predicted. Finally, we con-
structed a database (MicroTomBase, http://eplant.njau.edu.cn/
microTomBase), available for data download, online searching,
and demonstration of analytical results. This database will be
invaluable for researchers who employ the MicroTom tomato as
the laboratory model plant.

Results

Assembly of the MicroTom genome and
comparative genomics between MicroTom and
Heinz

Using a combination of 92.40 Gb Nanopore data and 54.38 Gb
Ilumina data, we first obtained a MicroTom genome assem-
bly of 799 Mb with 60 contigs (contig N50=41.37 Mb). Then,
using the genome of Heinz as a reference, 58 MicroTom contigs
were further merged to 12 corresponding pseudochromosomes.
Protein-coding gene annotation of the MicroTom assembly cap-
tures 98.57% of the Embryophyta BUSCO (odb10) genes, with
97.89% single-copy genes and 0.68% duplicates. These results
indicate that our assembled MicroTom genome has reached a high
standard of quality and completeness (Table 1).

With the assistance of three full-length transcriptome RNA-
seq, 12 ribo-minus RNA-seq data, and 69 poly-A-enriched
RNA-seq datasets derived from different organs/tissues under
different developmental stages and/or treatments (see Materials
and methods) from this and previous studies [3, 17], 35213
protein-coding genes were annotated in MicroTom. Among these,
31891 genes (90.57%) received transcriptomic data support from
at least one RNA-seq sample. Although MicroTom has a similar
number of protein-coding genes to Heinz (34690), these two
cultivars share only 2/3 one-to-one orthologous genes according
to synteny analysis and bi-directional BLAST (Fig. 1a), yet each
cultivar encodes thousands of specific genes, comprising real
specific genes, paralogs by duplications, and genes missed by
annotation (mainly in Heinz, probably due to inadequate RNA-
seq data) (Supplementary Data Fig. S1). For the two cultivars,
phylogenetic trees indicated that MicroTom was sister to Heinz,
and wgd analysis indicated that the two cultivars shared the same
polyploidy events (Supplementary Data Fig. S4, Supplementary
Data Fig. S5, Supplementary Data Fig. S6). However, 4449
MicroTom genes were ‘hiding’ in the Heinz genome (gene length
coverage and DNA sequence identity >90%), i.e. not annotated,

while the corresponding number of Heinz genes not annotated in
MicroTom was about half of 4449. This comparison indicates that
adequate and diverse transcriptomic data are critical to a more
comprehensive genome annotation.

While AS has been widely detected in eukaryotes to gener-
ate functionally divergent transcripts from a common parental
gene [18], the Heinz genome did not provide multi-transcript
annotation for protein-coding genes. By incorporating dozens of
RNA-seq datasets from PacBio and Illumina platforms, 14873
(42.24%) MicroTom protein-coding genes were identified to have
multiple transcripts (Fig. 1b), with an average of two transcripts
per gene. Among all AS transcripts, intron retention accounts for
the largest proportion (23.57%), followed by alternative acceptor
(18.86%) and alternative donor (11.74%) (Fig. 1c). The expression
patterns of all transcripts were examined based on the transcrip-
tomic data (Supplementary Data Table S1). Among the AS tran-
scripts, the majority (>70%) showed obvious differential expres-
sion in different organs and/or developmental stages (Supplemen-
tary Data Table S1), suggesting that these AS transcripts may be
functionally distinct and regulate organ differentiation and devel-
opment in a more prevalent manner than we previously thought.

Due to the large amount of transcriptomic data, more compre-
hensive information for the untranslated regions (UTRs) was also
available. About 71.28% of MicroTom genes have annotated UTRs,
showing an obviously higher percentage than that in the Heinz
and rice genomes (Fig. 1d), and the median lengths of 5’ and 3
UTRs are 125 and 271 bp, respectively (Fig. 1e). The annotation of
UTRs should provide useful information for gene regulation and
expression studies.

Comparing the genomes of MicroTom and Heinz, >1000000
single-nucleotide polymorphism (SNP) sites and 40 000 insertion—
deletions (indels) (<150 bp) were detected. Additionally, a great
number of larger structural variations were also identified
(Fig. 1f), such as bigger-sized genomic insertions, deletions,
duplications, contractions, translocations, and inversions. These
small and large structural variations indicate genomic divergence
between the two tomato cultivars, which may affect experimental
results that demand high accuracy, e.g. SNPs and indels in
the coding regions would greatly affect the design of CRISPR
guide RNAs.

Co-expression networks

Co-expression networks underlying the development of organs
and response to stimuli were inferred using transcriptome data
derived from 22 different tissues/organs and at different devel-
opmental stages and/or different treatments (three replicates
for each sample). All expressed genes were classified into 123
modules (Fig. 2a, Supplementary Data Fig. S2, Supplementary
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Figure 1. Genome annotation of MicroTom and comparison with Heinz and other species. a Protein-coding gene numbers for Heinz and MicroTom
varieties. Shared one-to-one orthologs in MicroTom and Heinz genomes are presented in the cross-section of the two tomato cartoon pictures.

b Proportion of genes with multiple transcripts and genes with different transcript numbers. ¢ Categories and frequency of AS events in MicroTom. IR,
intron retention; AA, alternative adaptor; AD, alternative donor; ES, exon skipping. d Proportion of genes with annotated UTRs in MicroTom (MT), Heinz
(HZ), Arabidopsis thaliana (AT), and Oryza sativa (OS). e Dot plot of annotated UTR lengths in MicroTom, Heinz, A. thaliana and O. sativa. f Detected
structural variation events of MicroTom compared with Heinz. The minimum insertion, deletion, duplication, and contraction size is 150 bp, the
minimum inversion size is 1 kb, and the minimum translocation size is 10 kb.

Data Table S2), whereby each module contains genes that
share a similar expression pattern, and possibly function in
the same regulatory network, defining and/or regulating a
specific phenotype. When a specific phenotype is defined, the
corresponding module can be identified, and the hub genes,
as well as the entire network linked to the phenotype, can be

extracted. This way, unknown genes in the pathway can be iden-
tified, potentially providing important clues of targets and gene
interactions.

For instance, our results indicate that the AM symbiosis in
MicroTom (root, low phosphorus, and arbuscular mycorrhizal
fungi) is significantly associated with module 100 (Fig. 2a and b,
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Figure 2. MicroTom co-expression networks established based on 22 transcriptome samples of different organs/developmental stages/treatments.
a One hundred and twenty-three modules and their correlation with 22 phenotypes or molecular processes. b Module 100 and its network,
significantly correlated with AM symbiosis. Gene names (instead of IDs) indicate that these genes have been functionally characterized and are
involved in AM symbiosis. Threads indicate correlation between genes. ¢ Top five enriched KEGG pathways in the early stage of fruit development
(10 days after anthesis; Fruit10Days in panel a) in the most correlated modules 62 and 63. d Top five enriched KEGG pathways in the fully mature
stage of fruit development [55 days after anthesis Fruit55Days (Breaker15) in panel a] in the most correlated modules 17 and 23.

Supplementary Data Table S2). It could be noticed that sev-
eral important genes for known functions in the AM symbiosis
pathway are present, and the majority of them are even hub
genes in the network, including PT4, NSP1, RAD1, RAM1, Exo70],
KIN?, and two WRI5a orthologs (designated WRI5a-1 and WRI5a-
2). It is well known that RAM1, RAD1, and NSP1 are regulators

relatively upstream in the AM symbiosis pathway [19-23], and
WRI5a is even considered as a master regulator [24], so they
should have broad associations with other genes in the same
pathway. Therefore, this co-expression result makes good sense,
not only in identifying the right (expected) genes, but likely also
in suggesting other critical, potentially even hub, genes. In this
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case, other unknown genes in the pathway can also be identified
through such expression association (guilt by association), and
co-expression analysis should serve as an effective means to
explore unknown functional genes in pathways.

Tomato is one of the most important model plants, if not the
most important plant, for fruit development studies. Therefore,
we collected transcriptomes derived from fruits of nine different
development stages (10, 20, 30, 35, 40, 43, 47, 50, and 55 days
after anthesis with three replicates each), and observed fruits at
different development stages showing specific associations with
different transcriptional modules (Fig.2a). For instance, fruits
10 days after anthesis are associated with modules 62 and 63
(Fig. 2a, Supplementary Data Table S2), the genes of which are
functionally enriched in the categories of ‘Cell motility’, ‘Organis-
mal systems’, ‘DNA replication’, and ‘Transcription factors’, sug-
gesting that early development of tomato fruits mainly involves
cell division, cell proliferation, and regulatory network develop-
ment of this organ (Fig. 2¢), whereas fruits 55 days after anthe-
sis are associated with modules 17 and 23 (Fig. 2a, Supplemen-
tary Data Table S2), the genes of which are functionally enriched
in the categories ‘Fructose and mannose metabolism’, ‘Base exci-
sion repair’, ‘Mismatch repair’, and ‘Translation factors’, suggest-
ing biosynthesis of metabolites, which mainly seems to occur
in fully mature fruits (Fig. 2d). These different modules indicate
distinct major regulatory priorities at different developmental
stages of tomato fruits.

Diverse non-coding RNAs, their targets and
interactions

Non-coding RNAs, including miRNA, IncRNA, and circRNA, were
comprehensively annotated using multiple RNA-seq data sets.
These datasets were generated from six development stages/or-
gans of MicroTom tomato plants (root, stem, leaf, flower, green
fruit, and red fruit), and under phosphorus deficiency and AM
symbiosis status. A total of 210 miRNAs were identified from the
SRNA datasets, of which 164 belong to 48 known tomato miRNA
families in miRBase (Fig. 3a). We identified 19 tomato miRNA fam-
ilies previously documented in the miRBase with increased family
sizes, with one to seven more members discovered for each family.
Notably, five miRNA families that have not been documented
in tomato (only documented in other plants) were identified
in this study, namely miR157, miR1446, miR1886, miR2111, and
miR3627. Additionally, 46 novel miRNAs were identified (Fig. 3a).
The lengths of MicroTom miRNAs range from 20 to 24 nt, with
21-nt miRNAs accounting for the largest proportion. Expression
analysis revealed that most of the identified miRNAs were organ-
/developmental stage-specific or were only expressed upon stim-
ulation by Pi deficiency and/or AM symbiosis. Only a few of them
could be detected in multiple samples, e.g. miR403-3p, miR9472-
5p, and miR166a/g.

Altogether, 4835 IncRNAs were annotated from MicroTom
transcripts, and >2944 of them (60.89%) were transcribed from
intergenic regions, whereas 720, 511, and 210 IncRNAs were
transcribed from the genomic regions overlapping with protein-
coding genes at the sense/antisense strand, or from the intronic
sequences, respectively (Fig. 3b). The length of MicroTom IncRNAs
ranged from 200 to 15073 nt, with an average length of 986 nt.
Similar to miRNAs, the majority of IncRNAs showed development
stage-/tissue-specific or stimulus-induced expression. To explore
the potential regulatory roles of miRNAs and IncRNAs, pairwise
interaction analyses were performed for combinations of miRNA-
mMRNA, miRNA-IncRNA, and IncRNA-mRNA. The results showed
that 266 mRNAs and 7 IncRNAs could be predicted as targets of
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miRNAs with a significant negative expression correlation.
Significant expression correlation was also observed for 8672
IncRNA-mRNA pairs, suggesting potential regulatory relation-
ships. Putting these predicted interactions together, networks
integrating miRNAs, IncRNAs, and mRNAs were constructed
(Fig. 3¢, Supplementary Data Table S3), and these networks should
serve as a basic resource for elucidating the regulatory roles of
miRNAs and IncRNAs in tomato development and response to
stimuli.

A comprehensive annotation of circRNA was performed by
incorporating the sequencing results from this study and our
previous study [17]. A total of 19840 circRNAs supported by
three independent software tools were identified by mapping the
sequencing reads onto the MicroTom genome. The lengths of 1428
identified high-confidence circRNAs ranged from 197 to 27 820 nt,
with an average of 1428 nt.

Construction of MicroTom genomic and RNAomic
database

To make our MicroTom genomic data and analytical results
conveniently accessible, we constructed a database (Micro-
TomBase, http://eplant.njau.edu.cn/microTomBase), providing
online search and download possibilities for our data and
results (Fig. 4). Through gene ID or sequence BLAST searches,
interesting genes can be found, together with detailed informa-
tion, including genomic positions, gene sequence with detailed
structure information [UTRs and coding sequences (CDSs)],
functional annotation, multi-transcripts, and expression profiles.
Information on non-coding RNAs and their targets as well as
interacting networks is also provided under the ‘Non-coding RNA’
section, which can also be accessed through BLAST search. All
MicroTom protein-coding genes are ascribed to 123 co-expression
modules and can be found under the ‘Co-expression’ section.
Genome assemblies and annotation files of the MicroTom tomato
are available for download. The MicroTom database will facilitate
comparative genomics, transcriptional regulation, and functional
studies for tomatoes.

Discussion

Tomato has been playing an increasingly important role as a
model plant for studies of fruit development, plant disease resis-
tance, and symbiosis. Despite being the most employed cultivar,
and the largest amount and a wide diversity of multi-omic data
being available, until now MicroTom tomato has lacked a high-
quality genome. This study fills this gap by providing a high-
quality MicroTom genome assembly, obtained by a combination
of Nanopore and Illumina sequencing. Moreover, we integrated
a diversity of transcriptome data (obtained from both public
resources and our own data) to achieve a comprehensive annota-
tion and profound analyses for this genome, reporting more genes,
more and longer UTRs, multiple AS transcripts, co-expression net-
works, non-coding RNAs, and their interaction networks, results
which should serve as a great resource for further genetic and
functional studies.

AS is considered a mechanism to generate multiple transcripts
with different functions [18], and a number of studies have
reported its extensiveness in organismal life cycles, e.g. organ
differentiation and development [25, 26], disease ontogenesis [27,
28], and response to abiotic and biotic stimuli [29-31]. However,
the Heinz tomato genome did not provide information for AS. The
MicroTom genome annotation fills this gap by including multiple
transcripts generated by AS. Over 40% of MicroTom genes are
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alternatively spliced and the majority of AS transcripts show Other than assisting in-depth genome annotation, the large
differential expression under different conditions, suggesting a amounts of transcriptomes also provide data for our co-
broad functional role of AS. expression network analyses, which classified MicroTom
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transcripts into different expressional modules, and accordingly
established diverse networks associated with different pheno-
types (different organs, developmental stages and treatments).
Potential genes with important functions that have not been
recognized can thus be identified based on their association and
applied for further functional characterization. Therefore, our
co-expression networks should provide useful information for

a more precise targeting of candidate genes related to specific
phenotypes in the tomato life cycle.

Non-coding RNAs are extensively involved in the post-
transcriptional regulation of gene expression through different
mechanisms, and play important roles in a variety of life
processes in plant growth and development, stress resistance,
and interaction with pathogenic or beneficial microbes [32, 33].
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In tomato, high-throughput sequencing of miRNAs of MicroTom
have been reported [17, 34-36], and functional roles of miRNAs
in fruit developmental regulation have been characterized, e.g.
miRNA156 [37] and miRNA159 [38]. The profiles of IncRNAs and
circRNAs of MicroTom have also been investigated, but by only
a few studies [17, 39]. Moreover, these studies merely focused
on non-coding RNAs at certain specific developmental stages or
treatments, while a full picture of tomato non-coding RNAs is still
lacking. In this study, we comprehensively annotated miRNAs,
IncRNAs, and circRNAs in the MicroTom genome by integrating
multiple datasets generated from diverse organs, developmental
stages and treatments (Supplementary Data Table S3), and our
results greatly extended the non-coding RNA list of tomato.
Furthermore, the expression profile of non-coding RNAs among
different samples indicate that most of the identified miRNAs
and IncRNAs were specifically expressed in different organs
and developmental stages or under AM symbiosis, suggesting
a conditional induction of these non-coding RNAs. Furthermore,
non-coding RNAs can regulate the expression of protein-coding
genes, directly or coordinately affecting the translation and
homeostasis of mRNAs [40]. By constructing the interaction
networks of the MicroTom miRNASs, IncRNAs, and mRNAs, we
uncovered highly complicated regulatory relationships between
non-coding RNAs and their target mRNAs, which provides novel
insights into the post-transcriptional regulation of protein-coding
genes in MicroTom.

In summary, this study presents a high-quality genome for
the MicroTom tomato, and a comprehensive annotation for both
coding and non-coding genes, including splice variants and UTRs.
Taking advantage of large amounts of transcriptomes, the gene
expression profile and co-expression networks are constructed,
which will provide clues for the identification of novel genes
involved in diverse pathways. Non-coding RNAs, including
miRNAs, IncRNAs, and circRNAs, as well as their potential targets,
were identified and interacting networks were constructed,
which will provide valuable information for future studies
dedicated to exploring the post-transcriptional regulation of plant
development by non-coding RNAs. All these findings suggest
diverse and complicated modifications and regulations at the
RNA level. All these results have been integrated into our online
resource, which we hope could provide an invaluable resource
for researchers studying tomatoes and employing tomato as a
model plant.

Materials and methods
Plant material and data sources

Seedlings of S. lycopersicum (cv. MicroTom) were grown in plastic
pots filled with a mixture of sterilized sand/gravel (1:1 ratio)
in a climate-controlled growth room with 16 h light at 24°C
and 8 h dark at 22°C. Roots, stems, leaves, flowers, immature
green fruits, and mature red fruits were collected from plants
grown in nutrient-rich soil for 6 weeks, and used for RNAome
sequencing. Green and red fruits were classified using the USDA
Visual Aid TM-L-1 color chart (USDA, Agricultural Marketing
Service, 1975).

We also downloaded 75 Illumina RNA-seq datasets and two
PacBio RNA-seq datasets involving different tissues/organs and
different developmental stages and/or different treatments from
our previous study [17], and a study performed by others [3].
Twelve MicroTom tomato proteomic datasets were retrieved from
the PRIDE Archive database (Proteomics Identifications Database,
https://www.ebi.ac.uk/pride/archive/).

Library construction and sequencing

Fresh leaves of 4-week-old MicroTom that were grown in half-
strength Murashige and Skoog basal medium with sucrose and
Phytagel were collected, and the genomic DNA was sequenced
on the Nanopore platform using a MinION R9 flow cell and the
[Ilumina NovaSeq6000 platform with an insert size of 450 bp at
Benagen (Wuhan, China).

Fresh tissues of roots, stems, leaves, flower, immature green
fruits, and mature red fruits of plants grown in nutrient-rich soil
were subjected to total RNA extraction using TRIzol (Invitrogen,
Carlsbad, USA) according to the manufacturer’s protocol, and
were used for subsequent RNA sequencing using different strate-
gies. Samples from each tissue were subjected to construct a ribo-
minus RNA library and small RNA library for RNA sequencing,
whereas a mixture of the six samples was used to construction
a PacBio SMRT library and a circular RNA library. The ribo-minus
RNA libraries, small RNA libraries, and circular RNA library were
sequenced using the Illumina HiSeq platform at Novogene Co., Ltd
(Tianjin, China), and the PacBio SMRT library was sequenced using
the PacBio Sequel System at Novogene Co., Ltd (Tianjin, China).

Genome assembly and assessment

Firstly, the raw Nanopore reads were corrected and assembled into
contigs by NextDenovo-v2.5.0 (https://github.com/Nextomics/
NextDenovo) with default parameters. Then, Nanopore reads
were further mapped into primary contigs by the software
Minimap?2 v2.17 [41] with the parameter -ax map-ont, followed
by Nextpolish v1.4.1 [42] to polish contigs. Meanwhile, the
[llumina paired-end reads were processed to remove adaptor
and low-quality sequences using Trimmomatic v0.38 [43]. Then,
the clean Hlumina short reads were mapped to the polished
contigs using BWA-MEM v0.7.17 [44] with default parameters,
based on three iterative rounds of polishing with parameter —
fix all by Pilon v1.23 [45] (read length N50=41.37 Mb). Finally,
the polished contigs were aligned to the Heinz genome to form
pseudomolecules, by the software RaGOO v1.1 [46]. Embryophyta
BUSCO v5.4.2 (odb10) [47] was used to evaluate the integrity of
the final assembly.

PacBio transcriptome processing

The SMRTIlink v6.0.0 pipeline was applied to PacBio Iso-seq
raw data. Firstly, the circular consensus sequence reads (CCSs)
were extracted from subreads of BAM files with parame-
ters minLength=300, minZScore=-999, minPasses=1, max-
DropFraction = 0.8, minPredictedAccuracy =0.8, minSnr=4, noP-
olish=TURE. Secondly, CCS reads were divided into full-length
non-chimeric (FLNC) reads and non-full-length (nFL) reads by
identifying whether 5 and 3’ adapters and the poly(A) tail were
present. Then, we obtained consensus isoforms using the ICE
(Iterative Clustering for Error Correction) algorithm from FLNC
reads, which were further polished with nFL reads to get high-
quality consensus FLNC reads based on Quiver (parameters
hqg_quiver_min_accuracy 0.99; others with default parameters).
Finally, the non-redundant FLNC reads were obtained by CD
HIT v4.8.1 [48] with an identity cutoff of 0.95. We also used the
software LoRDEC v0.9 [49] to correct mismatch and nucleotide
indels in FLNC reads.

Repetitive DNA identification and genome
annotation

We identified the repetitive elements in the MicroTom genome
based on a combination of de novo and homology-based
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strategies. A de novo library was first built through RepeatModeler
v2.0.1 [50] and LTR_retriever v2.9.0 [51]. The repeat region in
the genome was further masked by scanning the de novo repeat
library. Next, we used RepeatMasker v4.0.9 [52] to classify the
repeat sequences using the parameters -poly -html -gff -1ib -no_is
-xsmall.

The combination of ab initio, homology-based and RNA-seg-
based annotation strategy was applied to predict and annotate
the protein-coding genes. Firstly, the masked genome was trained
by BRAKER2 v2.1.5 [53] and GeneMark-ET v4.69 [54] for ab initio
gene prediction. Secondly, to find homologous genes, related
species like Solanum tuberosum (686_v6.1) and S. lycopersicum Heinz
1706 (691_ITAG4.0), which were downloaded from Phytozome
v13, were loaded into GenomeThreader v1.7.1 [55] with the
parameters -species arabidopsis -gff3out -intermediate. Thirdly,
81 RNA-seq (Supplementary Data Fig. S3, Supplementary Data
Table S4) data sets were used to assist the annotation. These
were evaluated by FastQC v0.11.9 and Trimmomatic v0.38
[43] to trim low-quality and adaptor sequences. Then, these
high-quality reads were aligned to the genome by HISAT2
v2.2.1 [56]. We assembled transcripts with StringTie v2.1.5 [S7]
and TransDecoder v5.5.0 (https://github.com/TransDecoder/
TransDecoder). The PacBio Iso-seq was also applied to forecast
complete CDSs by the PASA v2.5.2 pipeline [S8]. Finally, the
EVidenceModeler v1.1.1 pipeline was applied to integrate the
above-mentioned prediction strategies [59]. The GTF annota-
tion file, assembled from the Ilumina and PacBio data, was
used for identifying AS events using the AStalavista v3.2 tool
[60].

Functional annotation

Several public databases (PFAM, GO, and KEGG) were used to
map GO terms for searching functional motifs and domains by
InterProScan v5.50-84.0 [61]. When the gene ontology terms for
each gene were obtained, functions of protein-coding genes in the
MicroTom genome were annotated by the Swiss-Prot database,
only retaining the best alignment.

Identification of structural variations and SNPs
between reference genomes

Structural variations (SVs) were identified by genome-wide align-
ment between the MicroTom and Heinz 1706 (ITAG4.0) genomes
using MUMandCo v3.8 [62], which can detect over 1 kb structural
variationsin length. We also used the MUMmer package v4.0.0 [63]
to align these two genomes. The reciprocal best alignments were
found using the delta-filter program. Then, the uniquely aligned
fragments were used to identify SNP sites and indels with the
show-snp tool.

Gene expression and construction of
co-expression networks

The RNA-seq dataset for gene co-expression analysis was
obtained from samples with 22 various tissues/organs and at
different developmental stages and/or different treatments. The
normalized expression of RNA-seq data was calculated with FPKM
(fragments per kilobase per million reads) from all samples. FPKM
values <1 were filtered out. We used the R package WGCNA v1.66
[64] to construct co-expression networks, and the soft threshold
value was calculated by pickSoftThreshold integrated in WGCNA.
We used cytoHubba and MCODE to identify candidate hub genes,
and used Cytoscape v3.9.1 [65] to visualize the co-expression
networks.
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Identification and annotation of non-coding
RNAs

The prediction of protein-coding potential for transcripts gener-
ated from Illumina and SMRT data was conducted by integrating
CPC2 v0.1, CNCI v2, PLEK v1.2, and PFAM v32 [66-69]. Candidate
IncRNAs were defined as transcripts with the longest representa-
tive sequence lacking any open reading frame (ORF) exceeding 100
amino acids, while having a minimum nucleotide sequence length
of 200 nt. MiRNAs were identified using miRador (https://github.
com/rkweku/miRador) with slight modification [70]. Specifically,
the sequences with the highest abundance of each miRNA locus
were added as candidate miRNAs. Candidate miRNAs were anno-
tated as known or novel miRNAs through referencing the lat-
est miRBase (v22.1) [71]. CIRI2 v2.0.6, CIRIexplorer2 v2.4.0, and
Find_ciric v1.2 were combined to detect potential back-splice
sites of candidate circRNAs [72-74]. Reconstruction of full-length
circRNAs was achieved using CIRI-full [75].

Identification of targets of miRNAs/IncRNAs

Potential miRNA targets (mRNAs and IncRNAs) were firstly pre-
dicted by using the psRNATarget v2 program. Then, the expression
values of resulting miRNA-mRNA/IncRNA pairs for six tissues
(roots, stems, leaves, flower, immature green fruits, and mature
red fruits) were subjected to Spearman correlation coefficient
analysis. MIRNA-mRNA/IncRNA pairs were considered to be a
candidate interactional miRNA target when the Spearman corre-
lation coefficient was <—.80 and the P value was <.01.

To predict IncRNA-mRNA co-expressed pairs, Spearman corre-
lation analysis was performed between IncRNAs and mRNAs in 75
RNA-seq samples. For more accurate prediction of IncRNA-mRNA
correlations, we increased the threshold of the Spearman corre-
lation coefficient to >.9 and the P value <.01. We also screened
the results that met the above requirements based on six or more
samples with FPKM >1, considering these IncRNA-mRNA pairs to
be co-expressed.

Acknowledgements

This work was supported by grants from the Fundamental
Research Funds for the Central Universities (KYCXJC2022003),
the National Natural Science Foundation of China (32070243),
and the Outstanding Young Teacher of the Qinglan Project
of Jiangsu Province. Y.V.d.P. acknowledges funding from the
European Research Council (ERC) under the European Union'’s
Horizon 2020 research and innovation program (833522) and from
Ghent University (Methusalem funding, BOFEMET.2021.0005.01).
The computational resources and services were provided by the
Bioinformatics Center of Nanjing Agricultural University.

Author contributions

JYX., 2.QS., EC, and Y.V.d.P. conceived the study Z.Q.S. and
Z.Z. collected plant samples. H.Y.F. conducted genome assembly
and annotation. HY.F, Z.Z.,, SYH., YJ.C, XR.M., and SX.L. con-
ducted analyses of RNA-seq data. Y.H.Z. constructed the database.
J¥YX. and Z.Q.S. drafted the manuscript. All authors read the
manuscript and participated in the revision of the manuscript. All
authors approved the final manuscript.

Data availability

The data supporting the findings of this work are available within
the paper and its supplementary information files. The datasets


https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad147#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad147#supplementary-data
https://github.com/TransDecoder/TransDecoder
https://github.com/TransDecoder/TransDecoder
https://github.com/rkweku/miRador
https://github.com/rkweku/miRador

10 | Horticulture Research, 2023, 10: uhad147

generated and analyzed during this study are available from the
corresponding author upon request. All sequencing data gen-
erated have been deposited in National Genomics Data Center
(https://bigd.big.ac.cn/) with BioProject ID PRJCA012325 under
GSA CRA008482. The genome assembly, along with the gene mod-
els, the functional annotation, and some supplementary infor-
mation files are available on FigShare at the link: (https://doi.
0rg/10.6084/m9.figshare.21509817). All this information can also
be accessed under GWH: WGS029763 and MicroTomBase (http://
eplant.njau.edu.cn/microTomBase).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Supplementary data

Supplementary data is available at Horticulture Research online.

References

1. Klee HJ, Giovannoni JJ. Genetics and control of tomato fruit
ripening and quality attributes. Annu Rev Genet. 2011;45:41-59
2. Azzi L, Deluche C, Gévaudant F et al. Fruit growth-related genes
in tomato. ] Exp Bot. 2015;66:1075-86
3. LiY,ChenY, Zhou L et al. MicroTom metabolic network: rewiring
tomato metabolic regulatory network throughout the growth
cycle. Mol Plant. 2020;13:1203-18
4. Zhu G, Wang S, Huang Z et al. Rewiring of the fruit metabolome
in tomato breeding. Cell. 2018;172:249-261.e12
5. LiJ, Scarano A, Gonzalez NM et al. Biofortified tomatoes provide
a new route to vitamin D sufficiency. Nat Plants. 2022;8:611-6
6. Lozano-Torres JL, Wilbers RHP, Gawronski P et al. Dual disease
resistance mediated by the immune receptor Cf-2 in tomato
requires a common virulence target of a fungus and a nematode.
Proc Natl Acad Sci USA. 2012;109:10119-24
7. Weiberg A, Wang M, Lin FM et al. Fungal small RNAs suppress
plant immunity by hijacking host RNA interference pathways.
Science. 2013;342:118-23
8. Chitarra W, Pagliarani C, Maserti B et al. Insights on the impact of
arbuscular mycorrhizal symbiosis on tomato tolerance to water
stress. Plant Physiol. 2016;171:1009-23
9. Liao D, Sun C, Liang Het al. SISPX1-SIPHR complexes mediate the
suppression of arbuscular mycorrhizal symbiosis by phosphate
repletion in tomato. Plant Cell. 2022;34:4045-65
10. Alonge M, Wang X, Benoit M et al. Major impacts of widespread
structural variation on gene expression and crop improvement
in tomato. Cell. 2020;182:145-161.e23
11. Gao L, Gonda I, Sun H et al. The tomato pan-genome uncovers
new genes and a rare allele regulating fruit flavor. Nat Genet.
2019;51:1044-51
12. ZhouY, Zhang Z,Bao Z et al. Graph pangenome captures missing
heritability and empowers tomato breeding. Nature. 2022;606:
527-34
13. Wang W, Mauleon R, Hu Z et al. Genomic variation in 3,010
diverse accessions of Asian cultivated rice. Nature. 2018;557:43-9
14. Ma Z, He S, Wang X et al. Resequencing a core collection of
upland cotton identifies genomic variation and loci influencing
fiber quality and yield. Nat Genet. 2018;50:803-13
15. Song JM, Guan Z, Hu ] et al. Eight high-quality genomes reveal
pan-genome architecture and ecotype differentiation of Brassica
napus. Nat Plants. 2020;6:34-45

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

30.

31.

32.

33.

34.

36.

Liu Y, Du H, Li P et al. Pan-genome of wild and cultivated
soybeans. Cell. 2020;182:162-176.e13

Zeng Z, Liu Y, Feng XY et al. The RNAome landscape of
tomato during arbuscular mycorrhizal symbiosis reveals an
evolving RNA layer symbiotic regulatory network. Plant Commun.
2023;4:100429

Ule ], Blencowe BJ. Alternative splicing regulatory networks:
functions, mechanisms, and evolution. Mol Cell. 2019;76:
329-45

Rey T, Bonhomme M, Chatterjee A et al. The Medicago truncatula
GRAS protein RAD1 supports arbuscular mycorrhiza symbio-
sis and Phytophthora palmivora susceptibility. ] Exp Bot. 2017;68:
5871-81

Pimprikar P, Carbonnel S, Paries M et al. A CCaMK-CYCLOPS-
DELLA complex activates transcription of RAM1 to regulate
arbuscule branching. Curr Biol. 2016;26:1126-6

Xue L, Cul H, Buer B et al. Network of GRAS transcription fac-
tors involved in the control of arbuscule development in Lotus
japonicus. Plant Physiol. 2015;167:854-71

Rich MK, Schorderet M, Bapaume L et al. The petunia GRAS
transcription factor ATA/RAM1 regulates symbiotic gene expres-
sion and fungal morphogenesis in arbuscular mycorrhiza. Plant
Physiol. 2015;168:788-97

Gobbato E, Marsh JF, Vernié T et al. A GRAS-type transcription
factor with a specific function in mycorrhizal signaling. Curr Biol.
2012;22:2236-41

Jiang YN, Xie Q, Wang W et al. Medicago AP2-domain transcrip-
tion factor WRISa is a master regulator of lipid biosynthesis
and transfer during mycorrhizal symbiosis. Mol Plant. 2018;11:
1344-59

Park JW, Yang J, Xu RH. PAX6 alternative splicing and corneal
development. Stem Cells Dev. 2018;27:367-77

Baralle FE, Giudice J. Alternative splicing as a regulator of
development and tissue identity. Nat Rev Mol Cell Biol. 2017;18:
437-51

Zhang Y], Qian JJ, Gu CY et al. Alternative splicing and cancer: a
systematic review. Signal Transduct Target Ther. 2021;6:78

Lukas J, Gao DQ, Keshmeshian M et al. Alternative and aberrant
messenger RNA splicing of the mdm?2 oncogene in invasive
breast cancer. Cancer Res. 2001;61:3212-9

. Laloum T, Martin G, Duque P. Alternative splicing control of

abiotic stress responses. Trends Plant Sci. 2018;23:140-50

John S, Olas JJ, Mueller-Roeber B. Regulation of alternative splic-
ing in response to temperature variation in plants. J Exp Bot.
2021;72:6150-63

Zhang XC, Gassmann W. Alternative splicing and mRNA levels
of the disease resistance gene RPS4 are induced during defense
responses. Plant Physiol. 2007;145:1577-87

Song X, Li Y, Cao X et al. MicroRNAs and their regulatory roles
in plant-environment interactions. Annu Rev Plant Biol. 2019;70:
489-525

Yu Y, Zhang Y, Chen X et al. Plant noncoding RNAs: hidden
players in development and stress responses. Annu Rev Cell Dev
Biol. 2019;35:407-31

Dong F, Wang C, Dong Y et al. Differential expression of microR-
NAs in tomato leaves treated with different light qualities. BMC
Genomics. 2020;21:37

. Cao H, Zhang X, Ruan Y et al. miRNA expression profiling and

zeatin dynamic changes in a new model system of in vivo
indirect regeneration of tomato. PLoS One. 2020;15:€0237690.
FengJ, Liu S, Wang M et al. Identification of microRNAs and their
targets in tomato infected with cucumber mosaic virus based on
deep sequencing. Planta. 2014;240:1335-52


https://bigd.big.ac.cn/
http://dx.doi.org/10.6084/m9.figshare.21509817
http://dx.doi.org/10.6084/m9.figshare.21509817
http://eplant.njau.edu.cn/microTomBase
http://eplant.njau.edu.cn/microTomBase
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad147#supplementary-data

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ferreira e Silva GF, Silva EM, da Silva Azevedo M et al.
microRNA156-targeted SPL/SBP box transcription factors
regulate tomato ovary and fruit development. Plant J. 2014;78:
604-18

da Silva EM, Silva GFF, Bidoia DB et al. microRNA159-targeted
SIGAMYB transcription factors are required for fruit set in
tomato. Plant J. 2017;92:95-109

Lamin-Samu AT, Zhuo S, Ali M et al. Long non-coding RNA
transcriptome landscape of anthers at different developmen-
tal stages in response to drought stress in tomato. Genomics.
2022;114:110383

Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA
translation and stability by microRNAs. Annu Rev Biochem.
2010;79:351-79

Li H. New strategies to improve minimap?2 alignment accuracy.
Bioinformatics. 2021;37:4572—4

Hu J, Fan J, Sun Z et al. NextPolish: a fast and efficient genome
polishing tool for long-read assembly. Bioinformatics. 2020;36:
2253-5

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible
trimmer for I[lumina sequence data. Bioinformatics. 2014;30:
2114-20

Li H, Durbin R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics. 2009;25:1754-60
Walker BJ, Abeel T, Shea T et al. Pilon: an integrated tool for com-
prehensive microbial variant detection and genome assembly
improvement. PLoS One. 2014;9:€112963

Alonge M, Soyk S, Ramakrishnan S et al. RaGOO: fast and accu-
rate reference-guided scaffolding of draft genomes. Genome Biol.
2019;20:224

ManniM, Berkeley MR, Seppey M et al. BUSCO: assessing genomic
data quality and beyond. Curr Protoc. 2021;1:€323

Fu L, Niu B, Zhu Z et al. CD-HIT: accelerated for clustering
the next-generation sequencing data. Bioinformatics. 2012;28:
3150-2

Salmela L, Rivals E. LoRDEC: accurate and efficient long read
error correction. Bioinformatics. 2014;30:3506-14

Bao Z, Eddy SR. Automated de novo identification of repeat
sequence families in sequenced genomes. Genome Res. 2002;12:
1269-76

Ou S, Jiang N. LTR _retriever: a highly accurate and sensitive pro-
gram for identification of long terminal repeat retrotransposons.
Plant Physiol. 2018;176:1410-22

Tarailo-Graovac M, Chen N. Using RepeatMasker to identify
repetitive elements in genomic sequences. Curr Protoc Bioinfor-
matics. 2009;Chapter 4;4.10.1-14

Briina T, Hoff KJ, Lomsadze A et al. BRAKER2: automatic eukary-
otic genome annotation with GeneMark-EP+ and AUGUS-
TUS supported by a protein database. NAR Genom Bioinform.
2021;3:1qaa108

Lomsadze A, Burns PD, Borodovsky M. Integration of mapped
RNA-Seq reads into automatic training of eukaryotic gene find-
ing algorithm. Nucleic Acids Res. 2014;42:e119

Gremme G, Brendel V, Sparks ME et al. Engineering a software
tool for gene structure prediction in higher organisms. Inf Softw
Technol. 2005;47:965-78

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Xueetal. | 11

Kim D, Paggi JM, Park C et al. Graph-based genome alignment
and genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol.
2019;37:907-15

Pertea M, Pertea GM, Antonescu CM et al. StringTie enables
improved reconstruction of a transcriptome from RNA-seq
reads. Nat Biotechnol. 2015;33:290-5

Haas BJ, Delcher AL, Mount SM et al. Improving the Arabidopsis
genome annotation using maximal transcript alignment assem-
blies. Nucleic Acids Res. 2003;31:5654-66

Haas BJ, Salzberg SL, Zhu W et al. Automated eukaryotic gene
structure annotation using EVidenceModeler and the program
to assemble spliced alignments. Genome Biol. 2008;9:R7

Foissac S, Sammeth M. ASTALAVISTA: dynamic and flexible
analysis of alternative splicing events in custom gene datasets.
Nucleic Acids Res. 2007;35:W297-9

Zdobnov EM, Apweiler R. InterProScan - an integration platform
for the signature-recognition methods in InterPro. Bioinformatics.
2001;17:847-8

O’'Donnell S, Fischer G. MUM&co: accurate detection of all SV
types through whole-genome alignment. Bioinformatics. 2020;36:
3242-3

Kurtz S, Phillippy A, Delcher AL et al. Versatile and open software
for comparing large genomes. Genome Biol. 2004;5:R12
Langfelder P, Horvath S. WGCNA: an R package for weighted
correlation network analysis. BMC Bioinformatics. 2008;9:559
Shannon P, Markiel A, Ozier O et al. Cytoscape: a software
environment for integrated models of biomolecular interaction
networks. Genome Res. 2003;13:2498-504

Li A, Zhang ], Zhou Z. PLEK: a tool for predicting long non-
coding RNAs and messenger RNAs based on an improved k-mer
scheme. BMC Bioinformatics. 2014;15:311

Kong L, Zhang Y, Ye ZQ et al. CPC: assess the protein-coding
potential of transcripts using sequence features and support
vector machine. Nucleic Acids Res. 2007;35:W345-9

Finn RD, Bateman A, Clements ] et al. Pfam: the protein families
database. Nucleic Acids Res. 2014;42:D222-30

Sun L, Luo H, Bu D et al. Utilizing sequence intrinsic composi-
tion to classify protein-coding and long non-coding transcripts.
Nucleic Acids Res. 2013:41:e166

Hammond RK, Gupta P, Patel P et al. miRador: a fast and precise
tool for the prediction of plant miRNAs. Plant Physiol. 2023;191:
894-903

Kozomara A, Birgacanu M, Griffiths-Jones S. miRBase:
from microRNA sequences to function. Nucleic Acids Res.
2019;47:D155-62

Memczak S, Jens M, Elefsinioti A et al. Circular RNAs are a large
class of animal RNAs with regulatory potency. Nature. 2013;495:
333-8

Gao Y, Zhang ], Zhao F. Circular RNA identification based on
multiple seed matching. Brief Bioinform. 2018;19:803-10

Zhang XO, Dong R, Zhang Y et al. Diverse alternative back-
splicing and alternative splicing landscape of circular RNAs.
Genome Res. 2016;26:1277-87

Zheng Y, Ji P, Chen S et al. Reconstruction of full-length cir-
cular RNAs enables isoform-level quantification. Genome Med.
2019;11:2



	 Comprehensive regulatory networks for tomato organ development based on the genome and RNAome of MicroTom tomato
	 Introduction  
	 Results
	 Discussion
	 Materials and methods
	 Acknowledgements
	 Author contributions
	 Data availability
	 Conflict of interest
	 Supplementary data


