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Supplementary Fig. 1 Representative pictures of fruit sections. a Equatorial sections of fruit
at the developmental stages used for tissue harvest. b Vertical sections at early ripening stages
indicating three latitudinal regions used for tissue harvest. Scale bars: 1 mm for 5 DPA, 1 cm
for 10 DPA—RR. DPA, days post anthesis; MG, mature green; Br, breaker; Pk, pink; LR, light
red; RR, red ripe.



Supplementary Fig. 2 Representative section images of tissues and cells collected by LM. a—x
Examples of sections of ovaries at anthesis a—d and pericarp at 5 days post anthesis e—n on
membrane slides and MG pericarp p—x on glass slides. a, c, e, g, i, k, m, o, q, s, u and w show
sections before LM, and b, d, f, h, j, L, n, p, r, t, v and x show sections after LM. Scale bars: in
100 um in a—d and q—x, 50 um in e-n, 1,000 um in o0 and p. Cm, columella; Lo, locular tissue;
Ov, ovule; Pe, pericarp; Pl, placenta; Se, septum; Col, collenchyma; Iep, inner epidermis; Oep,
outer epidermis; Par, parenchyma; Vas, vascular tissue.
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Supplementary Fig. 3 Distribution of RPM normalized expression. Boxplots
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Supplementary Fig. 4 Number of expressed genes in fruit tissue/cell-types. a, b Bars show
number of expressed genes at individual developmental stages in fruit major tissues from
equatorial regions a, pericarp cells b and major tissues from three different latitudinal
sections of fruit ¢. Columella tissues were harvested only from the equatorial-region and
stem-region. DPA, days post anthesis; MG, mature green; Br, breaker; Pk, pink; LR, light
red; RR, red ripe.
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Supplementary Fig. 5 Distribution of expressed genes among fruit tissue/cell-types. a, b Venn diagram
of the numbers of genes expressed in five fruit component tissues a and pericarp cells/tissues b from the
equatorial-region across the tested developmental stages. Numbers with percentages in blue and red
indicate genes expressed in all major fruit tissues or pericarp cells, and in a specific tissues or cells,

respectively. The numbers of genes included are shown in parentheses.
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Supplemental Fig. 6 Expression profile of genes identified through LM. a Distribution of maximum
RPM values of genes detected in both pericarp cell/tissue-types isolated by LM and total pericarp (LM +
total pericarp), and genes detected in cell/tissue-types via LM, but not in total pericarp (LM-only).
Boxplots show the interquartile range (IQR) of the maximum of averaged values throughout development
in log2-scale with the median (a horizontal line within IQR), data range (vertical line) and outliers (dots).
b, ¢ Venn diagram of the numbers of genes categorized as LM + total pericarp b and LM-only ec.

Numbers with percentages indicated in blue and red correspond to genes expressed in all pericarp cell/
tissue-types and in a specific cell/tissue-type, respectively. The numbers of genes included are shown in

parentheses.
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Supplementary Fig. 7 Anatomical structures of tomato fruit tissues shown in the Anatomy Viewer function of the
Tomato Expression Atlas database. a, b A fruit section (left) and a traced and colorized light microscope image (right)
are shown, highlighting differnt tissues and cells of the fruit a and pericarp b targeted from gene expression analyses.
¢, d Three-dimentional reconstruction of computed tomography images of mature green fruit, showing internal
structures. The interface allows users to observe internal structures of representative 10 days post anthesis (DPA), 15
DPA, 20 DPA, 30 DPA, mature green, breaker and pink fruit from vertical ¢ and horizontal plane d with different
depth, as well as video clips of the fruit. Arrows indicate representative vascular tissues in collenchyma and placenta.
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Supplementary Fig. 8 Pericarp cell/tissue-based expression of genes associated with the biosynthesis of
volatile compounds. a Overview of the phenolic volatile biosynthetic pathway in tomato fruit. Major
volatile compounds in tomato fruit are represented in bold. b—d Characterized genes involved in the
pathway are italicized. RPM expression values of selected genes involved in biosynthesis of volatiles
derived from phenylalanine b, fatty acids ¢, and carotenoids d. Colored bars indicate mean RPM + s.e.m.
(n = 3) in each cell/tissue-type at each stage (left to right; 5 days post anthesis (DPA), 10 DPA, 20 DPA,
mature green, breaker, pink, light red and red ripe).
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Supplementary Fig. 9 Spatiotemporal expression patterns of genes associated with GABA accumulation.
a, b Fruit tissue- a and pericap cell/tissue-based b expression images at selected developmental stages
generated through the Tomato Expression Atlas (TEA) database are shown.
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Supplementary Fig. 10 Heat maps showing averaged
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Supplemental Fig. 14 Heat map showing gene expression patterns of photosynthesis related genes in
tomato pericarp cells during development. a, b The expression patterns of genes encoding proteins
associated with light reaction a and Calvin cycle b are shown. The number of genes is indicated by the
values in parentheses. RuBisCo, ribulose 1,5-bisphosphate carboxylase/oxygenase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; SBPase, sedoheptulose-bisphosphatase; PRE, pentose-5-
phosphate 3-epimerase; PRK, phosphoribulokinase; FBPase, fructose 1,6-bisphosphatase; FBA,
fructose-bisphosphate aldolase; TPI, triosephosphate isomerase; PGK, phosphoglycerate kinase. DPA,
days post anthesis; MG, mature green; Br, breaker; Pk, pink; LR, light red; RR, red ripe.



a @ Genome b @ Genome
@ Positively regulated genes by RIN @ gras13
() Positively regulated direct targets of RIN () gras20
M1 M1 o
M2 M2 o
M3 M3 O S
M4 M4 e
M5 M5 S N S
M6 M6
M7 M7 S B S S
M8 M8 S
M9 MO ==
M10 MIO [
M11 ML
M12 MI2 &
M13 MIB [
M14 M14 [
M15 MIS_ B
M16 Mie [
M17 M7 [
M18 M18 S S SRR
M19 M19 [
M20 M20 b=
M21 M21 U S SRR
M22 M22 [
M23 M23 S S
M24 M24 P
M25 M25
M26 M26 [
M27 M27 b
M28 M28 [
M29 M29 R S
M30 M30 ==
M31 M31 [
M32 M32 DT
M35 M35 _f==
M36 M36 |
M37 M37 [
M38 M38_I
M39 M39 e S SR
M40 M40 |
M41 M41 D S S
M42 M4A2 |
M43 M43 : .
Others | 1 T T 1 I T 1 T 1 l T I 7/ Others I L I L l L | L I////l | T |
0 5 10 40 60 0 5 10 15 20 40 60
Percentage of genes Percentage of genes

Supplementary Fig. 15 Module distribution of gene sets. a The percentages of 342 assigned genes that
were reported as being positively regulated by RIN (Fujisawa et al., 2012), or 137 positively regulated
direct target genes of RIN (Fujisawa et al., 2013)? in each WGCNA module. b The percentages of
assigned genes that were expressed at lower levels in gras-13 (50 genes) or gras-20 (84 genes) than in
WT, in each WGCNA module. The proportions were compared to the respective frequencies in the
genome. ‘Others’ includes genes not used for WGCNA and not clustered with any modules by the
analysis. Asterisks indicate significant differences from the relative frequencies in the genome (FDR-
adjusted p-value < 0.01, hypergeometric test).



1.0 1
c
K=l
3 0.8 1
Q
S
2 06 -
[FE]
()]
£ 04 -
©
Q
& 02
Nl B B NN N3
< A ) ) Q y ©
NP A A Y
F & & & & &
b 600 -
500 - BWT
Bgras-13
400 - B gras-20
=
LL
< 300 -
(o)}
2
200 -
100 1
. . %
0 .

Phytoene  Phytofluene  Lycopene Beta-carotene Lutein

Supplementary Fig. 16 Additional gene expression and phenotypic data for SIGRAS38-RNAi
lines. a Expression of SIGRAS38 in Br-stage fruits from WT (cv Ailsa Craig) and five TO
SIGRAS38-RNAI lines (lines 7, 13, 19, 21 and 26); expression data for line 20 is from the T1
generation. Due to limited fruit set, analysis of TO SIGRAS38-RNAi lines was conducted on
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relative to WT levels. b Pericarp carotenoid levels in SIGRAS38-RNAIi lines and WT at 15 days
after Br-stage. Values are mean + s.e.m. (n = 3). Asterisks indicate significant differences
between WT and each SIGRAS38-RNAI line (**P < 0.01, *P < 0.05; Student’s 7—test).
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Supplementary Table 1. Primer sequences used in this study.

Name

Sequence (5'-3")

For cloning fragments for SIGRAS38 RNAIi construct

GRAS attBl1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGCAGGAGCACTACAAGGA
GRAS attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTGTGAACTTTTGTTTGCCTTT
For gPCR

GRAS gPCR F GTTCCTTTTGAATTCCATGT

GRAS gPCR R AAGTGCACCCTTAATTTGTT

RPL2 gPCR F CAGCGGATGTCGTGCTATGAT

RPL2 gPCR R GGGATGCTCCACTGGATTCA

18S qPCR F CGGAGAGGGAGCCTGAGAA

18S qPCR R CCCGTGTTAGGATTGGGTAATTT

For McrBC-PCR

RIN McrBC Regionl F

TCAGCTTTCCAACGACAAAC

RIN McrBC Regionl R

GGAGTTTTCGATGAGCAACAC

RIN McrBC Region2 F

GTAGAATTTGGGGAAGAAACGTC

RIN McrBC Region2 R

TATCAATAGTCACATCCCCTTGTG

CNR McrBC F TGAGCATCAACCACTCCTAATA
CNR McrBC R CAGACTTAGTAATAACTCCGAT
PME McrBC F AAACTAGACCATGAGTGTTGAGA
PME McrBC R TTTTAGAGTGAATTACAGAGAAGC




Supplementary Table 2. Summary of RNA-seq mapping for SIGR4S38-RNAI lines.

Cleaned reads mapped
(removed adapter, low
Genotype | Replicates | Raw reads quality, and rRNA) No. reads %mapped

1 5,930,115 5,103,428 4,307,965 84.4

WT 2 5,156,375 4,509,256 3,883,697 86.1
3 5,071,402 4,407,592 3,562,552 80.8

1 5,054,194 3,510,511 2,963,123 84.4

grasi3 2 5,895,838 5,289,095 4,744,779 89.7
3 5,772,147 5,246,030 4,566,363 87.0

1 4,893,350 4,167,174 3,265,753 78.4

gras20 2 5,024,685 4,238,381 3,202,246 75.6
3 5,473,332 4,397,368 3,517,184 80.0




Supplementary Table 3. Reproducibility of RNA-Seq reads for SIGRAS38-RNAI lines.

Spearman correlation coefficient values

Genotype Rep.1vs Rep.2 | Rep.1vs Rep.3 | Rep.2 vs Rep.3 | Min Max | Average
wT 0.980 0.977 0.986 0.977 | 0.986 | 0.981
grasl3 0.985 0.983 0.974 0.974 | 0.985 0.981
gras20 0.967 0.978 0.983 0.967 | 0.983 0.976




Supplementary Table 4. Summary of optimized conditions of the UltraPerformance
Convergence Chromatography (UPC?) system.

Time (min) Flow (mL/min) |% CO2 % MeOH Curve
Initial 1 99 1 Initial
7.5 1 80 20 9

12 1 80 20 6

15 1 99 1 1




Supplementary Note

Functional associations of WGCNA modules

Weighted gene co-expression network analysis (WGCNA)? using high resolution spatiotemporal
dataset from developing tomato identified a total of 43 modules (M1 to M43), containing from
34 (M43) to 1,652 (M1) clustered genes (Supplementary Fig. 10 and Supplementary Data 7).
Intermodular similarities are shown (Supplementary Fig. 11) as Pearson correlations between
module eigengene (ME) values that summarize the expression profiles of each module as the
first principal component.

Gene ontology (GO) terms were assigned to genes in the various modules, which
supported known aspects of tomato fruit biology. We also identified intramodular hub genes,
which are defined by high ME-based gene connectivity (kME) scores (> 0.9), and have high
regulatory and/or functional associations with constituent members of a particular module*
(Supplementary Data 8 and 9 and Supplementary Fig. 12). For example, among the modules
related to particular fruit tissues, M39, which was associated with ripening of pericarp and
septum, showed enrichment in the terms "fruit ripening" and "ethylene biosynthetic process",
and included a hub gene encoding ACO1, key enzyme in the biosynthesis of the ripening-related
hormone ethylene’. M1, associated with late developing seeds, showed enrichment in "lipid
storage®" and included multiple hub genes encoding oleosin’ and late embryogenesis abundant
proteins (LEA)3, as well as an abscisic acid (ABA) biosynthetic enzyme, FLACCA, and an
ABA signaling transcription factor, ABI3, which are associated with seed maturation and
dormancy?!0. Modules showing preferential expression in the columella, had a high frequency
of the terms “lignin biosynthetic process” (M15), "carbohydrate transport" and “sulfate
transport” (M17), consistent with the high abundance of vascular bundles in this tissue
(Supplementary Fig. 7c and d).

Modules representing expression in a particular pericarp cell/tissue-type included
enriched GO terms and hub genes reflecting cell specialization (Supplementary Data 8 and 9).
For example, modules with preferential expression in the outer epidermis between 5 DPA and 10
DPA (M35), or 10 DPA and MG (M20), have many genes annotated with "long-chain fatty-acyl-
CoA metabolic process" and "cutin biosynthetic process", respectively. This reflects the
biosynthesis of the cutin-rich hydrophobic outer epidermal cuticle during fruit expansion!!-12.
Hub genes of M35 included a homolog (Solyc05g009270) of LeCERG6'3, which encodes a very-
long-chain fatty acid S-ketoacyl-CoA synthase . M20 also included the cutin biosynthetic genes
CUTIN DEFICIENT 1 (CDI1)/SICUS1', CD3/SICYP86A469"° and SIGPAT6' as hubs. M10,
which contains genes expressed in the pericarp vascular tissue during early fruit growth, is
enriched in "lignin biosynthetic process" genes, and includes homologs (Solyc09g011960,
Solyc02g085110 and Solyc02g062650) of A. thaliana laccase genes that are involved in
monolignol polymerization during lignin formation!’. We also found that the "amino acid
transmembrane transport" category is linked with pericarp vascular tissue (M19) specifically
during fruit ripening. Hubs in this module include two genes (Solyc06g060110 and
Solyc01g106800) that encode homologs of A. thaliana AMINO ACID PERMEASE 3
(AtAAP3) and AtAAPG6, respectively, which both transport a broad range of amino acids'®1°.
Metabolism of amino acids in ripening tomato fruit makes important contributions to fruit taste,
flavor and nutritional quality?%-2!. Cell/tissue-type, or developmental stage specific, co-
expression of genes associated with amino acid transport likely contribute to the substantial
changes in the content of free amino acids within the ripening pericarp. These can accumulate in
the fruit by translocation from the leaves, or generated by in situ metabolism?%-23.

Our results revealing spatiotemporally co-expressed modules provide a valuable
platform for the identification and functional verification of the regulatory gene networks
controlling fruit cell/tissue biology.
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