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6 Metatoul-AgromiX platform, LRSV, Université de Toulouse, CNRS, UPS, Toulouse INP, France
7 MetaboHUB-MetaToul, National Infrastructure of Metabolomics and Fluxomics, Toulouse, 31077, France

*Author for correspondence: julien.pirrello@toulouse-inp.fr (J.P.)

These authors contributed equally (X.C., S.Y.).
J.P. and M.B. planned and designed the research. X.C., S.Y., M.A.R., and E.P. performed experiments. S.F. performed metabolomics experiments and data
analysis. X.C., S.Y., A.D., and E.M. contributed to computational analysis. X.C., S.Y., G.H., M.L., F.R., J.P., and M.B. analyzed data. X.C., J.P., and M.B. wrote
the manuscript.
The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
Instructions for Authors (https://academic.oup.com/plphys/pages/general-instructions) is: Julien Pirrello (julien.pirrello@toulouse-inp.fr).

Abstract
Ripening is the last stage of the developmental program in fleshy fruits. During this phase, fruits become edible and acquire
their unique sensory qualities and post-harvest potential. Although our knowledge of the mechanisms that regulate fruit
ripening has improved considerably over the past decades, the processes that trigger the transition to ripening remain
poorly deciphered. While transcriptomic profiling of tomato (Solanum lycopersicum L.) fruit ripening to date has mainly fo-
cused on the changes occurring in pericarp tissues between the Mature Green and Breaker stages, our study addresses the
changes between the Early Mature Green and Late Mature Green stages in the gel and pericarp separately. The data
showed that the shift from an inability to initiate ripening to the capacity to undergo full ripening requires extensive tran-
scriptomic reprogramming that takes place first in the locular tissues before extending to the pericarp. Genome-wide tran-
scriptomic profiling revealed the wide diversity of transcription factor (TF) families engaged in the global reprogramming
of gene expression and identified those specifically regulated at the Mature Green stage in the gel but not in the pericarp,
thereby providing potential targets toward deciphering the initial factors and events that trigger the transition to ripening.
The study also uncovered an extensive reformed homeostasis for most plant hormones, highlighting the multihormonal
control of ripening initiation. Our data unveil the antagonistic roles of ethylene and auxin during the onset of ripening and
show that auxin treatment delays fruit ripening via impairing the expression of genes required for System-2 autocatalytic
ethylene production that is essential for climacteric ripening. This study unveils the detailed features of the transcriptomic
reprogramming associated with the transition to ripening of tomato fruit and shows that the first changes occur in the
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locular gel before extending to pericarp and that a reformed auxin homeostasis is essential for the ripening to proceed.

Introduction
Fruit ripening is the last phase of fleshy fruit development
that ultimately leads to fruit decay and seed dispersal.
During this process, most fruit quality traits occur as a result
of the activation of major physiological and metabolic path-
ways, leading to changes in color, aroma, and texture. These
traits are essential in making the fruit attractive to consum-
ers and frugivores that promote seed dispersal. It is com-
monly accepted that ripening starts at the breaker stage
when the fruit color shifts from green to light yellow. Based
on their ripening profiles, fruits are classified as climacteric
or nonclimacteric depending on whether or not they un-
dergo a rise in respiration and in autocatalytic ethylene pro-
duction (Klee and Giovannoni, 2011). A typical characteristic
of climacteric fruit is their capacity to initiate ripening when
detached from the plant, once they gain the competence to
ripen, a stage commonly named Mature Green (MG).
Ethylene has been considered the primary hormone orches-
trating climacteric fruit ripening. Consequently, a plethora of
studies have been devoted to the role of this hormone in
the ripening process (Lelièvre et al., 1997; Liu et al., 2015).
Also, it is worth mentioning that, so far, most studies have
focused on deciphering the dynamic changes taking place in
the pericarp tissues while neglecting what occurs in inner
tissues.

The ethylene biosynthetic pathway involves two specific
steps catalyzed by 1-aminocyclopropane-1-carboxylate
(ACC) synthase (ACS) and ACC oxidase (ACO), both
encoded by multigene families. In climacteric fruit like to-
mato (Solanum lycopersicum L.), at the pre-ripening imma-
ture green stages, ethylene biosynthesis is controlled by the
so-called System-1 characterized by auto-inhibitory ethylene
production, whereas System-2 prevails at MG stages and is
characterized by autocatalytic ethylene production (Lelièvre
et al., 1997; Giovannoni et al., 2017). System-1 ethylene pro-
duction mainly relies on ACS1A, ACS6, and ACO1, while
System-2 is dependent on ACO1, ACO4, ACS2, and ACS4
(Oeller et al., 1991; Nakatsuka et al., 1998; Barry et al., 2000;
Liu et al., 2015). The transition from System-1 to System-2
ethylene biosynthesis marks the beginning of the climacteric
phase and acquisition of ripening competency (McMurchie
et al., 1972). How ethylene production shifts from auto-
inhibitory to auto-catalytic during the transition to ripening
is still unclear.

It is remarkable that potential roles of other hormones
during the transition to ripening of climacteric fruit remains
poorly understood. Several studies have reported that exoge-
nous applications of auxin (indole-3-acetic acid, IAA), gibber-
ellic acid (GA), or cytokinin (CK) delay ripening (Dostal and
Leopold, 1967; Davey and Van Staden, 1978; Su et al., 2015).
On the other hand, exogenous applications of abscisic acid

(ABA), brassinosteroid (BR), or jasmonate (JA) have been
reported to promote ripening and enhance climacteric eth-
ylene production (Zhang et al., 2009; Zhu et al., 2015; Tao

et al., 2021). Although these studies support the hypothesis
that these hormones may have important roles in fruit rip-
ening, there is little understanding of their possible interac-
tions with ethylene. It was recently shown that auxin, ABA,
and JA influence the expression of genes involved in the rip-
ening control network, including those involved in ethylene
biosynthesis (Li et al., 2021). In addition, a growing body of
evidence supports the importance of crosstalk between dif-
ferent hormones in controlling tomato fruit ripening. It was
demonstrated that ETHYLENE RESPONSE FACTOR B3
(SlERF.B3), encoding a TF from the Ethylene Response Factor
(ERF) family, is responsive to both ethylene and auxin and
integrates these two signaling pathways via regulation of the
auxin signaling component SlIAA27 (Liu et al., 2018).
Moreover, the expression of the auxin conjugating gene
GRETCHEN HAGEN 3 (GH3) is upregulated by ABA and eth-
ylene during grape (Vitis vinifera) and tomato ripening, sug-
gesting the existence of complex multihormonal crosstalk
associated with the process of fleshy fruit ripening (Böttcher
et al., 2011; SravanKumar et al., 2018). ABA has been
reported to induce ripening by promoting ethylene biosyn-
thesis in banana (Musa sapientum L.), tomato, and peach
(Prunus persica laevis L. Batsch) (Zhang et al., 2009; Soto
et al., 2013; Jiang et al., 2014) in line with enhanced tran-
script levels of ACS2, ACS4, and ACO1 genes upon exoge-
nous ABA application (Chernys and Zeevaart, 2000; Zhang
et al., 2009).

Overall, our knowledge of the molecular mechanisms and
factors underlying the shift from ripening incompetency to
ripening competency associated with the transition to ripen-
ing is sparse. We recently proposed a model in which
RIPENING INHIBITOR (SlRIN) and SMALL AUXIN
UPREGULATED 69 (SlSAUR69) define a regulation loop that
acts as a modulator of the balance between auxin and ethyl-
ene via repressing auxin transport and tissue distribution,
resulting in enhanced ethylene sensitivity (Shin et al., 2019).
However, a more comprehensive understanding of the mo-
lecular events controlling the developmental transition lead-
ing to the initiation of the ripening process is still missing.

The development of high-throughput sequencing technol-
ogies has paved the way for transcriptomic profiling aimed
at deciphering the dynamic changes in gene expression on a
genome-wide scale. This effort has greatly benefited from
the characterization of ripening-impaired mutants, including
ripening inhibitor (rin) and non-ripening (nor) (Kumar et al.,
2018). Both mutants produce dominant-negative TFs capa-
ble of repressing many key ripening-related genes (Ito et al.,
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2017; Wang et al., 2019; Li et al., 2020). Knockout or knock-
down lines have demonstrated that RIN and NOR are re-
quired for the full progression of ripening (Ito et al., 2017;
Wang et al., 2019; Li et al., 2020). Several other MADS-box
TFs essential for the expression of multiple ripening genes,
including TOMATO AGAMOUS-LIKE1 (TAGL1) and
FRUITFULL (FUL1 and FUL2), form DNA-binding complexes
with MADS-RIN (Itkin et al., 2009; Bemer et al., 2012;
Fujisawa et al., 2014). Among the NAC TFs, NOR-like1,
NAC4, and NAC9 positively regulate ethylene biosynthesis
and lycopene production (Gao et al., 2018; Kou et al., 2018).
Re-evaluation of the regulatory hierarchy of key ripening reg-
ulators has been made with the recent insights provided by
clustered regularly interspaced short palindromic repeats/
Cas9 (CRISPR/Cas9) technology (Wang et al., 2019; Li et al.,
2021), but data exploring their role in hormone biosynthesis
and signaling genes during the ripening process are scarce.

In tomato, the ripening process has been addressed by fo-
cusing mainly on the pericarp tissue, likely due to the fact
that the onset and progression of ripening are typically asso-
ciated with visible changes in the external color of the peri-
carp. However, although fruit texture and softening are
associated with the ripening phase, it was recently demon-
strated that this major fruit quality trait is dependent on dif-
ferentiation of the locular tissue and determined at early
pre-ripening stages (Huang et al., 2021). This finding repre-
sents a paradigm shift in thinking and clearly points out the
important role of tissues besides pericarp in controlling the
ripening process. Previous studies have indicated that initial
ripening steps, including pigment accumulation and locular
differentiation, take place within the fruit inner tissues
(Shinozaki et al., 2018). Furthermore, the rise in the expres-
sion of many important ripening-associated genes like RIN,
NOR, PECTIN-LYASE1 (PL1), PHYTOENE SYNTHASE1 (PSY1),
and CAROTENOID ISOMERASE (CRTISO) begins in the locu-
lar tissue and then radiates out to the placenta and other
tissues. Altogether, these data call for more attention to the
investigation of physiological and transcriptomic regulation
in the gel and pericarp tissues separately. In the present
study, we present genome-wide transcriptomic profiling of
the transition to ripening in tomato pericarp and gel, span-
ning four ripening stages. Notably, while most studies ex-
ploring the transition to ripening considered the
transcriptomic changes in the whole fruit, a distinctive fea-
ture of our study is to sample separately the gel and peri-
carp in order to reveal potential differences and shifted
dynamics of the transcriptomic reprogramming associated
with the transition to ripening in the two tissues. Moreover,
whereas the MG stage is commonly considered as a homo-
geneous stage, and in an attempt to capture the very early
events heralding the transition to ripening, our study distin-
guishes Early Mature Green (EMG) and Late Mature Green
(LMG) as two different development stages. The data reveal
that the transcriptomic reprogramming associated with initi-
ation of ripening occurs first in the gel tissue before extend-
ing to the pericarp. The transcriptomic analysis also

comprehensively identified TF families contributing to the
transcriptomic reprogramming underlying the ripening initi-
ation and provided several potential candidate TFs puta-
tively involved in the transition to ripening. In addition, the
study documents changes in multiple hormone signaling
pathways, indicating that fruit ripening is under complex
multihormonal control. Finally, the study uncovered a key
role for auxin and its interplay with ethylene during the on-
set of ripening.

Results

Transcriptomic changes associated with the
transition to ripening are initiated in the locular gel
tissue
To unravel the transcriptomic reprogramming associated with
the transition to ripening, we performed whole-genome tran-
scriptomic profiling by RNA sequencing (RNA-Seq) of tomato
fruit at four developmental stages, including EMG, LMG,
Breaker (Br), and 4-day post-breaker (Br + 4). Moreover, to
investigate whether ripening initiation is synchronized in all
parts of the fruit organ, we sampled the pericarp and locular
gel tissues separately. On average, 44 million clean reads were
generated per sample and mapped to the SlyMIC v.1.0 assem-
bly and annotation of the S. lycopersicum cv. MicroTom refer-
ence genome (BioProject: PRJNA553986). The total number of
differentially expressed genes (DEGs) during the transition to
ripening was 18,134 genes in gel tissue and 16,863 in the peri-
carp (Figure 1A). Principal component analysis (PCA) revealed
major differences between the transcriptomes generated, with
57% of the variance (PC1) associated with the ripening stages
and 24% of the variance (PC2) with the tissue type. The gel
transcriptome gives rise to clusters distinct from those of the
pericarp at both ripening (Br and Br + 4) and pre-ripening
(EMG and LMG) stages. Notably, the two pericarp transcrip-
tomes corresponding to the pre-ripening stages cluster to-
gether, while these EMG and LMG stages cluster separately in
the gel, with the LMG gel transcriptome starting to shift to-
ward that of the ripening stages. This clustering suggests that
the transition to ripening starts earlier in the gel than in peri-
carp tissue, as shown by the higher extent of transcriptomic
changes revealed during the transition from EMG to LMG in
the gel tissue (Figure 1B). Consistent with this idea, the num-
ber of DEGs between EMG and LMG is more than twice
higher in the gel (829) than in the pericarp (318; Figure 1A).
However, throughout the progression toward ripening, the
number of DEGs between LMG and Br becomes similar in
the gel (11,867) and pericarp (9,515), and this trend continues
when considering the DEGs between Br and Br + 4 (5,210 in
pericarp and 5,601 in the gel). As a complementary
nontargeted approach, we examined co-expressed gene sets
reflecting tissue or stage specificity, using weighted gene
co-expression network analysis (WGCNA). A total of 21 mod-
ules were identified based on the similar expression patterns
(Supplemental Figure S1, A and B) highlighting the existence
of tissue or stage-specific modules. In particular, M7 and M8
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modules gather genes whose expression is highly correlated
with the gel tissue while the expression of genes in M18,
M19, and M3 modules is strongly correlated with pericarp.
On the other hand, the expression of genes in modules M1,
M4, and M13 is highly correlated with the developmental
stages.

Because any transcriptomic reprogramming requires the
intervention of TFs, we sought to capture all DEGs anno-
tated as putative TFs. Among a total of 1,994 TF genes in
the tomato genome, 911 exhibit differential expression (DE)
during the transition to ripening in the pericarp and gel tis-
sues. The clustering of DEG TFs based on their expression
pattern during ripening revealed four main clusters
(Figure 1C). Cluster 1 includes 578 genes that show downre-
gulation at the transition from LMG to Br in both gel and
pericarp. Cluster 2 contains 229 TF genes that are upregu-
lated during the initiation of ripening, including several
known ripening regulators (RIN, NOR, FUL2, CNR, TAGL1,
NAC4, AP2A, and SlARF2A). In particular, RIN, NOR, and

AP2a show substantial increases in their transcript levels be-
tween EMG and LMG in locular gel tissues and only moder-
ate upregulation in the pericarp (Supplemental Figure S2).
In contrast, the upregulation of FUL1 in the pericarp pre-
cedes that in the gel. Cluster 3 includes 72 genes that are
upregulated once ripening has been initiated. Finally, Cluster
4 includes 32 genes showing opposite trends, upregulated in
the gel, while downregulated in the pericarp. Taken to-
gether, the data support the idea that transcriptomic
reprogramming associated with ripening initiation follows
shifted dynamics in the gel and pericarp.

The high number and enormous diversity of TF families
involved in the transition to ripening in tomato fruit reflect
the extent of transcriptomic reprogramming underlying this
process (Figure 1C; Supplemental Table S1). Indeed, out of
54 TF families identified in the tomato genome, 48 showed
at least one differentially expressed member during ripening
initiation (Figure 1D). Three main groups of TF families were
defined based on their expression profiles. Group 1 (G1)

Figure 1 Global transcriptomic changes during the transition to ripening in tomato fruit. A, Transcriptional dynamics throughout ripening show-
ing the number of DEGs at early stages of the transition to ripening. B, PCA of transcriptomic profiles of EMG, LMG, Br, and Br + 4 in gel and peri-
carp tissues. Every symbol represents one replicate. C, Clustering analysis of DEGs corresponding to TFs at four ripening stages in gel and pericarp
according to their expression pattern. The bold black line represents the mean z-score for each cluster. D, Dot-plot showing the number of TF
family members that are DEGs when comparing pre-ripening and early-ripening stages. The dot color indicates the ratio between the number of
DEGs per family/total number of family members in the tomato genome. E, The number of TFs displaying differential expression during ripening
in gel and pericarp. Adjusted P 5 0.05.
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contains 10 TF families whose members show DE between
the four ripening stages in both gel and pericarp. Of these,
basic helix–loop–helix (bHLH), ERF, NAC, and MYB TF fami-
lies are the most representative of G1 and contain more
members potentially engaged in these transitions. The sec-
ond group (G2) contains TF families whose members display
DE only in locular gel between the pre-ripening stages EMG
and LMG, with APETALA2 (AP2), SQUAMOSA promoter
Binding Protein-like (SBP), HEAT SHOCK FACTOR (HSF),
and MADS-Box being the most represented families in this
group. The third group (G3) includes TF families specifically
differentially expressed between LMG and Br. Given that
Group 2 members are differentially expressed specifically in
the gel at the pre-ripening stages and become DEGs in the
pericarp only later at the transition from LMG to Br, they
are good candidates for active regulators orchestrating the
initiation of ripening. In line with the idea that transcrip-
tomic reprogramming is more intensive in the gel than in
the pericarp at ripening initiation, 40 genes encoding puta-
tive TFs are differentially expressed between the EMG and
LMG stages in the gel but only 16 in the pericarp
(Figure 1E). At the transition from LMG to Br, 649 TF genes
are DEGs in the gel and 399 in the pericarp. Finally, the
number of TF genes that exhibit a statistically significant
change in their expression level between Br and Br + 4
becomes similar in the gel (167) and the pericarp (154). The
dynamics and changes that occur in TF genes reflect the ex-
tent of the global transcriptomic reprogramming and sup-
port the idea that the pericarp undergoes similar changes to
those occurring in the gel but with a time lag. Notably, the
comprehensive analysis of TF genes during the transition to
ripening defines potential candidates putatively involved in
the regulation of the transcriptional network associated with
the initiation of the ripening process in tomato fruit
(Supplemental Table S1).

The transcriptomic reprogramming underlying the
transition to ripening is associated with multiple
hormone-associated processes
To further define the biological processes associated with
fruit ripening, we performed a GO term enrichment analysis
of all DEGs in gel and pericarp separately. The analysis indi-
cated that, among the top 20 most enriched GO terms, the
GO:0009755 corresponding to hormone-mediated signaling
pathway was highly enriched in both tissues (Supplemental
Figure S3A). To gain better insight into the hormonal con-
trol of the transition to ripening in tomato fruit, we identi-
fied all DEGs related to hormone signaling, metabolism, and
transport. Remarkably, genes associated with almost all plant
hormones are affected at the transition to ripening, includ-
ing auxin, ethylene, ABA, JA, BR, SA, CK, and GA, ordered
based on the number of DEGs (Supplemental Figure S3B).
Strikingly, while ethylene is known to be the primary hor-
mone regulating climacteric fruit ripening, transcriptomic
profiling revealed that auxin-related processes exhibit the

highest number of DEGs (Supplemental Figure S3B). The
data indicate that several genes related to the biosynthesis
and signaling of CK, GA, and auxin are downregulated
(Supplemental Figure S4, A–C). On the other hand, JA, ABA,
and BR biosynthesis and signaling genes are upregulated,
while the expression of genes involved in the catabolism of
these hormones is decreased (Supplemental Figure S4, D–F).
Hormone profiling showed that the levels of the CK active
form dihydrozeatin decrease during the onset of ripening
(Supplemental Figure S5A). This finding is consistent with
the downregulation of CK-biosynthesis genes and the previ-
ously reported negative role of CKs during ripening (Davey
and Van Staden, 1978). On the other hand, ABA and the
glucose-conjugated form ABA–glucose ester levels increased
at the initiation of ripening, in line with the transcriptomic
profile of their related genes (Supplemental Figures 4, E and
5, B). Surprisingly, JA levels decrease at the Br stage, likely
due to the transformation of JA into JA-Ile active form by
GRETCHEN HAGEN 3 (GH3) JASMONATE RESISTANT (JAR)
genes (Supplemental Figures 4, D and 5, C). Overall, the
data clearly indicate that the transition to ripening involves
alterations in processes associated with multiple hormones.

Based on the number of the corresponding DEGs between
EMG and LMG, auxin, ethylene, BR, and JA appear to be the
most involved in the events initiating the ripening program
(Figure 2A). Later, at the transition from LMG to Br stage,
the highest number of DEGs occurs with auxin and ethylene
processes, suggesting that the interplay between these two
hormones may have a prominent role at the onset of ripen-
ing (Figure 2A). Clustering analysis of auxin-related DEGs at
early stages of ripening identified two groups, one includes
81 genes that show downregulation as the main trend dur-
ing ripening initiation and the second includes 31 genes
exhibiting upregulation during later ripening stages
(Figure 2B). Interestingly, Cluster 1 contains 23 genes in-
volved in auxin biosynthesis, including one TRYPTOPHAN
AMINOTRANSFERASE (TAA), and two FLAVIN-CONTAINING
MONOOXYGENASES (YUC) genes (Figure 2C). On the other
hand, Cluster 2 contains several SMALL AUXIN UP-
REGULATED (SAUR) genes including Sl-SAUR69 that is
greatly upregulated at Br stage and shown to negatively reg-
ulate auxin transport (Shin et al., 2019; (Figure 2, B and D);
two GRETCHEN HAGEN 3 (GH3) IAA–amido synthetases, in-
cluding SlGH3-2, an ortholog of grape GH3.1 that preferen-
tially conjugates aspartate to IAA (Böttcher et al., 2011;
SravanKumar et al., 2018); and one DIOXYGENASE FOR
AUXIN OXIDATION (DAO) encoding a DAO enzyme that ir-
reversibly oxidizes IAA or IAA-Asp (Hayashi et al., 2021;
Figure 2C). Together, these results are consistent with a pat-
tern in which the expression of genes associated with auxin
synthesis decrease, whereas those associated with auxin ca-
tabolism increase during the transition from LMG to Br.
Consistent with the outcome of this interpretation of tran-
scriptomic profiling, levels of active forms of free auxin de-
crease, while conjugated inactive forms accumulate in the
fruit tissue at the onset of ripening (Figure 2E). Altogether,
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the data suggest that a fundamental shift in auxin metabo-
lism occurs at the onset of ripening, likely through cross-talk
with ethylene, as reported previously (Hao et al., 2015; Liu
et al., 2018; Shin et al., 2019).

Auxin treatment delays the transition to ripening
Considering the high number of DEGs related to auxin dur-
ing the transition to ripening, we set out to further explore
the role of this hormone in ripening initiation by performing
two successive treatments with exogenous auxin (IAA, 100
mM) at 33 DPA (EMG) and 34 DPA (Figure 3A). Because
transcriptomic profiling showed that similar changes in the
overall gene expression occur in the gel and the pericarp, al-
beit with some delay in the latter tissue, we decided to ad-
dress the impact of auxin treatment on the whole fruit. In
contrast to the mock-treated fruit that undergo typical rip-
ening as indicated by the color change, the auxin-treated
fruit exhibited delayed and incomplete change in color until
12 days after treatment (Figure 3B). This is consistent with
the previous reports indicating that auxin acts as a negative

regulator of fruit ripening (Su et al., 2015; Li et al., 2016,
2017; Tobaruela et al., 2021). To further decipher the
changes induced by auxin treatment during the initiation of
ripening, we performed genome-wide transcriptomic profil-
ing on fruit samples collected at three time points. The first
transcriptome was from fruit sampled 6 h after the first in-
jection and addressed potential wound effect of the treat-
ment as well as early auxin responses. The second and third
transcriptomes correspond to fruit sampled 24 h and 72 h
after the second injection, respectively (Figure 3A).

PCA indicated that 6-h and 24-h transcriptome data clus-
ter together, suggesting that these two time points are rep-
resentative of short-term responses to exogenous auxin
treatment and probably responses to mechanical wounding
due to the injections (Figure 3C). In contrast, transcriptomes
corresponding to 6-h and 24-h samples are separated from
the 72-h samples which likely represent long-term responses
to auxin. Consistent with this hypothesis, the total numbers
of DEGs between auxin-treated and mock samples were
14,038 DEGs and 13,140 after 6 h and 24 h, respectively, and

Figure 2 Hormone-associated DEGs during the transition to ripening. A, Number of DEGs related to each hormone at two transition stages EMG
versus LMG and LMG versus Br (adjusted P 5 0.05). B, Cluster analysis of auxin-related DEGs at pre-ripening stages. C, Heatmap the expression
level of genes involved in auxin biosynthesis (IPA pathway) and conjugation. D, Estimated transcript number of SlSAUR69 at pre-ripening stages.
E, Endogenous levels of free IAA and its conjugated form IAA–Asp at the initiation of ripening. Results shown are mean ± SE, based on three inde-
pendent biological replicates. Statistical significance was determined using Student’s t test: *P5 0.05.
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thereafter dropped to 2,986 at 72 h. Most of the DEGs, ei-
ther up- or downregulated, are shared between the 6-h and
24-h samples (Figure 3D), revealing that auxin treatment
induces massive transcriptomic changes early after the injec-
tion. Thereafter, the transcriptomic landscape stabilized at
72 h after treatment. We therefore postulated that the 72-h
transcriptome data, rather than the 6 h or 24 h ones, reflect
a sustainable auxin effect on ripening. This result prompted
us to focus our study on the 72-h samples to uncover the
genes and networks altered by auxin during the onset of
ripening.

To assess the potential effect of auxin treatment on ripen-
ing, we first monitored ethylene production in mock- and
auxin-treated fruits. The rise in ethylene production is
delayed in auxin-treated fruits, which also produced less eth-
ylene than mock-treated fruit (Figure 3E), supporting the hy-
pothesis that auxin negatively controls ethylene production
during climacteric fruit ripening. Consistent with this inter-
pretation, transcript levels of the ethylene biosynthesis genes
ACS2, ACS4, ACO1, ACO2, ACO5, and ACO6, known to be in-
volved in System-2 ethylene production, were all downregu-
lated 72 h after auxin treatment (Figure 3F).

In order to address whether the reduced ethylene produc-
tion in IAA-treated tomatoes is due to their inability to in-
duce autocatalytic System-2, we treated the fruit with
propylene, an ethylene analog known to mimic the hor-
mone effects. Propylene treatment restored normal ripening
and ethylene production in auxin-treated fruits. Notably,
both mock- and auxin-treated fruit challenged with 100
ppm propylene leads to almost a complete recovery of eth-
ylene production, indicating that auxin treatment does not
hamper the activation of System-2 but rather impairs ethyl-
ene biosynthesis (Supplemental Figure 6, A and B). In line
with the reduced ethylene production, the expression of E4
and E8, well-known ethylene-responsive and ripening-
regulated genes, was also downregulated. Moreover, many
important, well-characterized ripening-associated pathways
were altered by auxin. For instance, the carotenoid biosyn-
thesis genes PSY1 and ZISO are downregulated in auxin-
treated fruits, consistent with the faint red pigmentation in
these fruits (Figure 3G). Likewise, the expression of cell wall-
related genes, including EXPANSIN 1 (EXP1), a-MAN, LeXYL1,
POLYGALACTURONASE 2a (PG2a), SlXTH3, SlXTH8, and XET,
is reduced in auxin-treated fruit (Figure 3G). Together, these
data indicate that auxin treatment alters multiple ripening-

Figure 3 Impact of exogenous auxin treatment on tomato fruit ripening. A, Experimental design of the study. Tomato fruits were injected at 33
DPA (T1) with mock or auxin and the treatment was repeated after 24 h (T2). Samples were collected at three time points: 6 h after T1, 24 h after
T2, and 48 h after T2. B, Ripening phenotype at 45 DPA (12 days after T1) of mock and auxin-treated fruits. The pictures are representative of at
least 10 independent replicates showing the same trend. Among these independent replicates, three were used for the transcriptomic profiling by
RNA-Seq. Images were digitally extracted for comparison. C, PCA of transcriptomic profiles of mock or auxin-treated fruits at 6 h after T1, 24 h,
and 72 h after T2. Each symbol represents one replicate. D, Venn diagrams of the number of DEGs (auxin vs. mock) at 6 h after T1, 24 h, and 72 h
after T2. E, Ethylene production in tomato fruits treated with mock (black line) or auxin (orange line) (mean ± SD, n = 10, based on three indepen-
dent biological replicates). F, G, Bar plot representing log2(fold change) values of DEGs at 72 h after treatment, auxin vs. mock (adjusted P 5
0.05) for ethylene biosynthesis genes (F) and ripening-associated genes (G). T1, first treatment; T2, second treatment. Asterisks indicate significant
differences determined by Student’s t test at **P5 0.01.
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associated pathways through impairing ethylene
biosynthesis.

Auxin alters the expression of TF genes encoding
key regulators of fruit ripening
To further decipher how auxin alters the transcriptomic
reprogramming underlying the transition to ripening, we an-
alyzed the impact of auxin treatment on the expression of
TF genes. A total of 174 TF genes belonging to 35 different
TF families are differentially expressed in auxin-treated fruit.
Among these, 14 families exhibited members undergoing ei-
ther up- or downregulation, 10 families exhibited only
downregulation, and 11 families exhibited only upregulation
(Figure 4A). Consistent with auxin being a negative regulator
of ripening, TF genes encoding key regulators of tomato fruit
ripening, including RIN, NOR, AP2a, NAC1, and FUL1, were
all downregulated in auxin-treated samples (Figure 4B).

Because the ERF family had the highest number of down-
regulated genes upon auxin treatment, and considering the
important role ascribed to ERFs in mediating ethylene
responses, we analyzed their expression patterns during rip-
ening initiation. Notably, among the 77 ERF genes present in

the tomato genome, 42 (68%) showed a statistically signifi-
cant change in their transcript levels during the transition
to ripening, and based on the expression profiles, two ERF
clusters were identified; one cluster includes 13 genes upre-
gulated at the onset of ripening, and the second cluster
includes 39 genes that are downregulated (Figure 4C).
Interestingly, six out of the nine ERF genes that are upregu-
lated during ripening initiation in untreated fruit are down-
regulated by auxin treatment, including SlERF.E1 and
SlERF.E4, both known to be highly induced at the onset of
ripening (Figure 4C). On the other hand, among the 33 ERF
genes that are downregulated during ripening initiation, 12
are differentially regulated by auxin, among which five show
upregulation (Figure 4C). The data reveal the strong impact
of auxin on the expression of several ERF genes, which may
reflect altered ethylene responses following auxin applica-
tion. The data are consistent with previous reports showing
that, in addition to their response to ethylene, ERF genes
can also be regulated by auxin (Pirrello et al., 2012).

Figure 4 Impact of auxin treatment on the expression of transcription factor genes that are DEGs. A, Number of TF genes being DEGs 72 h after
auxin treatment in each family. Downregulated genes are shown in grey (log2(fold change) 5 0, adjusted P 5 0.05), and upregulated genes in
red (log2(fold change) 4 0, adjusted P 5 0.05). B, Expression of key ripening regulator TFs after 72 h of auxin treatment. C, Clustering of ERF
genes being DEGs at the onset of ripening in normal ripening fruit (left). Bar plot representing log2(fold change) values of the expression level of
ERF after auxin treatment (right).
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Auxin treatment alters hormonal signaling during
ripening
The transcriptomic profiling indicated that the transition to
ripening is associated with modulation of several hormones
(Figure 2A). Strikingly, among the 673 hormone-related
DEGs during ripening (Supplemental Figure S3B;
Supplemental Table S2), 113 exhibited DE following auxin
treatment (Supplemental Table S2). Under normal ripening,
genes related to ethylene are distributed in two clusters.
Cluster 1 contains 29 genes that are upregulated at the on-
set of ripening, 17 of which are downregulated in response
to auxin treatment (Figure 5A). Interestingly, these genes
whose expression is modulated by auxin are involved in all
steps of ethylene signaling, including biosynthesis (ACS2,
ACS4, ACO1, ACO2), signal transduction (ETR3, ETR6, EBF2,
EBF3), and transcriptional activation (SlERFE.E1, SlERF.E4).
Cluster 2 includes 48 genes that are downregulated at the
transition to ripening, including five ERFs (SlERF.C2, SlERF.D5,
SlERF.D9, SlERF.H5, and SlERF.H6). The copper transporter

RAN1 genes exhibit upregulation upon auxin treatment
(Figures 4, C and 5,A). These data indicate that auxin treat-
ment greatly disturbs the expression of many ethylene-
associated genes, including those involved in System-2
ethylene production, likely causing the observed delayed
ripening. This observation is consistent with the requirement
for a decline in auxin signaling essential for initiation of
climacteric ripening (Shin et al., 2019).

Abscisic acid has been reported to influence fruit ripening
in different ways, depending on the mode and timing of ap-
plication (Diretto et al., 2020). Cluster analysis shows that 20
ABA-related genes are upregulated (Cluster 1) during nor-
mal ripening and four of these genes are downregulated by
auxin treatment, including SlCYP707A3, an ABA 8’-hydroxy-
lases involved in ABA oxidative catabolism, as well as the
putative ABA response genes HVA22K-like and HVA22K-
like1 (Figure 5B). Cluster 2 includes 41 genes downregulated
during ripening, and among these, auxin treatment remark-
ably upregulates MOCOS-like2 and AAO4-like5 2 genes

Figure 5 Impact of auxin treatment on the expression of hormone-related genes. Clustering of hormone-related genes in normal ripening (left) or
auxin-treated (right). Right shows genes displaying opposite trend upon auxin treatment (72 h). A, Ethylene, (B) abscisic acid, (C) brassinosteroid,
(D) cytokinins, (E) jasmonate, and (F) gibberellins. Square color per gene represents log2(fold change). N, number of genes. Adjusted P 5 0.05.
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involved in ABA biosynthesis (Figure 5B). These data indi-
cate that the expression of ABA-related genes is disturbed
by exogenous auxin treatment.

Several studies have reported on a positive role for BR in
fruit ripening (Hu et al., 2020). Analysis of BR-related genes
undergoing differential regulation at the transition to ripen-
ing showed that 18 genes are upregulated (Cluster 1), while
40 are downregulated (Cluster 2; Figure 5C). Auxin treat-
ment resulted in downregulation of three genes in Cluster 1,
including SlCYP734A8, a gene encoding an enzyme puta-
tively involved in BR catabolism. Upon auxin treatment,
three genes involved in BR biosynthesis belonging to Cluster
2 were upregulated (Figure 5C). These results support the
hypothesis that auxin promotes BR biosynthesis.

Studies on the role of CK in ripening are scarce, although
it has been reported that CK levels decrease during ripening
(Davey and Van Staden, 1978). Cluster analysis of genes re-
lated to CK showed that 13 genes are upregulated (Cluster
1) and 37 are downregulated (Cluster 2) at the onset of rip-
ening. Within Cluster 1, three genes were downregulated af-
ter auxin treatment, including SlRR4 and SlRR7, two Type-
ARABIDOPSIS RESPONSE REGULATORS (ARRs) known to
be negative regulators of cytokinin signaling, as well as
ABCG14, a putative transporter of CK. In Cluster 2, two
genes were upregulated after auxin treatment, including the
ARABIDOPSIS PSEUDO-RESPONSE REGULATORS SlPRR4
gene, described as effectors of cytokinin signal (Figure 5D),
suggesting that auxin may enhance cytokinin signaling dur-
ing the transition to ripening.

Cluster analysis of genes related to JA revealed 23 upregu-
lated (Cluster 1) and 38 downregulated (Cluster 2) genes
during ripening. Among Cluster 1 genes, five were downre-
gulated by auxin treatment, including the main lipoxyge-
nases contributing to JA biosynthesis, as well as C5 and C6
flavor volatiles, SlLOX2 and SlLOX3 (Figure 5E). Interestingly,
SlLOX2, also known as TomLoxC, is the main contributor to
tomato aroma (Shen et al., 2014). This observation is consis-
tent with the previously described negative role of auxin in
desirable volatile production (Tobaruela et al., 2021).
Importantly, SlJAR7, a GH3 involved in the transformation
of JA to its active form JA-Ile, is also downregulated, suggest-
ing a negative role of auxin in JA biosynthesis. Surprisingly
within Cluster 2, three genes annotated as putatively in-
volved in JA biosynthesis are upregulated after auxin treat-
ment (Figure 5E).

Exogenous application of GA was reported to delay tomato
ripening (Dostal and Leopold, 1967). We, therefore, examined
the behavior of genes related to GAs during normal fruit rip-
ening, showing that 10 genes are upregulated (Cluster 1),
while 19 are downregulated (Cluster 2; Figure 5F). Within
Cluster 1, five genes are downregulated upon auxin treat-
ment, including those related to GA biosynthesis ent-kaurene
synthase KS-like1 and KS-like2, a gibberellin 20-oxidase
(GA20ox3), and a gibberellin catabolism gene, gibberellin 2-ox-
idase 2 (SlGA2ox2). Within the Cluster 2 downregulated
genes, two corresponding to 2-oxoglutarate-dependent

dioxygenase (GAS2), encoding enzymes mediating the last
step in biosynthesis of the bioactive form of GA, DHGA12,
undergo upregulation after auxin treatment (Figure 5F).

Altogether, our data suggest that auxin is capable of alter-
ing the expression of genes involved in the biosynthesis, ca-
tabolism, or signaling of multiple hormones during the
transition to the ripening of tomato fruit.

Discussion

Fruit ripening is initiated in the gel
Fruit ripening is a complex process regulated by internal
signals such as hormones and external cues like light and
temperature. The developmental transition associated
with ripening relies on major transcriptomic reprogram-
ming, leading to a large number of biochemical and phys-
iological changes, including changes in color and texture.
Our knowledge of the mechanisms regulating fruit ripen-
ing has substantially progressed over the last several deca-
des, and recent reports indicated that key ripening
transcription factors are induced first in the locular gel
prior to the pericarp (Giovannoni et al., 2017; Shinozaki
et al., 2018). Most studies addressing fruit ripening have
focused on the characterization of events occurring in
the pericarp while neglecting the changes in locule and
placenta tissues, although few studies indicated that the
first changes that herald the onset of ripening occur in
the locular gel at the time this inner tissue undergoes liq-
uefaction with an early increase in ACC synthase activity
in the gel tissue (Brecht, 1987; Van de Poel et al., 2014).
In the case of climacteric fruit, the onset of ripening is a
key step marked by the acquisition of ripening compe-
tency. The high number and vast diversity of TF families
engaged in the transition to ripening revealed by our
study reflects the complexity of this developmental pro-
cess. Our analysis of the TF genes throughout fruit ripen-
ing suggests spatiotemporal specialization of distinct
family members, thereby defining putative biologically rel-
evant regulatory genes. Transcriptomic profiling of the
transition to ripening in tomato fruit performed in our
study confirms that the key ripening regulators RIN and
NOR are first induced in the gel tissue between EMG and
LMG stages, indicating that fruit ripening is initiated in
the locule compartment (Supplemental Figure S2). DE
analysis identified over 900 TF genes belonging to 48 dif-
ferent families putatively involved in the transition to rip-
ening, reflecting the complexity of this developmental
process. Among these genes, 13 members of the bHLH
gene family and 12 members of the GRAS family undergo
significant changes in their transcript levels during the
early stages of ripening (Figure 1D; Supplemental Table
S1). This observation is in line with the reported downre-
gulation of SlbHLH95 that affects accumulation of total
carotenoids, lycopene, as well as ethylene sensitivity
(Zhang et al., 2020). Likewise, silencing of SlGRAS38
results in lower lycopene content and reduced ethylene
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production in tomato fruit, while the overexpression of
SlGRAS4 leads to premature ripening (Liu et al., 2021).
Moreover, among the group of TFs that show DE in locu-
lar gel tissue earlier than in pericarp, SlAP2a has been
demonstrated to be a negative regulator of ripening initi-
ation and ethylene production and a positive regulator of
chlorophyll degradation and carotenoid biosynthesis
(Chung et al., 2010; Karlova et al., 2011; Wang et al.,
2019). Overall, the data provide targets for future studies
aiming to further decipher the regulatory network
underlying the ripening process in tomato fruit.

Transition to ripening is a multihormone-controlled
process with a prominent role for the interaction
between auxin and ethylene
Given the central role of ethylene in climacteric fruit rip-
ening, a large number of studies have focused on the
mode of action of this hormone, whereas comparatively,
the roles of other hormones in this transition are less well
understood (Grierson, 2014; Liu et al., 2015). Therefore, a
major challenge is to gain a comprehensive understanding
of the molecular circuits underlying fruit ripening and to
uncover the network of interactions between various hor-
mones. Our data support the requirement for a reprog-
ramming of multiple plant hormones at the onset of
ripening. Indeed, we observed significant alterations in the
expression of genes associated with all of the hormones
that we examined, including auxin, ethylene, ABA, BR, CK,
SA, JA, and GA. Moreover, the transition to ripening in
tomato fruit involves an active interplay between auxin
and ethylene. This result is consistent with our previous
work showing that ripening initiation is associated with
decreased auxin signaling that results in increased ethyl-
ene sensitivity, in turn leading to stimulation of System-2
ethylene production triggering climacteric ripening (Shin
et al., 2019; Li et al., 2021).

Interestingly, ethylene treatment of IAA-treated fruits
restores full ripening (Supplemental Figure S6A), and
System-2 ethylene production can be induced by propylene
in IAA-treated fruits (Supplemental Figure S6B). The re-
sponse to propylene is a classic test for the initiation of au-
tocatalytic ethylene synthesis during climacteric ripening
(McMurchie et al., 1972). The restored autocatalytic ethylene
biosynthesis in IAA-treated fruits suggests that the induction
of System-2 ethylene production is tightly regulated by an
ethylene/IAA balance in the fruit tissues. These results sup-
port the hypothesis that the decrease of auxin content is re-
quired for climacteric process to proceed at the onset of
ripening. It is known that free auxin levels are highly depen-
dent on conjugation to sugars and amino acids and that
this process is integral to auxin homeostasis. While a com-
prehensive and accurate quantification of auxin and its con-
jugates at the onset of ripening is still lacking, our data
reveal a depletion of free auxin at the onset of ripening and
a concomitant increase in conjugated IAA–Asp. The study

also revealed upregulation of several GH3 genes, supporting
the hypothesis that modulation of auxin homeostasis is a
key step during the transition to ripening. Moreover, our
transcriptomic profiling revealed that SlSAUR69 is highly
expressed at the Br stage, supporting the idea that auxin
transport and tissue distribution may also contribute to the
control of auxin homeostasis. Indeed, SlSAUR69 has been
described as a negative regulator of polar auxin transport,
generating auxin minima that result in enhanced ethylene
sensitivity (Shin et al., 2019).

High auxin levels seem to impair all ripening-associated
processes. Indeed, fruits treated with IAA display delayed
ripening resulting in fruit that fail to reach full red color
(Figure 3B), consistent with the downregulation of carot-
enoid biosynthesis genes (Figure 3G). The impaired ripen-
ing is also associated with downregulation of genes
encoding cell wall modifying enzymes. Auxin and ethyl-
ene cross-talk has been reported to operate in many
physiological processes including fruit ripening. It was
shown that 7 days after auxin treatment, the transcript
levels of genes involved in System-1 ethylene production
are enhanced, whereas a high methylation status of genes
involved in System-2 ethylene biosynthesis is maintained,
resulting in the repression of their expression (Li et al.,
2016). Our study shows that auxin treatment also results
in downregulation of the key ripening gene RIN, known
to control the expression of several ripening-associated
genes encoding ethylene biosynthesis enzymes such as
ACS2 and ACS4, the ethylene receptor ETR3, cell-wall soft-
ening enzymes PG2a and EXP, carotenoid synthesis
enzymes PSY and ZDS as well as TFs like NAC-NOR, CNR,
AP2a, and FUL1/2 (Fujisawa et al., 2011). This pattern of
regulation raises the hypothesis that auxin may act
through RIN to control the expression of ripening-related
genes, in agreement with the recently elaborated model,
in which ethylene initiates ripening at the MG stage,
which in turn induces SlSAUR69, involved in auxin deple-
tion and enhanced ethylene sensitivity (Shin et al., 2019;
Li et al., 2020). Our data support this model by showing
that high auxin levels block System-2 genes, and that
auxin conjugation is a major component involved in the
regulation of auxin homeostasis during normal fruit rip-
ening (Figure 6). Nevertheless, the ability of ethylene to
trigger ethylene synthesis suggests that the shift from
System-1 to System-2 ethylene production is not depen-
dent on auxin only. Although based on our present data,
it is not possible to make a solid assumption in this re-
spect, a plausible hypothesis would be that high concen-
trations of ethylene are required to reverse the inhibitory
effect of auxin, which implies that the inhibition of
System-2 by auxin can only be alleviated when ethylene
concentrations reach a certain threshold level. More
experiments are needed to validate this hypothesis.

Overall, the study unravels in a renewed way the tran-
scriptomic reprogramming associated with the transition
to ripening of tomato fruit and highlights the
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contribution of inner tissues to this process. Moreover,
while so far, most transcriptomic profiling of fruit ripen-
ing has mainly focused on the changes occurring in peri-
carp tissues between MG and Br stages, our study
addresses the changes between EMG and LMG stages, in
gel and pericarp separately. The data reveal that the tran-
sition to ripening is initiated at first in locular gel before
extending to pericarp. This is consistent with our recent
findings that locular tissues play an essential role in con-
trolling fruit texture and firmness (Huang et al., 2021).

Our genome-wide transcriptomic analysis reveals that a
wide diversity of transcription factor families are engaged
in the global reprogramming of gene expression, thereby
highlighting the extent of the transcriptomic changes un-
derlying the transition to ripening. In particular, the study
identified transcription factors that are specifically regu-
lated during the MG stage in the gel but not in pericarp,
thereby providing potential targets toward deciphering
the initial factors and events that trigger the transition to
ripening. The potential roles of these transcription factors

Figure 6 Multihormonal control of the transcriptomic changes associated with the onset of tomato fruit ripening. Ethylene biosynthesis and sig-
naling increases at LMG which promotes ripening initiation in conjunction with key TFs (RIN, FUL1, TAGL1, NOR, and NAC1). Concomitantly, IAA
concentration decreases after LMG stage via downregulation of auxin biosynthesis genes (TAA1-like4, YUC-like4, and YUC6-like) and IAA inactiva-
tion via upregulation of auxin conjugation/oxidation genes (SlGH3.2, SlGH3.9, and SlDAO1). These changes in free IAA and conjugated IAA forms
are promoted by ethylene. At the ripening onset, genes encoding negative regulators of auxin signaling (ARF2, ARF17, AUX/IAA3, and SlSAUR69)
are upregulated, leading to the inhibition of auxin signaling and response (Hao et al., 2015; Shin et al., 2019), while positive auxin signaling genes
(TIR1 and ARF6A) are downregulated. RIN has been reported to reduce auxin signaling through inducing SlSAUR69 expression, which alters tissue
distribution of auxin by blocking its transport (Shin et al., 2019). High levels of auxin hamper the onset of ripening, through downregulating key
ripening regulators (RIN, FUL1, TAGL1, NOR, and NAC1), System-2 ethylene biosynthesis and signaling genes (ACS2, ACS4, ACO1, ETR3, CTR1,
AP2a, and ERF.E1). Auxin also represses JA biosynthesis through inactivating their biosynthetic genes (LOXB, LOXC, and SlJAR7). On the other
hand, auxin promotes GA signaling by blocking GA catabolism genes (SlGA2ox2). Also, auxin seems to promote CK by activating positive regula-
tors of CK signaling genes (SlPRR4) and repressing negative regulators (SlRR7 and SlRR4). Notably, consistent with their roles in promoting differ-
ent aspects of ripening, BR biosynthesis and signaling genes (SlCPD, SlCYP85A1, SlBR1, SlBES1, and SlBZR1) and ABA biosynthesis and signaling
genes (SlSDR, SlMoCo, SlPYL1/2, SlSnRK2.1, SlSnRK2.3, SlSnRK2.7, and SlABI5-like) are upregulated (Zhang et al., 2009; Zhu et al., 2015). Dotted
arrows indicate possible regulation.
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in the ripening program remain to be elucidated. In this
regard, the outcome of our study provides an essential re-
source for future studies aiming to further decipher the
regulation mechanisms of fruit ripening. Our data also
bring evidence for a multihormonal control of the transi-
tion to ripening and show that altered auxin homeostasis
disturbs the overall hormonal balance. The study reveals
the antagonistic cross-talk between auxin and ethylene
operating at this developmental shift. Building on the
achievement of the present work, we propose a model
enriched with the data that depicts the multihormonal
control of the transcriptomic reprogramming leading to
the transition from System-1 to System-2 of ethylene pro-
duction at the onset of climacteric ripening (Figure 6).

Materials and methods

Plant material and sampling
Tomato (Solanum lycopersicum L. cv Micro-Tom) plants were
grown under standard culture chamber conditions (14 h: 10
h, 25�C: 20�C, light: dark cycle, respectively, 80% relative hu-
midity, 250 mol m–2 s–1 intense light). The flowers were
tagged at the anthesis stage and fruits were sampled at differ-
ent stages. For hormonal profiling and transcriptomic analysis
in normal ripening conditions 10 fruits from 6 different plants
per replicate were collected at EMG (33-day post anthesis
[DPA]), LMG (36 DPA), Breaker (Br), and Br + 4 days. We
sampled tomato at different DPAs around the MG stage,
which allowed defining two categories differing by their ability
to reach full ripening with a few days lag. In this way, we
were able to define fruits corresponding to 33 DPA as EMG
because 90% of them reach the full ripening stage 2–4 days
later than LMG (36 DPA) of which 99% were able to fully
ripe. Then gel (without seeds) and pericarp were separated
and samples were frozen in liquid nitrogen, immediately after
separation and stored at –80�C. Three independent biological
replicates were performed for each experiment.

Hormonal profiling
Frozen fruit samples were ground with Tissue Lyser II
(Qiagen, France) by applying two cycles of 45 s at 300 Hz. A
total of 300 mg of ground tissue was extracted with 700 mL
of pre-cooled (–20�C) extraction methyl tert-butyl ether/
methanol (75/5, v/v) solvent. After mixing by vortexing, sam-
ples were sonicated for 3 min in an ultrasonic bath. A volume
of 700 mL of pre-cooled water/methanol (75/25, v/v) solution
was added and the samples were again thoroughly vortexed
for 30 s and sonicated for 3 min. The samples were centri-
fuged at 14,000 rpm for 3 min at 5�C. Around 500 mL of the
hydrophilic phase was transferred to a fresh 1.5-mL microcen-
trifuge tube and dried down using a SpeedVac concentrator
at 35�C. The dried pellets were resuspended in acetonitrile/
water (20/80, v/v) solution with a final concentration of 10
mg�mL–1. Analysis was performed by ultrahigh-performance
liquid chromatography-multiple reaction monitoring (U-
HPLC-MRM). U-HPLC system (Dionex Ultimate 3000, Thermo

Scientific) was equipped with a Hypersil Gold AQ (100 � 2.1
mm, 1.9 mm Thermo Scientific) heated at 45�C. Five microli-
ter of samples were injected. Separation was performed at a
constant flow rate of 0.3 mL�min–1, in a gradient of solvents
A (water + 0.05% v/v formic acid) and B (acetonitrile +
0.05% v/v formic acid): 1 min 5% v/v B; 8 min 5% to 96% v/v
B; 1 min 96% v/v B, and re-equilibration to the initial condi-
tions in 4 min. Mass spectrometer analysis was performed
with a Qtrap 5500 mass spectrometer (AB Sciex) with electro-
spray ionization and MRM mode, as described by Pons et al.
(2020). Phytohormones quantification was performed using
Sciex OS software, concentration of standards is listed in
Supplemental Table S3.

Auxin treatment
The IAA solutions were prepared at 100 lM in Milli-Q wa-
ter at pH 5.6 and injected into fruits harvested at 33DPA
(Su et al., 2015; Tobaruela et al., 2021). Fruits from the mock
groups were injected with Milli-Q water alone. Injections
have been performed using 40 mL of auxin or mock solution
in the two opposite parts of fruits. Two successive treat-
ments with exogenous auxin 24 h apart have been per-
formed, the first at 33 DPA (EMG) and the second at 34
DPA. Tissues have been sampled for analysis 0 h, 6 h after
the first treatment, and 24 h or 72 h after the second treat-
ment (Figure 3A). Each condition includes 10 fruits collected
from six different plants. Three independent biological
repeats were performed for each experiment.

Ethylene and propylene treatment
Auxin and mock-treated tomato fruits 72 h after the second
treatment (37 DPA), before any color change, were placed
in an air-tight 22 L acrylic cabinet (Nalgene) with 10-ppm
ethylene or 1,000-ppm propylene. The treatment was con-
ducted continually; the gas environments (air, ethylene, and,
propylene) were replenished every 24 h for 3 days, with at
least three biological replicates for each treatment.

Ethylene production measurement
Five fruits treated with auxin, mock, auxin plus propylene,
and mock plus propylene-treated fruits were placed in
120-mL jars 24 h after the second treatment (35 DPA). Jars
were sealed and incubated at room temperature for 1 h,
and 1 mL of headspace gas was injected into an Agilent
7820A gas chromatograph equipped with a flame ionization
detector (Agilent, Santa Clara, CA, USA). Samples were
compared with a reagent-grade ethylene standard of 4 ppm
concentration and normalized for fruit weight. Three
independent biological replicates were performed for each
experiment.

RNA extraction
Fruit samples stored at –80�C were homogenized to powder
with the ball grinder Tissue Lyser II (Qiagen, France) by ap-
plying two cycles of 45 s at 300 Hz. Total RNA from gel and
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pericarp of ten individual fruits at each developmental stage
was extracted, using 200 mg of fruit powder, with ReliaPrep
RNA Tissue Miniprep System kit (Promega, France, Ref.
Z6112) according to the manufacturer’s instructions. The to-
tal RNA sample was then treated with DNA-free DNA
Removal Kit (Invitrogen, France) to remove DNA. The quan-
tity and quality of RNA were assessed by measuring the op-
tical density (OD) at 260 nm and 280 nm by a
spectrophotometer (NanoDrop 330, Thermo Fisher
Scientific) and 2% (w/v) gel electrophoresis.

RNA-Seq analyses
For each condition, three biological replicates were prepared.
RNA quality was checked on an Agilent 2100 Bioanalyzer
System, using the RNA 6000 Nano kit protocol (Agilent
Technologies, Germany). RNA samples with RNA Integrity
Number values of 47.5 were sent to Novogene
Bioinformatics Technology Co., Ltd (Beijing, China) for
cDNA library construction and sequencing on Illumina
NovaSeq 6000 platform (Illumina, San Diego, CA, USA). Raw
sequence corresponding to paired-end reads (2 � 150 bp)
were treated as described by Althiab-Almasaud et al. (2021)
and aligned to SLYMIC v.1.0 assembly and annotation of the
S. lycopersicum cv. MicroTom reference genome (BioProject:
PRJNA553986). The quality of alignments is listed in
Supplemental Table S4.

DE and downstream analyses
DE analysis was performed with R software version 4.1.1
(https://www.r-project.org/) using the DESeq2 package ver-
sion 1.30.1 with the default relative log expression (RLE) nor-
malization method, encompassing biases caused by library
size and relative size of transcriptomes (Maza et al., 2013;
Love et al., 2014). The false discovery rate (FDR) was con-
trolled by the Benjamini–Hochberg method. Genes were de-
clared as DEGs with an adjusted P(padj) 50.05 using a
multifactor design, then a likelihood ratio test was per-
formed to determine if the increased likelihood of the data
use in the full model is more than expected, which included
the paired sample stage or treatment. The RLE normaliza-
tion by DESeq2 considers that all the transcripts have the
same length and does not normalize counts by transcript
length. Thus, we extracted such normalized data and nor-
malize it by transcript lengths to be able to compare tran-
script expressions in downstream analyses, as profile
clustering. For this purpose, we divided DESeq2 normalized
expressions by transcript sizes and multiplied them by the
length of a raw read, as in the TomExpress platform
(https://tomexpress.gbfwebtools.fr/). These normalized
expressions can then be understood as (relative) estimations
of transcript numbers. Lastly, the mean value of the biologi-
cal replicates was calculated giving as a result the estimated
transcript number for the given condition. PCA was per-
formed with the plotPCA function of DESeq2. All graphs
were plotted with ggplot2 version 3.3.3 R package.
Hierarchical clustering and heatmap for the DEGs were gen-
erated with the pheatmap version 1.0.12 R package with

Pearson correlation as the distance metric and a complete
linkage method.

Identification of hormone-related genes in the
tomato genome
Mercator4 V3.0 tool was used to automatically annotate the
SLYMIC 1.0 gene/protein model 1.1 and MapMan4 to func-
tionally categorize the genes (Schwacke et al., 2019), annota-
tions were manually curated. In addition, annotations from
Hu et al. (2021) were recovered and the database were ex-
panded following the same pipeline (Supplemental Table S2).

Weighted gene co-expression network analysis
Co-expression network modules were identified using normal-
ized expression values and the WGCNA package (v1.71) in R.
Genes with a low level of expression below 10 and low coeffi-
cient of variation (CV5 0.5) among all samples were dis-
carded and the remaining 9,563 genes were used for the
analysis. The co-expression modules were obtained using the
automatic network construction function with a soft thresh-
old (power) of 8, TOMType was “signed”, networkType was
“signed hybrid”, minModuleSize was 30, and mergeCutHeight
was 0.15. The list of genes belonging to each module is avail-
able in Supplemental Table S5.

Gene ontology analysis
Gene ontology (GO) analysis of DEGs from gel and pericarp
separately was performed by PANTHER GO-slim (Mi et al.,
2019). Top 20 significantly enriched GO categories were se-
lected with FDR5 0.05.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
listed in Supplemental Table S6. Correspondences between
SLYMIC v.1.0 (Sly nomenclature) and ITAG 2.4 (Solyc) anno-
tation (https://solgenomics.net/organism/Solanum_lycopersi
cum/) are available in Supplemental Table S6. All RNA
sequences are available from the Sequence Read Archive at
the National Center for Biotechnology Information, under
accession PRJNA808237.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Co-expression modules gener-
ated by WGCNA.

Supplemental Figure S2. Transcriptomic kinetics of main
ripening TFs.

Supplemental Figure S3. GO enrichment.
Supplemental Figure S4. Transcriptomic profile of key

genes associated with hormones at the onset of ripening.
Supplemental Figure S5. Endogenous levels of different

hormones at ripening initiation.
Supplemental Figure S6. Effect of exogenous auxin, ethyl-

ene, and propylene treatment on fruit ripening.
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Supplemental Table S1. Solanum lycopersicum putative
TF genes differentially expressed in this study.

Supplemental Table S2. Hormone-related DEGs in this
study.

Supplemental Table S3. Concentration of standards used
for the hormone profiling.

Supplemental Table S4. Report of the counts of reads
that map to a single location and summarized at the gene
level.

Supplemental Table S5. Module assignment for the 9,563
genes selected for WGCNA.

Supplemental Table S6. Accession number correspon-
dence between Solyc, Sly, and Gene Bank.

Acknowledgments
We are grateful to L. Lemonnier and D. Saint-Martin for the
cultivation of tomato plants. We are also grateful to G. Marti
for the metabolomic data processing and to A. Perez for the
liquid chromatography mass spectrometry (LCMS) data
acquisition.

Funding
This work was supported by the European Union grant H2020
TomGEM 679796, the COST Action CA18210 RoxyCOST
(European Cooperation in Science and Technology, “Oxygen
sensing a novel mean for biology and technology of fruit qual-
ity”), the Labex TULIP ANR-10-LABX-41 (Laboratoire
d’Excellence TULIP), the FRAIB (FR3450, Fédération de
Recherche Agrobiosciences, Interactions et Biodiversité), and
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