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SUMMARY

Far-red (FR) light, a critical environmental signal perceived via phytochrome photoreceptors, modulates
numerous aspects of plant development; yet, its role in reproductive processes such as fruit growth and rip-
ening remains less clear. In this study, we investigated the developmental stage-specific effects of FR light
on fruit development, anatomy, and metabolism in dwarf tomato (Solanum lycopersicum) plants. FR light
was applied during three distinct stages: vegetative phase, early fruit development, and late fruit develop-
ment. Three corresponding plant batches were analyzed: (i) full-growth cycle plants for final fruit weight
and plant architecture, (ii) plants harvested at the mature green stage for anatomical measurements, and
(iii) plants during early fruit formation for integrated transcriptomic and metabolomic profiling of source
(leaf) and sink (fruit) tissues. FR exposure from flowering to the full-grown green fruit stage increased total
fruit weight by enhancing fruit size, linked to an increase in both mesocarp cell layers and cell size. These
anatomical changes were associated with transcriptional upregulation of genes related to auxin, gibberel-
lins, and brassinosteroid biosynthesis and signaling in both leaves and fruits. Additionally, FR light acceler-
ated the onset of ripening, coinciding with transcriptional upregulation of abscisic acid and ethylene
biosynthesis pathways. Furthermore, our results reveal that FR light is initially perceived in leaves and sub-
sequently modulates fruit development and ripening through hormone-mediated signaling. This study pro-
vides new insights into the light-regulated plasticity of reproductive development and highlights the
importance of FR timing in optimizing fruit fresh weight and sugar content.
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INTRODUCTION
opucTio far-red regions of the spectrum, respectively (Borthwick

Light is a central environmental signal that profoundly influ-
ences plant development, physiology, and metabolic pro-
cesses. In addition to its role as an energy source, light
spectrum—specifically the ratio of red (R 600-700 nm) to
far-red (FR 700-800 nm) wavelengths—serves as a key indi-
cator of competition and neighbor plant proximity in natural
and agricultural environments (Roig-Villanova & Martinez-
Garcia, 2016; Ballaré & Pierik, 2017; Huber et al., 2021; Casal
& Fankhauser, 2023; Huber et al., 2024). Plants perceive
changes in the red: far-red (R:FR) light ratio through the phy-
tochrome photoreceptor, which is reversibly interconverted
by light between its inactive form, Pr, and its physiologically
active form, Pfr, with peaks in absorption in the red and

© 2025 The Author(s).

et al., 1952; Sager et al., 1988). A reduction in R:FR ratio, typ-
ical of vegetative shading or dense plantings, triggers a cas-
cade of reactions that lead to morphological and
physiological changes collectively known as the shade
avoidance syndrome (SAR), including rapid elongation of
stems and leaves, and altered allocation of resources
(Ballaré & Pierik, 2017; Casal, 2013; Franklin, 2008).

Most of our knowledge on mechanisms orchestrating
shade avoidance comes from studies on Arabidopsis thali-
ana. Briefly, it is well documented that FR detection in
leaves inactivates phytochrome B, which in turn leads to the
accumulation of active phytochrome interacting factor (PIF)
transcription factors. PIFs stimulate the auxin synthesis
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pathway, and auxin is then translocated to the different
organs to trigger cell expansion, which leads to organ elon-
gation (Pierik & Ballaré, 2021). In tomato (Solanum lycoper-
sicum), a widely cultivated crop and model plant with
strong photomorphogenic sensitivity, responses to FR have
been studied in the context of vegetative growth and archi-
tecture (Demotes-Mainard et al., 2016). FR radiation has
been shown to induce internode elongation, increase leaf
expansion, affect biomass partitioning, and enhance apical
dominance (Ji et al.,, 2021; Kalaitzoglou et al., 2019; Li
et al., 2015; Shomali et al., 2024; Song et al., 2024). While
several studies, including those by Kalaitzoglou et al. (2019)
and Ji et al. (2020) have reported that FR light can influence
carbon allocation and favor resource partitioning toward
fruits, a comprehensive understanding of how FR modu-
lates reproductive traits, such as fruit development, compo-
sition, and quality is missing. Given the commercial and
nutritional importance of tomato fruit, understanding how
FR light influences fruit-associated traits is of both funda-
mental and applied interest.

Moreover, while previous work has identified physio-
logical and hormonal pathways responsive to FR light, the
developmental stage at which FR may critically influence
the direction and magnitude of these responses remains
unknown. In this study, we aim to investigate: (1) the
effects of far-red light exposure at different plant develop-
mental stages on morphological traits, fruit anatomy, and
growth in tomato, and (2) the associated changes in early
metabolism and gene expression in both vegetative and
reproductive organs. To address these knowledge gaps,
we implemented an integrative, multilevel approach com-
bining morphological and physiological assessments with
transcriptomic (RNA-sequence) and untargeted metabolo-
mic profiling of leaves and fruits. We hypothesized that the
developmental period spanning from flowering to the
full-grown green fruit stage represents the critical window
during which FR exerts the greatest influence on fruit ana-
tomical development, carbohydrate content, and final fruit
fresh weight. Specifically, we hypothesize that FR exposure
during this stage significantly alters pericarp cell histology,
through modulation of endogenous hormone levels.

RESULTS

Effects of timing of FR application on yield and whole
plant morphology at the end of the growth cycle

The FR response is well known as an internal plant reac-
tion to shading. Our results agree with this pattern: when
FR was applied throughout the entire growth period, plants
showed a larger fraction of biomass allocated to the stem
compared with plants grown without FR, although this dif-
ference was not statistically significant (Figure 1a). Interest-
ingly, the biomass fraction partitioned to the stem was
significantly higher when FR was applied throughout the

entire growth period, compared with FR applied from flow-
ering until full-grown green fruits and FR applied from
green fruits until red fruits.

When FR was applied during stages where fruits were
present, the total plant dry mass remained unchanged com-
pared with NO FR, but the dry mass partition to fruits was
significantly increased, especially in the case of FR added
from flowering until full-grown green fruits (Figure 1d,e). Fur-
thermore, there was a tendency that FR applied throughout
the entire growth period resulted in the highest fruit fresh
weight, followed by FR from flowering until full-grown green
fruits and FR from vegetative until flowering, although the
difference was not statistically significant (Figure 1f).

Collectively, these results indicate that FR applied
from flowering until full-grown green fruits excelled in
fruit-focused dry biomass allocation, while FR applied
throughout the entire growth period resulted in greater dry
biomass allocation to the stem at the expense of leaves
and did not affect the fruits.

Differential effects of timing of FR application on tomato
fruit volume, number of trusses, and fruit number

Differences in fruit volume became evident after 16 DAA,
with FR applied throughout the entire growth period result-
ing in the highest fruit volume (Figure 2b). From this stage
onward, differences became more pronounced, with FR
from flowering until full-grown green fruit stage reaching a
volume statistically not different from FR applied through-
out the entire growth period. By 43 DAA, both FR from
flowering until full-grown green fruits and FR throughout
the entire growth period attained peak fruit volume, while
FR before flowering and FR from full-grown green fruits
until ripe had the smallest fruits and did not differ from
each other. As opposed to fruit volume, the number of
trusses and the number of fruits per plant were not signifi-
cantly affected by the FR treatments (Figure 2a,c).

Timing of FR application affects fruit color development
and ripening

The effect of FR on skin color, expressed as the a* value,
was evaluated over time. This parameter, which reflects
color variations along the red-green axis, served as an
indicator of fruit ripening, with higher values signifying
increased redness and maturation.

At 40 DAA, fruits from all treatments were still in the
green fruit stage (Figure 2e). At 45 DAA, a* values
increased sharply when FR was applied throughout the
entire growth period, indicating the transition to red fruits,
while fruits in the other treatments were still green. By 47
DAA, the differences became more pronounced. Fruits
from plants that received FR throughout the entire growth
period maintained the highest a* values. Fruits from plants
that received FR from flowering until fully grown green
fruits also began to show increases in a*, distinguishing
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Figure 1. Effect of adding far-red (FR) at different plant developmental stages on tomato (Solanum lycopersicum) growth traits at the end of the growth cycle,

74 days after anthesis (DAA).

Shown are the fraction of dry biomass allocated to leaves and stems (a), final plant height (b), total leaf area (c), the total plant dry biomass (d), the fraction of
dry biomass allocated to fruits (e), and total fruit fresh weight (f). Data represent means + standard error (n = 6). Different letters indicate statistically significant

differences between treatments according to Tukey’s HSD test (o« =0.05).

them from the other treatments. Additionally, the treat-
ment with FR applied from vegetative to flowering stages
showed higher a* values compared with NO FR. At 50
DAA, fruits from plants exposed to FR throughout the
entire growth period reached maturity and were harvested.
Their a* values did not differ statistically from those of
fruits exposed to FR only from flowering until the
full-grown green stage. Similarly, fruits from the FR
vegetative-flowering treatment showed no significant dif-
ferences compared with either of these groups, although
their a* values were slightly lower. By 53 DAA, fruits from
FR from flowering until full-grown green fruits reached
their peak a* value and were harvested. Ripening of fruits
from the other three treatments progressed more slowly,
reaching maturation at 57 DAA.

© 2025 The Author(s).

Differential effects of timing of FR application on soluble
sugar content in ripe tomato fruits

Red ripe fruits from plants where FR was applied through-
out the entire growth cycle showed the highest total solu-
ble sugar content, significantly exceeding all other
treatments; however, not differing statistically from fruits
of plants that received FR from flowering until full-grown
green fruits. The other treatments did not differ from each
other (Figure 2d).

Fruits from plants that received FR throughout the
entire growth cycle and FR from flowering until full-grown
green fruits had the highest glucose content, with no sig-
nificant difference between them. The other three treat-
ments showed the lowest glucose content and did not
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Figure 2. Effect of adding far-red (FR) at different plant developmental stages on tomato (Solanum lycopersicum) growth traits over time.

Shown are: (a) number of trusses (measured from 8 to 36 days after anthesis [DAA]), (b) fruit volume (measured from 8 to 43 DAA), (c) number of fruits (mea-
sured from 8 to 36 DAA), (d) soluble sugar content in ripe fruits, and (e) fruit color change, measured from 40 to 57 DAA using the a* value of the CIELAB color
space, where higher a* values indicate a shift toward red. In graphs (a), (b), and (c), the treatment FR Green fruits-Red fruits (starting at 38 DAA) is not shown,
as it had not yet been initiated during the measurement periods. Data represent means + standard error (n=6). Different letters indicate statistically significant

differences between treatments according to Tukey’s HSD test (« = 0.05).

differ from each other. Interestingly, the fructose content
of fruits from plants that received FR throughout the entire
growth cycle was significantly higher than that of all other
treatments, followed by the treatment FR from flowering
until full-grown green fruits. The other treatments did not
differ from each other and had the lowest values. No sig-
nificant difference was detected in fruit sucrose content
between the FR treatments (Figure 2d).

Differential effects of timing of FR application on fruit
carbohydrate content and anatomy

Collectively, the period from flowering until the full-grown
green fruit stage is a critical window for FR application,
regarding fruit growth, ripening, and sugar accumulation.
To investigate the mechanisms behind this sensitivity, we
analyzed fruit physiology at 35 DAA and conducted
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Figure 3. Effect of far-red (FR) light applied at different developmental stages up to 35DAA.

Shown are mean fruit fresh weight (a), starch (b), and soluble sugars content (c) in tomato (Solanum lycopersicum) fruits. The FR Green fruits-Red fruits treat-
ment (initiated at 38 DAA) is not included, as the analysis was conducted at 35 DAA. Data represent means + standard error (n = 6). Different letters indicate sta-
tistically significant differences between treatments according to Tukey’s HSD test (x = 0.05).

transcriptomic and metabolomic profiling of leaves and
fruits at 10 DAA.

At 35 DAA, FR throughout the entire growth period
and FR from flowering until full-grown green fruits resulted
in the highest fruit fresh weights. Fruits from plants that
received FR only before anthesis and NO FR did not differ
from each other and showed the lowest fresh weights
(Figure 3a).

Fruits receiving FR from flowering until full-grown-
green fruits stage showed the highest starch content,
although not significantly different from fruits on plants
that received FR throughout the entire growth period.
Fruits from plants that received NO FR and FR only before
anthesis did not differ in starch content (Figure 3b).

Glucose content was significantly higher in fruits trea-
ted with FR throughout the entire growth period and FR
from flowering until full-grown green fruits, compared with
the other two treatments that did not differ from each
other (Figure 3c). Fructose content was highest in FR
throughout the entire growth period followed by the treat-
ment FR from flowering until full-grown green fruits. No
significant differences in sucrose content were observed
between the FR treatments (Figure 3c).

To further investigate the cause underlying differ-
ences in fruit volume induced by FR, we analyzed its
effects on pericarp cell histology. Fruits from plants
receiving FR from flowering until the full-grown green
fruit stage and fruits from plants receiving FR throughout
the entire growth cycle showed the highest mesocarp vol-
ume, with no statistically significant differences between
them (Figure 4a,b). However, the reason for the fruit vol-
ume increase was different between the two treatments.
In treatment FR from flowering until green fruits, the

© 2025 The Author(s).

increase in mesocarp volume was primarily attributed to
a significant enlargement of mesocarp cell volume,
accompanied by a moderate increase in the number of
mesocarp cell layers (Figure 4c,d). Conversely, in treat-
ment FR applied throughout the entire growth cycle, the
increase in mesocarp volume was mainly driven by
the highest number of mesocarp cell layers among all
treatments, while mesocarp cell volume also increased
but to a lesser extent, without a statistically significant dif-
ference compared with the FR flowering-to-green fruits
treatment (Figure 4c,d).

In contrast, the treatment of FR from vegetative until
flowering led to a significant increase in the number of
mesocarp cell layers, similar to treatment FR from flower-
ing until green fruits, resulting in the highest number of
cell layers among treatments (Figure 4c). However, meso-
carp cell volume remained unchanged, leading to a total
mesocarp volume comparable to that observed in NO FR
(Figure 4d).

To summarize the overall treatment effects on tomato
plant morphology and carbohydrate traits, a hierarchical
cluster analysis was performed using standardized values
of selected traits. The clustered heatmap revealed differ-
ences among treatments based on both vegetative and
reproductive parameters (Figure 5). FR from flowering until
full-grown green fruits and FR throughout the entire
growth cycle clustered closely together, indicating a similar
effect on key fruit-associated parameters such as starch
and sugar content, fruit volume, color transition, dry mass
allocation to fruits, and fresh weight. However, these two
treatments differed markedly in their influence on vegeta-
tive traits, including dry mass allocation to leaves and
stems, plant height, and leaf area, suggesting a divergence
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Figure 4. Image analysis of tomato (Solanum lycopersicum) fruit pericarp tissue sections as they were affected by far-red (FR) light applied at different plant
developmental stages.

This figure displays microscopy images of pericarp sections (a), measurements on mesocarp volume (b), mesocarp cell layers (c), and mesocarp cell volume
(d). Data represent means + standard error (n=6). Different letters indicate statistically significant differences between treatments according to Tukey’s HSD test
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Figure 5. Hierarchical cluster analysis illustrating the overall effect of far-red (FR) light supplementation at different developmental stages on key physiological
and anatomical traits in tomato (Solanum lycopersicum) plants.

The left side represents the treatments based on the developmental stage during which additional FR was applied. The heatmap on the right displays the rela-
tive effect of each treatment on the measured traits. Color intensity indicates the magnitude and direction of the effect, with red denoting a strong positive asso-
ciation and blue indicating a negative association between FR treatment and the corresponding trait.

in how carbon is partitioned between reproductive and Transcriptomics on leaves and fruits
vegetative sinks. In contrast, the other three treatments
formed a distinct cluster characterized by a tendency to
favor vegetative growth more strongly than reproductive
development.

Leaves
FR affected total fruit fresh weight as well as different
physiological parameters in the treatment FR from

© 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 124, €70613

85US0 |7 SUOWIWOD SAIERID 3|dedlidde au Ag paueAob a1e S9plife YO 88N JO SN 10} Aeig1T 8UIUO 48] 1A UO (SUOIPLOD-PUR-SWLBH W0 A8 | IMAeid|fouuo//Sdiy) SUO RIPUOD Pue SWS | 8U388S *[9202/T0/7T] Uo Akeidiaulluo AB]IM ‘€T90L [dyTTTT 0T/10p/u0o A8 M Azelq1jpu1|uo//SAny WOl papeolumod ‘G ‘G20C ‘XETESIET



Regulation of tomato fruit growth by far-red light 7 of 20

(@) (b)
FRvS NO FR 1784
Leaves
800 . Upregulated
o W Downreguiated NOFR 1.5h NO FR 24h NO FR 96h
A e @ Response to auxin L J Translation @ Photosynthesis
;tl‘ s @ Auxin activated \132 L i;?;:g horJ @ Response to light} 1097
%)g g 200 signaling pathway linkage P stimulus
643 2959
0 FR1.5h —_— FR 24h —_— FR96h
-200
3011
1.5h 24h 96h
Time
c d
FRVs NO FR © 2115 @
Fruits A
30 B upreguiated 494 875
5 B Downreguiated | NOFR1.5h | | NO FR 24h | NO FR 96h
10 ° G.lycolipidA @ Nucleosome . Sterol
-y 0 biosynthetic process assembly 16 . l 68
§ 36 @ Inositol triphosphate @ Transtation .‘Przz:pi:e -
o metabolic process 1025 P!
-20 207
. FR1.5h | — | FR24h | ———| FR96h
-40
-50 2320
1.5h 24h 96h
Time

Figure 6. Transcriptomic responses to far-red (FR) light exposure in leaves and fruits over time.
(a) Number of differentially expressed genes (DEGs) in leaves exposed to FR compared with NO FR at 1.5, 24, and 96 h at 10 DAA. Red bars represent upregu-

lated genes, and blue bars represent downregulated genes.

(b) DEG comparisons between time points in leaves under FR and NO FR conditions. Numbers on arrows indicate the number of DEGs between respective time
points. Functional enrichment highlights auxin response at 1.5 h, translation and protein-chromophore linkage at 24 h, and photosynthesis and response to light

stimulus at 96 h under FR conditions.

(c) Number of DEGs in fruits exposed to FR compared with NO FR at 1.5, 24, and 96 h after 10 DAA. Red bars represent upregulated genes, and blue bars repre-

sent downregulated genes.

(d) DEG comparisons between time points in fruits under FR and NO FR conditions. Numbers on arrows indicate the number of DEGs between respective time
points. Functional enrichment highlights glycolipid biosynthesis and inositol triphosphate metabolism at 1.5 h, translation and nucleosome assembly at 24 h,

and sterol and phosphate ion transport at 96 h under FR conditions.

flowering until full-grown green fruits. To investigate the
regulatory gene pathways affected by the treatment, a
transcriptomic analysis was conducted at 10 DAA.

Figure 6a,b illustrates the transcriptional response in
leaves under FR compared with the absence of FR, across
three time points: 1.5, 24, and 96 h (4 days) after exposure
to FR. At 1.5h, the number of differentially expressed
genes (DEGs) was relatively low, but it increased signifi-
cantly at 24 h and peaked at 96 h, particularly in the num-
ber of upregulated genes. Figure 6b summarizes the
functional transitions over time. At 1.5h under FR treat-
ment, genes related to auxin response and auxin-activated
signaling were enriched. At 24h, enriched functions
included translation and protein-chromophore linkage. By
96 h, the transcriptomic response was dominated by genes
associated with photosynthesis and response to light
stimuli.

Figure 6b also shows the DEGs across sampling
times. In each time point comparison, the total number of
DEGs under FR treatment is at least double the number
observed in the absence of FR.

© 2025 The Author(s).

Gene grouping strategy—Genes were categorized into
three groups—Green, Orange, and Purple—based on their
expression patterns over time under the FR and NO FR
conditions (Figure S4). Initially, we filtered genes for which
the NO FR condition remained stable across all time
points, to avoid genes whose expression is influenced by
natural time-dependent processes. From this subset, we
retained only those genes that showed a statistically signif-
icant difference (P-value <0.05) and an absolute log fold
change (llogFCl) greater than 1 when comparing FR versus
NO FR conditions.

The selected genes were then classified according to
the time points at which differential expression was
observed between FR and NO FR: Green group, genes that
were significantly different between FR and NO FR at all
three time points; Orange group, genes that were signifi-
cantly different only at the first time point (1.5 h); Purple
group, genes that were significantly different only at the
last time point (96 h). A graphical representation of gene
expression profiles is presented in Figure S4. Individual
expression plots for each gene are available in Figures S5-
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S7. A complete list of genes in each group can be found in
the Supplementary RNA sequencing folder.

Description of genes in green group—The Green group
comprised 37 genes, with 31 upregulated and 6 downregu-
lated compared with the NO FR condition (Figure S5, Sup-
plementary log2FC). Several of the upregulated genes are
associated with auxin signaling (supporting the GO enrich-
ment analysis presented in Figure 6b), including Solyc08g
068490.3 (auxin response factor 5), Solyc01g110730.4
(auxin-responsive SAUR family protein), Solyc019g110770.2
(auxin-induced  protein),  Solyc08g062180.3  (auxin-
responsive protein [AA29), Solyc01g110790.3 (auxin-
induced protein), Solyc12g009240.2 (auxin-responsive GH3
family protein), and Solyc03g118810.4 (auxin efflux carrier
component). These genes are annotated with GO terms or
Pfam domains linked to auxin responsiveness or signaling
and consistently exhibit positive log fold changes across
time points, indicating sustained upregulation.

In addition to auxin-related genes, others within this
group are involved in broader hormonal signaling path-
ways, Solyc01g080880.4 (BRI1-associated receptor kinase)
and Solyc07g062260.3 (brassinosteroid insensitive 1-like
protein) are involved in brassinosteroid signaling, while
Solyc06g035530.3, encoding gibberellin 20-oxidase, plays a
role in gibberellin biosynthesis. These hormone-associated
genes also show strong upregulation, suggesting that hor-
monal modulation is an integral component of the tran-
scriptional response under the experimental conditions.

In terms of transcriptional regulation, many genes in
the dataset are annotated with transcription factor activity,
particularly those containing homeodomain or helix-loop-
helix (HLH) motifs. These include Solyc049g074700.4
(homeobox-leucine zipper protein HAT22), Solyc02g-
091930.3 (basic helix-loop-helix transcription factor
bHLH137), Solyc089078300.4 (basic helix-loop-helix protein
bHLH92), Solyc03g114720.3 (homeobox transcription factor
KNAT3-like), Solyc01g110770.2, Solyc01g110730.4, and
Solyc01g110790.3 (all three annotated as auxin-induced
transcription factors, likely from the SAUR family), as well
as Solyc07g062260.3 (brassinosteroid insensitive 1-like tran-
scription factor) and Solyc10g008270.3 (zinc finger homeo-
domain protein 1-like). All of these genes are upregulated,
with log fold changes consistently above 1 across time
points, suggesting a robust activation of transcription
factor-mediated gene regulation. In contrast,
Solyc109008270.3 shows downregulation, which may
reflect repression of specific transcriptional programs in
response to the treatment.

One gene stands out for its strong upregulation and
functional relevance. Solyc09g082620.3, annotated with
guard cell differentiation, shows consistent induction, sug-
gesting enhanced cell differentiation processes. Addition-
ally, three genes of unknown function—Solyc109084600.2,

Solyc059054750.3, and Solyc04g051470.1—are also highly
upregulated, indicating possible roles in uncharacterized
but significant pathways.

Description of genes in Orange group

Transcription factors (TFs) are well-established as key reg-
ulators of gene expression networks. These genes often
respond rapidly to environmental or developmental sig-
nals, initiating cascades that activate or repress down-
stream targets, ultimately influencing phenotype.
Typically, after this initial activation, TFs are downregu-
lated through negative feedback mechanisms. To investi-
gate genes involved in the early response to FR, we
focused on those that were significantly up- or downregu-
lated (log FC >1, p < 0.05) exclusively at 1.5 h after FR expo-
sure (Figure S4b). A total of 23 genes were differentially
expressed specifically at 1.5h. Among these nine genes
were downregulated (Figure S6).

A notable number of genes encode TFs or are anno-
tated with gene ontology (GO) terms related to transcrip-
tional regulation.  Solyc01g100660.4 (HSFA2) and
Solyc069069370.4 (NAC083), both nucleus-localized
and involved in regulation of transcription (G0O:0006355),
were upregulated. Three TFs, Solyc01g109700.3 (bZIP61),
Solyc079062710.4 (bHLH92), and Solyc08g080150.1 (TCP20
), which contain bZIP, Helix-Loop-Helix, and TCP domains
respectively, were also upregulated as well as the previ-
ously mentioned Solyc04g053000.1 (ARF5), which dis-
played the highest upregulation across the dataset.

Several of the DEGs in this group are closely linked to
hormone biosynthesis. Solyc12g088300.2 (IPT5), annotated
as being involved in cytokinin biosynthesis (G0O:0009691),
was strongly downregulated at 1.5h (log2FC: —2.35). In
contrast, Solyc01g110710.3 (IAA14), an auxin-responsive
gene, was clearly upregulated at 1.5 h and 96 h, supporting
the activation of auxin signaling during early and later
phases. Solyc04g053000.1 (ARF5), also auxin-related and
involved in transcription regulation, showed very strong
upregulation at all time points (log2FC: 4.69 at 1.5h),
highlighting a robust auxin-mediated transcriptional repro-
gramming. Another auxin-related gene, Solyc07g006310.1
(GH3.9), showed  similar  trends.  Additionally,
Solyc069008870.2 (GID1B), associated with gibberellic
acid-mediated signaling (GO:0009740) and floral develop-
ment, showed upregulation, indicating a potential role in
hormone crosstalk and developmental processes.

Description of genes in purple group—A total of 185 genes
were identified in the purple group, of which 155 were
upregulated and 30 were downregulated (Figure S4c, Sup-
plementary log2FC, Figure S7).

The dataset shows a strong emphasis on transcrip-
tional control, particularly through GO terms such as
GO0:0006355 (regulation of transcription, DNA-templated)

© 2025 The Author(s).
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and GO0:0006357 (regulation of transcription by RNA poly-
merase Il). These processes are essential for fine-tuning
gene expression in response to both internal developmen-
tal cues and external environmental signals. The presence
of multiple regulators, including those involved in chroma-
tin dynamics like histone exchange (G0O:0043486) and chro-
matin assembly regulation (GO:0010847), suggests active
remodeling of the transcriptional landscape. This likely
supports a flexible gene expression program needed dur-
ing growth, differentiation, or stress adaptation.

A total of 18 genes were annotated as TFs, with all but
one (Solyc049077220.3) showing upregulation. Several
genes, including Solyc01g095100.4, Solyc019095630.3,
Solyc049078550.3, Solyc06g068460.3, and Solyc10g
011910.4, encode WRKY domain TFs, which are implicated
in leaf development and stress responses. Key transcrip-
tion factor families such as MADS-box proteins (e.g.,
Solyc049081000.3, Solyc059g015750.3, Solyc069059970.4)
play crucial roles in regulating floral organ identity and
developmental processes. Additionally, members of the
GRAS (Solyc029g085600.1) and SBP (Solyc029077920.4)
families highlight regulation of growth, hormone signaling
, and flower development. The presence of diverse TF
domains including bHLH, TCP, bZIP, and homeobox further
reflects complex transcriptional networks integrating envi-
ronmental cues, circadian rhythms, and developmental sig
nals to finely tune gene expression in tomato.

Several genes related to plant hormone signal trans-
duction show differential expression. For instance,
Solyc059g056440.3 (fold change —1.10) is downregulated
and encodes a Small Auxin-Up RNA (SAUR) family protein
involved in auxin response. In contrast, Solyc029g084005.1
(1.31) and Solyc039082520.1 (2.79) are upregulated SAUR
family proteins, also responding to auxin signaling. The
gene Solyc059015880.3 (1.50), which encodes the protein
LAZY1, is upregulated, and plays a crucial role in gravitrop-
ism by modulating auxin transport, affecting plant growth
orientation. Additionally, Solyc06g066770.1 (1.38) codes
for an F-box domain-containing protein implicated in nega-
tive regulation of cytokinin signaling. Meanwhile,
Solyc079061720.3 (—1.98) is downregulated and involved
in gibberellin catabolism, influencing plant development.
This pattern of upregulation and downregulation illustrates
a dynamic hormonal regulatory network coordinating
growth and environmental responses.

Three genes related to chloroplast function and pri-
mary metabolism showed differential expression.
Solyc069082950.4, encoding a Photosystem | subunit
(PsalL), was downregulated (fold change: —1.20) and is
associated with photosynthetic activity, specifically as part
of the chloroplast thylakoid membrane and the Photosys-
tem | reaction center. In contrast, Solyc099008660.3 was
upregulated (fold change: 1.27) and encodes a CHUP1-like
protein involved in chloroplast organization and associated

© 2025 The Author(s).
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with the chloroplast outer membrane. The gene
Solyc01g090710.3, strongly upregulated (fold change:
6.81), encodes a malate dehydrogenase participating in
multiple metabolic pathways including the TCA cycle, car-
bon fixation, and the glyoxylate cycle. This gene is
involved in several key metabolic processes such as oxalo-
acetate and malate metabolism, suggesting a potential
enhancement of energy production and carbon flow under
the studied conditions.

Fruits

Figure 6¢,d illustrates the transcriptomic response at 10
DAA in fruits under FR compared with the absence of FR at
1.5, 24, and 96h. There is a relatively small number of
DEGs at early time points, with minimal upregulation or
downregulation at 1.5 and 24 h. However, at 96 h, a notable
shift occurs, indicating a delayed but pronounced tran-
scriptional response. Notably, the differential expression
between sampling times—FR 24h versus FR 1.5h—
revealed 1025 DEG, compared with only 494 DEG in fruits
in the NO FR group. This pattern indicates a treatment-
specific response over time: FR light induces a change in
gene expression between time points, even if the expres-
sion levels at each individual time point are similar to
those under NO FR light.

A total of 79 genes were differentially expressed in
fruit when comparing FR to NO FR light treatments, with
48 of them being downregulated. This overall downregula-
tion contrasts with the response observed in leaf tissue,
where most DEGs were upregulated under the same condi-
tions (Figure 6a). Notably, 68 of the 79 genes showed sig-
nificant expression changes only at the 96 h time point, a
trend that was also evident in the enrichment analysis,
where the majority of DEGs were associated with the 96 h
sampling (Figure 6b).

Contrary to the overall downregulation trend
observed in fruit, six out of seven genes identified as TFs
were upregulated. The exception was Solyc029062960.4, a
WRKY transcription factor, which was significantly down-
regulated, and only at 1.5h. The first four transcription
factors—Solyc069062460.3 (MYB), Solyc01g090460.3 (NAC
domain-containing),  Solyc069060830.3  (bZIP), and
Solyc049005800.3 (ERF)—were significantly upregulated at
both 1.5 and 96 h, but not at 24 h. The remaining two—
Solyc059053410.4 (bHLH) and Solyc069g008590.3 (HD-
Zip)—were significantly upregulated only at 96h
(Figure S8).

At 96 h, several hormone-related genes were notably
downregulated, particularly those associated with cytoki-
nin and brassinosteroid biosynthesis pathways. Four
genes—Solyc05g053400.3, Solyc059053120.1, Solyc07g-
043480.1, and Solyc11g066670.1—are involved in zeatin
biosynthesis, a key precursor of cytokinins, indicating sup-
pression of cytokinin signaling at this late response stage.
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Figure 7. Temporal expression profiles of differentially expressed genes in leaf (L) and fruit (F) tissues under far-red (FR) and NO FR light conditions.
Expression levels are represented as average transcripts per million (TPM) across three time points: 1.5, 24, and 96, with the first sampling point taken at

10 days after anthesis (DAA).

Additionally, Solyc10g086500.1, a gene directly related to
brassinosteroid biosynthesis, was downregulated, along
with several genes involved in steroid biosynthesis—pre-
cursors for brassinosteroids—including Solyc01g091320.3,
Solyc06g005750.3, Solyc02g086180.4, and Solyc02g-
069490.4. In contrast, Solyc069035530.3, annotated for gib-
berellin biosynthesis (G0:0009686) and involved in the
diterpenoid biosynthesis KEGG pathway (00904), was upre-
gulated, suggesting a specific activation of the gibberellin
pathway despite the general downregulation of other hor-
mone biosynthesis genes.

Fruits and Leaf transcriptomics

We analyzed the temporal expression profiles of the 12
DEGs in leaf and fruit tissues when comparing FR versus NO
FR light conditions at three time points: 1.5, 24, and 96 h.
The first sampling was performed at 10 DAA (Figure 7).

In leaf tissue, all 12 genes were significantly upregu-
lated in FR-treated plants compared with controls at all
time points. The strongest induction in leaves was
observed for Solyc069035530.3 (gibberellin 20-oxidase-2)
and Solyc069g062460.3 (SIbHLH136), with log fold changes
above 6 at 1.5 and 24 h, respectively (Figure 7). It is remark-
ably high for a transcription factor.

In fruit tissue, all genes were significantly upregulated
at 96h. Among these, Solyc019g090460.3 (Thom1),

Solyc069060830.3, and Solyc06g062460.3 also showed sig-
nificant induction as early as 1.5h, suggesting a rapid
response to FR in fruit.

PhyB2 (Solyc059053410.4) was strongly upregulated
in leaves under FR light at all time points (log FC >3.3,
q<107%), while in fruit, it showed a moderate induction
only at 4days (logFC=1.34, q=1.05x107"). GO terms
indicate roles in photoreceptor activity, signal transduction,
and transcriptional regulation, supporting its function as a
key light-responsive regulator.

Six of the genes—Solyc059054750.3, Solyc07g-
008210.4, Solyc10g084600.2, Solyc04g010285.1, Solyc04g-
005800.3, and Solyc069060830.3—were initially classified
as unannotated in the Sol Genomics Network. However,
when analyzing gene ontology (GO), KEGG, and PFAM
data, we found evidence supporting functional roles for
several of them.

Solyc069g060830.3 exhibited nuclear localization and
DNA-binding transcription factor activity (G0:0005634,
GO0:0000981), supporting a regulatory role in light
response. Similarly, Solyc04g005800.3 was also predicted
to localize to the nucleus and act as a transcription
factor. Solyc049010285.1 carried the PF09713 domain, of
unknown function but present in Arabidopsis thaliana, and
was associated with the ribosome pathway in KEGG
(03010).

© 2025 The Author(s).
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Figure 8. Metabolomic changes in response to far-red (FR) light at 96 h in leaves and fruits.
(a) Number of differentially accumulated metabolites (DAMs) in leaf and fruit tissues under FR versus NO FR conditions at 96 h. Red bars represent upregulated

metabolites and blue bars represent downregulated metabolites.
(b) KEGG pathway enrichment analysis of DAMs in leaves.

(c) KEGG pathway enrichment in fruits. Dot size indicates the number of metabolites, and color represents the significance level (P-value).

Metabolomics on leaves and fruits

Metabolomic analysis was conducted in both fruits and
leaves 10 DAA +96 h after the exposure to FR, or NO FR.
Similar to the response in transcriptomic analysis, there
was a pronounced overall decrease in metabolite levels in
fruit, which was not observed in leaves (Figure 8a).

In fruits, FR significantly enriched the metabolic path-
ways linked to aromatic amino acid metabolism and
hormone-related processes. Notably, the biosynthesis of
phenylpropanoids, tyrosine metabolism, and phenylala-
nine metabolism showed strong enrichment. This indicates
activation of shikimate-derived secondary metabolism
likely connected to ripening and stress signaling. The
enrichment of zeatin biosynthesis suggests changes in
cytokinin pathways, while the enrichment of cyanoamino
acid metabolism reflects increased detoxification of cya-
nide, likely tied to higher ethylene production. The detec-
tion of metabolites associated with betalain biosynthesis

© 2025 The Author(s).

reflects tyrosine-derived intermediates, highlighting the
importance of aromatic amino acid flow (Figure 8c). These
findings together show that metabolic pathways in fruits
are reprogrammed, integrating hormonal regulation, nitro-
gen metabolism, and the production of specialized metab-
olites in response to FR treatment.

In leaves, FR caused broad metabolic changes focused
on amino acid, sulfur, and carbon metabolism. The signifi-
cant enrichment of D-amino acid metabolism, cysteine and
methionine metabolism, and amino acid biosynthesis indi-
cates improved use and redistribution of nitrogen and sul-
fur resources. The enrichment of aminoacyl-tRNA
biosynthesis and ABC transporters suggests increased pro-
tein turnover and movement of metabolites, possibly sup-
porting signaling throughout the plant. Cyanoamino acid
metabolism was also enriched, aligning with stress-related
cyanide detoxification. Concurrent changes in carbon
metabolism and carbon fixation pathways point to
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adjustments in primary photosynthetic outputs, while the
enrichment of secondary metabolism pathways suggests a
shift in metabolic activities toward signaling compounds
or defense (Figure 8b). Overall, these results show that FR
alters key metabolic networks in source tissues, likely
influencing how fruit develops through long-distance met-
abolic signaling.

DISCUSSION

We investigated how FR light applied at different plant
developmental stages affects tomato fruit growth and
metabolism by combining physiological, metabolic,
and transcriptomic analyses across both source and sink
tissues. Previous studies showed that FR light enhances
fruit biomass, alters sugar partitioning, and promotes stem
elongation, often linking these outcomes to changes
in source-sink dynamics or hormonal signaling (Ji
et al., 2020; Pierik & Ballaré, 2021). Here, we dissected the
temporal and tissue-specific effects of FR application. We
revealed distinct developmental windows during which FR
modulates plant architecture, sugar allocation, and gene
expression. This allows us to identify not only what FR
does, but also how and when it does so, advancing our
understanding of light quality as a dynamic regulator of
resource allocation in fruit-bearing crops.

Responses to far-red depend on plant development stage

Our results demonstrate that FR light modulates tomato
plant architecture and fruit development in a stage-specific
manner. Plants exposed to FR during the vegetative stage
developed 60% larger leaf area than those exposed to FR
from flowering to green fruit stage (Figure 1c), suggesting
enhanced light interception. This likely boosted photoassi-
milate availability, explaining the higher total plant dry
weight (Figure 1d), contributing to the formation of a
greater number of fruits (Figure S3), although smaller in
volume compared with treatment FR from flowering until
green fruits (Figure 2b). These observations support the
hypothesis that FR exposure during the vegetative
phase shifts resource allocation toward leaf expansion,
enhancing source strength and promoting early reproduc-
tive growth.

FR can enhance both source strength, by increasing
the photosynthesis rate (Zhen & Bugbee, 2020), and fruit
sink strength (Ji et al., 2020). Thus, the effect of FR applica-
tion from vegetative until flowering on yield can be attrib-
uted to enhanced source strength, leading to greater
assimilate availability during fruit development. Further-
more, the promotion of yield by applying FR from flower-
ing until full-grown green fruits may result from increased
sink strength in developing fruits, enhancing their capacity
to attract and utilize assimilates (Figure 1e).

FR light during the vegetative stage enhances leaf
sugar pools via a jasmonic acid-dependent pathway

(Courbier et al., 2020), whereas FR exposure during fruit
development promotes sugar allocation to fruits by upre-
gulating sugar transporter genes and increasing fruit sink
strength (Ji et al., 2020). In our study, starch content in
fruits at 35 DAA was highest under FR treatment from flow-
ering until full-grown green fruits, followed by FR applied
throughout the entire growth cycle (Figure 3b). The com-
paratively lower starch content in the latter treatment likely
reflects a more advanced fruit developmental stage, as
indicated by earlier color change (Figure 2e). Since starch
is degraded into soluble sugars during maturation, and
sugars concurrently accumulate via phloem import
(Braun, 2022), the elevated sugar content under continuous
FR may result from the combined effects of enhanced
source capacity, increased sink activity, and residual starch
reserves. In contrast, the slightly lower sugar content
observed under FR from flowering to the green fruit stage
likely reflects a sink-driven enhancement without a prior
increase in source metabolism (Figure 2d).

Plant height responses, also reflect the stage-specific
action of FR, with the greatest elongation observed when
FR was applied during the vegetative phase or continu-
ously (Figure 1b). In contrast, FR exposure from flowering
to the full-grown green fruit stage did not promote elonga-
tion, likely due to assimilate allocation toward reproductive
sinks. This aligns with prior findings (Ji et al., 2021; Kalait-
zoglou et al., 2019; Meijer et al., 2022) and suggests that
post-flowering FR application enhances fruit quality with-
out compromising compact plant architecture, an advan-
tage for controlled environment and high-density
cultivation.

Far-red stimulates both pericarp cell layers and cell
volume

Fruit size is largely determined by cell division and expan-
sion in the pericarp, with cell size positively correlated with
fruit weight (Ariizumi et al., 2013). Interestingly, we found
that FR application affects both the number of cell layers
(cell division) and cell volume (cell expansion) depending
on the developmental phase during which FR is applied
(Figure 4c,d). The present findings align with the estab-
lished developmental timeline in cherry tomato pericarp.
FR application from pre-anthesis to 7 DAA increased meso-
carp cell layers (Figure 4c), consistent with the cell division
phase, which concludes by around 10 DAA (Renaudin
et al., 2017). This suggests that early FR enhances mitotic
activity. In contrast, FR applied from 7 to 36 DAA (post-
mitotic phase) did not affect cell layer number but signifi-
cantly increased mesocarp cell volume (Figure 4c,d), indi-
cating promotion of cell expansion rather than
proliferation.

To uncover early molecular changes leading to the
fruit phenotype observed at 35 DAA, RNA-seq was con-
ducted on fruits at 10 DAA and at 1.5, 24, and 96 h after FR
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application. We observed distinct hormone-related tran-
scriptional responses in both leaves and fruits. In leaves,
the earliest time point (DAA10+ 1.5h) revealed GO terms
related to hormone pathways: auxin, cytokinin, brassinos-
teroid, and gibberellin, which were present in both upregu-
lated and downregulated gene groups. In fruit tissue, the
strongest hormone-related transcriptional changes were
observed at DAA10 + 96 h, with GO terms related to auxins,
gibberellins, and brassinosteroids.

Fruit growth promotion by far-red is associated with
increased auxin signaling

The significant FR-induced increase in cell division
(Figure 4c) was accompanied by elevated expression of S/-
IAA17 (Solyc069g008590), a transcriptional regulator, in
both fruits (10 DAA + 24 h) and leaves (10 DAA+1.5h and
10 DAA +96 h). Although silencing of SI-IAA17 has previ-
ously been linked to larger fruits and thicker pericarps due
to enhanced cell endoreduplication (Su et al., 2014), its
increased expression in our study may reflect feedback
regulation within the auxin signaling network.

Aux/IAA genes, including IAA17, are transcriptionally
induced by auxin as part of a negative feedback loop that
fine-tunes auxin responses (Perrot-Rechenmann, 2010;
Wang & Ruan, 2013). Consistent with this, our transcrip-
tome analysis showed strong enrichment of the GO term
“auxin response” at 10 DAA + 1.5 h, along with upregula-
tion of several auxin-related genes in leaves
(Solyc01g 110730, SAUR10 [Solyc01g110710], SAUR11
[Solyc01g110770], SAUR47 [Solyc04g053000],
Solyc01g110790, YUC9  [Solyc069083700], GH3.8
[Solyc08g068490]) (Figures S4 and S5). These transcrip-
tional changes indicate enhanced auxin activity under FR
treatment, which is in line with previous studies (Li
et al., 2012; Pierik & Ballaré, 2021).

Because auxin can be transported from source tissues
(leaves) to sink tissues (developing fruits) (Park et al., 2017;
Zazimalova et al., 2010), increased auxin-related transcrip-
tion in leaves may have contributed to elevated auxin sig-
naling in fruits. Although auxin concentration was not
directly measured, the coordinated upregulation of auxin
biosynthetic and responsive genes suggests enhanced
auxin signaling, likely promoting the observed stimulation
of cell division in fruits (Figure 4).

Overall, our findings support a model in which FR
enhances auxin biosynthesis and transport, thereby pro-
moting fruit growth. The increased SI-IAA77 expression
may act as a compensatory mechanism to fine-tune this
increased auxin response during fruit development.

Gibberellin-related gene regulation under far-red

Direct connection between the auxin and gibberellin (GA)
signaling channels plays a crucial role in controlling the
initiation and growth of tomato fruit (Hu et al., 2018).

© 2025 The Author(s).
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Additionally, GA may play a negative role in tomato fruit
ripening in an ethylene-dependent manner (Li et al., 2019)
highlighting the dynamic and time-dependent nature of
hormone responses during fruit development.

We found that GA 20-oxidase (Solyc069035530), a key
enzyme in gibberellin biosynthesis, was significantly upre-
gulated by FR in both fruits (10 DAA+96h) and leaves
(from 10 DAA+1.5h onwards; Figure 7). Overexpression
of GA 20-oxidase is known to increase fruit size by elevat-
ing gibberellin levels during early development (Serrani,
Fos, et al., 2007; Serrani, Sanjuan, et al., 2007; Garcia-
Hurtado et al., 2012). Both gibberellin (GA) and auxin con-
tribute to pericarp thickening, but through different mecha-
nisms: auxin mainly promotes cell division (increasing the
number of cell layers), whereas GA enhances cell expan-
sion, possibly by influencing cell ploidy (Serrani, Fos,
et al., 2007; Serrani, Sanjuan, et al., 2007). This distinction
helps explain our observations. FR applied from the vege-
tative stage until flowering increased the number of meso-
carp cell layers, likely due to elevated auxin activity during
the active division phase (De Jong et al., 2015), consistent
with the induction of the auxin-related gene (SI-IAA17
[Solyc06¢g008590)) in fruits at 10 DAA + 24 h. In contrast, FR
applied from flowering until the full-grown green fruit
stage enlarged mesocarp cells, consistent with the upregu-
lation of the GA-related gene (GA 20-oxidase
[Solyc069035530)) in fruits at 10 DAA +96 h. When FR was
terminated before the expansion phase (FR from vegeta-
tive until flowering), cell enlargement was limited. How-
ever, FR exposure from flowering onward promoted larger
cells once cell division was complete (Figure 4c,d). Future
studies that directly quantify hormone levels would help
clarify the contributions of auxin and GA to these FR-
induced developmental changes.

In addition to GA 20-oxidase, the gene SIGASAT, also
known as GASTT1 (Gibberellin Stimulated Transcript 1 —
Solyc029089350), was found to be upregulated in leaves at
10 DAA+1.5h by FR (Figure S6). However, its expression
was not significantly different at 10 DAA+24 h and 10
DAA +96h, and no significant changes at the expression
level were observed in fruit at any time point. Interestingly,
overexpressing SIGASAT using a ripening-specific pro-
moter delayed the onset of fruit ripening, whereas
SIGASA1-knockdown fruits displayed accelerated ripening
(Su et al., 2023). Since SIGASAT is downregulated in fruit
at later stages (breaker stage), (Su et al., 2023), it is possi-
ble that our transcriptomic assay did not capture the varia-
tion in the expression in fruit. Regarding gene expression
in leaves, there is not much information about the impact
of this gene in tomato leaves; however, Sun et al., 2013,
found that in Arabidopsis, a homologous gene, GASAT14,
promotes cell expansion and leaf size.

Furthermore, we found the gene PRET (Solyc06g
062460) to be significantly upregulated with the addition of
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FR in both fruits and leaves—with leaves having a very
strong increase in expression level at DAA10+ 1.5h (Fig
ure 7). This is in agreement with PRE-upregulation
observed under low R:FR (Kohnen et al., 2016). In Arabi-
dopsis, overexpression of PRE7resulted in a phenotype
associated with an enhanced GA response (Lee
et al., 2006). When PRE2 was silenced in tomato, a strong
reduction of fruit size, pericarp thickness, and cell size in
fruit mesocarp was observed, while it was also shown that
SIPRE2 was gibberellic acid-inducible (Zhu et al., 2019).

These three genes (GA 20-oxidase, SIGASA1, PRET)
displayed a GA-related transcriptional response in leaves
at DAA10 + 1.5 h. Of these, two also responded in fruits at
10 DAA +96 h, suggesting that leaves are the primary site
of perception following the light shift. This temporal pat-
tern is further supported by the overall number of DEGs,
which is markedly higher in leaves than in fruits at both 10
DAA +1.5h and 10 DAA + 24 h (Figure 6a,c). These findings
suggest that signal transduction is initiated in the leaves
and may subsequently influence gene expression in the
fruit.

It is plausible that signaling molecules originating in
the leaves, such as GA or upstream regulators, are trans-
ported to the fruit. GA, once synthesized, can act locally or
be translocated to distant organs via the vascular system,
particularly the phloem, to mediate systemic developmen-
tal responses (Lucas et al., 2013; Lacombe & Achard, 2016).
For example, in Arabidopsis thaliana, GA precursors such
as GA have been shown to move from the shoots to the
roots, where they regulate root growth (Binenbaum
et al., 2023). A similar long-distance signaling mechanism
may underlie  the leaf-to-fruit ~ communication
observed here.

Alternative to GA movement, it was recently revealed
that PRE1-5 can move between root-tip cells in Arabidopsis
(Lu et al., 2018). Given that the PREs are small bHLHs
(92-94 amino acids) and lack a typical DNA-binding
domain (Hyun & Lee, 2006; Mara et al., 2010), they are
structurally compatible with movement. However, whether
PREs are capable of long-distance movements, specifically
from leaves to fruits, remains unexplored.

Furthermore, at 10 DAA +96 h, both the expression of
the cytokinin-related genes f(Solyc059053400.3,
Solyc059053120.1, Solyc07g043480.1, and Solyclig-
066670.1) and the level of zeatin hormone were downregu-
lated in fruits treated with FR (Figure 8c). Cytokinins are
key regulators of cell division during the early stages of
fruit development, promoting mitotic activity in the peri-
carp (Gan et al., 2022; Kumar et al., 2013; Matsuo
et al., 2012). Their decline at 10 DAA +96 h suggests that
the intensive cell division phase is coming to an end, and
the fruit is entering the cell expansion phase, where
growth relies primarily on cell enlargement rather than cell
proliferation (Kumar et al., 2013). Gibberellins, which

become more active during the expansion phase, promote
cell wall loosening and vacuolar enlargement to drive fruit
growth (Serrani, Fos, et al., 2007; Serrani, Sanjuan,
et al., 2007). Together, these changes indicate a develop-
mental shift from cell division to gibberellin-driven cell
expansion in fruits at 10 DAA + 96 h.

Transcription factors response to far-red

Among the genes analyzed, five showed significant upre-
gulation in the fruit at different time points. Four genes—
Solyc019090460, Solyc04g005800, Solyc069060830, and
Solyc069062460—exhibited a consistent pattern of expres-
sion at both 10 DAA+1.5h and 10 DAA + 96 h, indicating
early and late transcriptional activity in response to FR.
Interestingly, these genes were also upregulated in leaves
at the first time point (Figure 7).

THOM?1 (Solyc01g090460) is a homeobox-containing
transcription factor that was found to play a key role in tis-
sue regeneration during graft formation in tomato
(Thomas et al., 2022). Specifically, THOM1 was identified
as a marker of meristematic activity and was specifically
expressed in regenerating pith cells at the graft junction. It
operates within a transcriptional module that activates
genes involved in cell wall remodeling and proliferation,
such as xyloglucan endotransglucosylase/hydrolases
(XTHSs). In the context of our experiment, the FR-induced
increased expression of THOM1 in tomato fruit suggests a
potential role in promoting cell proliferation within peri-
carp cells.

SIHZ24 (Solyc049005800) is known to promote ascor-
bate (AsA) biosynthesis, thereby enhancing oxidative
stress tolerance in leaves (Hu et al., 2016). In that study,
expression of this gene was detected in immature fruit but
not in mature green, breaker, or red-ripe fruit stages. Given
the crucial role of ascorbate during fruit development, it is
plausible that this transcription factor may have a similar
function in both fruit and leaves. However, due to pleiotro-
pic nature of TFs, the precise role of SIHZ24 in tomato fruit
remains unclear.

Similarly, Solyc06g060830, the putative tomato HB2,
is proposed to function as a transcription factor involved in
the negative regulation of cell elongation and specific cell
proliferation processes, such as lateral root formation and
secondary vascular growth (Ohgishi et al., 2001; Schena
et al., 1993). It is also implicated in mediating R:FR light
responses affecting leaf cell expansion during shading
(Steindler et al., 1999). However, there are no studies on
fruit tissues, and its role in fruit development has yet to be
validated.

Finally, for Solyc06g062460, despite its classification
as a bHLH transcription factor—a family known to play
key regulatory roles in plant development, there is only
expression data available. Together, these findings high-
light the need for further functional studies of these TFs
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in fruit tissue and their involvement in shaping fruit size.
Going beyond the fruit and considering their delayed
response to light, we also evaluated TFs with rapid
responses in leaves. Among these, TCP20 (Solyc08g
080150) stands out with a higher FoldChange at 10
DAA +1.5h (Figure S6).

TCP proteins are TFs that perform critical functions
in plant growth and development. Despite their acknowl-
edged importance in overall plant development, these
TFs' precise involvement in fruit growth remains largely
unknown. The TCP family is divided into two subfamilies:
Class | (TCP-P subfamily) and Class Il (TCP-C subfamily)
(Navaud et al., 2007). TCP20 is classified in Class | which
is known to promote cell proliferation and plant growth
(Li et al., 2005; Martin-Trillo & Cubas, 2010). More recent
studies have found that SITCP12, SITCP25, and SITCP18
are regulated by ripening inhibitor, colorless non-
ripening, and APETALA2a proteins, suggesting that TCP
TFs contribute to the development or ripening of tomato
fruits (Parapunova et al., 2014). A recent study showed
that TCP20 was upregulated in low R:FR conditions in
both the whole tomato internode and the central cylin-
der, further supporting a role in the regulation of cell size
(Li et al., 2025).

Temporal and systemic regulation of FR-induced faster
fruit development from anthesis to ripening in tomato

FR treatment triggered early transcriptional responses in
leaves, notably the rapid induction of NAC6 (Solyc02g
061780) within 1.5 h of exposure (Figure S6). NAC6, a NAC
transcription factor regulating carotenoid biosynthesis and
ABA signaling (Forlani et al., 2021; Jian et al., 2021; Kou
et al., 2021; Zhu et al., 2014), positively influences ripening,
as shown by SINAC6 overexpression, which accelerates
fruit maturation (Jian et al., 2021). Concurrently, notabilis
(Solyc07g056570), encoding NCED1, an ABA biosynthesis
enzyme, was strongly upregulated at 1.5h (Figure S6). In
tomato, NCEDT1 is critical for ABA accumulation and ripen-
ing progression (Ji et al., 2014; Sun et al., 2012). Addition-
ally, ACS3 (Solyc029091990), a key ethylene biosynthesis
gene, was significantly induced in leaves, suggesting early
activation of ethylene signaling (Chen et al., 2022) (Fig
ure Sb). Collectively, these data indicate that FR rapidly
activates NAC6, NCED1, and ACS3 in leaves, promoting
ABA and ethylene pathways known to coordinate ripening
onset.

Phenotypic consequences of FR exposure were evi-
dent at the fruit level: FR application from flowering until
the full-grown green fruits (7-38 DAA) accelerated ripening
by 3 days compared with NO FR (Figure 2e). In contrast, FR
applied after 38 DAA had no effect on fruit ripening. After
38 DAA, endogenous hormonal and transcriptional pro-
grams dominate, and ethylene production reaches its cli-
macteric peak (Zhang et al., 2020), rendering external
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stimulation ineffective. Thus, the capacity of FR to acceler-
ate ripening is temporally restricted to the pre-breaker
phase, emphasizing the importance of treatment timing.

At the fruit level, metabolomic analysis at 10
DAA + 96 h post-treatment revealed phenylpropanoid path-
way enrichment (Figure 8c), indicating a shift toward
ripening-associated secondary metabolism, including fla-
vonoids and phenolic acids involved in pigmentation, cell
wall remodeling, and antioxidant defense (Singh et al.,
2010). The sequential occurrence of early transcriptional
changes in leaves and subsequent metabolic shifts in
fruits supports the existence of systemic signaling from
vegetative to reproductive tissues in response to FR.
While the mechanistic link between vegetative and repro-
ductive tissues remains to be elucidated, these observa-
tions align with a model in which FR triggers systemic
regulation of ripening processes during early fruit
development.

CONCLUSIONS

Our results demonstrate that FR exerts stage-dependent
effects on tomato development, differentially influencing
source (leaves) and sink (fruits) tissues. FR application dur-
ing the period from flowering to the green fruit stage had
the strongest impact, markedly enhancing fruit growth,
modifying fruit anatomy, and affecting ripening. By apply-
ing FR at distinct developmental phases, we show that the
timing of light exposure determines whether FR enhances
leaf area or promotes cell division and expansion in devel-
oping fruits. Furthermore, the earlier transcriptional
responses to FR in leaves compared with fruits indicate
that vegetative tissues perceive and respond to FR first.
This temporal pattern suggests that signaling from leaves
may subsequently influence fruit development, potentially
through a mobile factor or systemic signal. Overall, these
insights into developmental phase-specific FR effects open
new avenues for optimizing crop yield and quality through
precise temporal and spatial manipulation of light
environments.

MATERIALS AND METHODS
Plant material and growth conditions

Dwarf tomato seeds (Solanum lycopersicum cv. Heartbreakers
Vita; Prudac, The Netherlands) were sown on September 5, 2023
in stonewool plugs and germinated in a growth chamber at
Wageningen University & Research (The Netherlands). Two weeks
after germination, seedlings were transplanted into 10x 10
% 6.5cm stonewool blocks (Grodan, Roermond, The Netherlands).
On October 1, 2023, uniform plants were selected and distributed
across 10 growth chamber compartments, each containing six
plants for measurements. Growth conditions were: photosyntheti-
cally active radiation (PAR, 400-700 nm) of 200 pmol m~2s~" with
a 16h photoperiod; spectrum composition of 19.04% blue
(400-500 nm), 31.82% green (500-600nm), and 26.48% red
(600-700 nm); and far-red (FR) supplementation in four of five
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Figure9. Schematic representation of the light treatments applied in the present study.

All plants received 200 pmol m~2s~" PAR light. Additional 50 umol m~2s~" was applied throughout the entire growth cycle (FR) or not at all (NO FR) or during a
specific developmental phase. The FR vegetative-flowering treatment received FR exclusively during the vegetative phase up to flowering (7 DAA). In the FR
Flowering-Green Fruits treatment, FR was applied from flowering (7 DAA) until the development of full-grown green fruits (38 DAA). The FR Green Fruits-Red
Fruits treatment received FR from the full-grown green fruit stage until the red fruit stage.

treatments (details below). Temperature and relative humidity
were maintained at 22+0.5/19+0.5°C (day/night) and 65%,
respectively. Plants were grown on ebb-flood tables and irrigated
twice daily (3min) with nutrient solution (EC 2.1 dS m~", pH 5.5)
containing 1.2mM NH*, 7.2mMK*, 40mM Ca2?*, 1.8 mM Mg?*,
12.4mM NO ~, 3.3mM SO?7, 1.0mM PO 2", 35uM Fe®*, 8.0uM
Mn?*, 5.0 yM Zn?*, 20 yM B, 0.5 pM Cu?*, and 0.5 M MoO 2~. The
EC and pH were monitored biweekly. Flowers were manually polli-
nated three times per week using a Vibri Vario electronic bee
(Royal Brinkman, 's-Gravenzande, The Netherlands).

Far-red treatments

Three batches of plants, sown on the same date, were used for
measurements at different time points to investigate the effects of
FR applied at different plant developmental stages on tomato
growth, total fruit fresh weight, and physiology. These included:

1 A long-term development and growth study up to 74 days after
anthesis (DAA)

2 A study focused on a critical developmental stage at 35 DAA

3 A transcriptomic (RNA-sequence) and metabolomic analysis at
10 DAA to identify early molecular responses triggered by FR.

Long-term developmental and growth study (up to 74
DAA)

To evaluate the impact of additional FR (50 umol m~2s~") across
the plant’s life cycle, plants were assigned to five treatments of
six plants each, each corresponding to the addition of FR at
distinct plant developmental stages (Figure 9). Each treatment
was randomly assigned to two of the 10 compartments. The
developmental stages in which FR was applied were from vege-
tative until anthesis of first flowers (7 DAA), from flowering
until first full-grown green fruits (38 DAA), from fully grown

green fruits until red fruits (74 DAA), also FR was applied
throughout the entire growth cycle, and absence of FR (Fig-
ure 1). The duration of FR was equal in all FR treatments, and
that was 30-36days. Thus, we kept the duration and intensity
of FR the same and we changed only the developmental stage
in which FR was applied.

Three plants out of each compartment were designated for
long-term measurements collected at the end of the growth cycle
(74 DAA), while the other three plants were used for the analysis
at 35 DAA. For the analysis at 35 DAA, only the fruits required for
the measurements described below, were harvested. The plants
themselves remained in place to preserve planting density, light
distribution, and overall microclimatic conditions within each
compartment.

Growth parameters

The number of fruits with a diameter of more than 5mm and the
number of trusses was registered once per week over a period of
6weeks. To determine fruit growth as a function of time, non-
destructive measurements of fruit height (h) and fruit diameter (d)
were conducted on the second and third fruit of the first truss of
each plant once per week over a period of 6 weeks. The formula of
Li et al. (2015) was used to calculate fruit volume:

St (d\h
=3"\2) 2

Fruit color measurements

Tomato fruit skin color development was monitored over time
using a portable colorimeter (CR-400, Konica Minolta, Tokyo,
Japan). Color measurements were conducted at 40, 45, 47, 50,
53, and 57 DAA. The initial time point (40 DAA) corresponded to
the mature green stage, and measurements continued until
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fruits reached the red ripe stage, after which they were har-
vested. Measurements were performed on the second and third
fruit of the first truss on each plant. For each fruit, four mea-
surements were taken around the equatorial region, and the
average of these readings was used to calculate a mean color
value per fruit.

Among the colorimetric parameters recorded (L*, a*, b*), the
a* value—indicative of the green-to-red transition—was used to
quantitatively represent fruit color change over time.

Destructive measurements

Fruits were harvested when ripe from 57DAA until the final har-
vest (74 DAA). The number of fruits was determined, and total
fruit fresh weight (FW) was measured. Fruit dry weight was deter-
mined after drying in a ventilated oven at 70°C for 24 h and then
at 105°C for 75 h. At the end of the cultivation cycle (74 DAA) plant
height was recorded, and stems and leaves were separately dried
at 70°C for 24 h followed by 105°C for 75 h.

Carbohydrate analysis

To ensure that fruits used for carbohydrate analysis were at the
same maturation stage across all treatments, fruit skin color was
monitored using a portable colorimeter (CR-400, Konica Minolta,
Tokyo, Japan). Fruits were harvested for analysis when the a*
value reached 25, a threshold corresponding to the red ripe
stage. This approach allowed for standardization of physiological
maturity, regardless of differences in ripening time among
treatments.

From each plant, the second and third fruit from the first
truss were harvested and quickly sliced into two halves. One half
was immediately frozen in liquid nitrogen for later use and the
other half was weighed for FW before being transferred to a venti-
lated oven for drying (24 h at 70°C and then 75h at 105°C), after
which the dry weight was measured.

Frozen tissue of each individual sample was ground mechan-
ically into fine powder with liquid nitrogen. Then, equal weights
of powdered tissues harvested from positions two and three from
the same plant were pooled into one sample and mixed well. In
total, there were six samples per treatment. Glucose, fructose, and
sucrose concentrations were measured as described by Plantenga
et al. (2019) with an adaptation that 300 mg ground frozen fresh
material from each pooled sample was weighed and mixed with
5mL of 85% ethanol in a shaking water bath for 20 min at 80°C.
After centrifugation at 8500 g for 5min, 1 mL of the supernatant
containing soluble sugars was vacuum dried using a Savant
SpeedVac rotary evaporator (SPD2010; Thermo Fisher Scientific,
Waltham, MA, USA) and then dissolved in 1 mL Milli-Q water and
diluted 50x for analysis of soluble sugars. Sucrose, fructose,
and glucose quantification was conducted using a high-
performance ion chromatograph (ICS-5000; Thermo Fisher Scien-
tific) with an anion CarboPac 2 x 250 mm exchange column (PA1;
Thermo Fisher Scientific) at 25°C with 100 nM NaOH as eluent at
the flow rate of 0.25 mL min~". Pulsed amperometry was used for
detection and Chromeleon (Thermo Fisher Scientific) was used for
analysis of the chromatograms and quantification of sugar
concentrations.

Study focused on the developmental stage 35 DAA

For plants used to study the effect of FR at 35 DAA, exactly the
same experimental set-up was used with the only difference that
the treatment of FR applied from full-grown green fruits until
red fruits was not included. Individual fruit FW from the second
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and third fruit of the first truss from all plants was recorded at
35 DAA. Then the fruits were cut in half, and one half was used
for carbohydrate and starch analysis while the other half was
used for pericarp cell histology. For carbohydrates the procedure
described above was followed. The extra step that happened
here was that the remaining pellet after sugar extraction was
used for starch determination. After discarding the supernatant
that contained the soluble sugars, the remaining pellet was
washed three times with 80% ethanol, each time followed by
5min centrifugation and removal of the supernatant. The
remaining pellet was dried for 20min in a SpeedVac rotary
evaporator and resuspended in 2mL 1mg ml—1 thermostable
a-amylase solution (Serva Electrophoresis, Heidelberg, Germany)
and incubated for 30 min at 90°C. Then, 1mL of 0.5mgml—1
amyloglucosidase (10 115; Sigma-Aldrich) in 50 mM citrate buffer
(pH 4.6) was added and the mixture incubated for 15min at
60°C so that the starch in the sample was converted into glu-
cose. After centrifugation for 5min at 85009, 1 mL of the super-
natant was diluted 50x and was used for quantification of
glucose content as described above.

Pericarp cell histology

The other half of the fruit was used for pericarp cell histology.
Samples fixed in a solution containing ethanol (96%), acetic
acid, formaldehyde (37%), and Milli-Q water, and later embed-
ded following the Technovit protocol (Kulzer, Wehreim, Ger-
many) as described by Fanwoua et al. (2012) and Okello et al.
(2015). Slides (3 pm thick) were prepared, stained using 1% tolui-
dine blue dye. Images were observed using a microscope and
nis-elements software (Nikon Instruments, New York NY),
and were analyzed using ImageJ software (National Institutes of
Health, Rockville, MD). Pericarp thickness, the number of cell
layers, longitudinal cell diameter, mean cell volume, tissue vol-
ume, tissue cell number and weighted pericarp cell volume
were determined as described by Fanwoua et al. (2012) and
Okello et al. (2015).

RNA extraction and quality assessment

To capture the earliest transcriptional and metabolic responses
underlying FR-mediated effects on tomato development, leaf and
fruit tissues were collected from five biological replicates per
organ at the following time points: 10 DAA+1.5h (h), 10 DAA
+24 h, 10 DAA + 96 h after the exposure, or not, to FR and immedi-
ately flash-frozen in liquid nitrogen. Sampling at earlier stages
was not feasible due to the very small fruit size, which would not
provide sufficient biological material for reliable RNA and metabo-
lite extraction. Samples were stored at —80°C before RNA
extraction.

Total RNA was extracted using a modified CTAB protocol
(Bio Basic, Toronto, Canada), optimized for high polysaccharide
and polyphenol content in plant tissues. Briefly, frozen tissue was
ground in liquid nitrogen and homogenized in 1.5 mL pre-heated
CTAB lysis buffer (supplemented with 2% B-mercaptoethanol) at
65°C. Homogenates were incubated for 15 min at 65°C, cooled to
room temperature, and centrifuged at 12000 x g for 5 min at 4°C.
The supernatant was transferred to a new tube, mixed with 0.2
volumes of chloroform:isoamyl alcohol (24:1, v/v), and centrifuged
at 12000 x g for 10 min at 4°C. The aqueous phase was sequen-
tially extracted with phenol:chloroform:isoamyl alcohol (25:24:1,
v/v/v), followed by chloroform:isoamyl alcohol (24:1, v/v), each
with centrifugation at 12000 x g for 10 min at 4°C. RNA was precip-
itated by adding 2/3 volume of isopropanol and incubating at
—20°C for 2 h, followed by centrifugation at 12000 x g for 20 min at
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4°C. The pellet was washed with 75% ethanol, centrifuged
at 17500 x g for 3min at 4°C, air-dried for 3-5min, and resus-
pended in DEPC-treated RNase-free water. RNA concentration and
integrity were assessed using a Fragment Analyzer system (Agi-
lent Technologies, CA, USA).

Library construction and RNA sequencing

Strand-specific mRNA libraries were constructed using the Opti-
mal Dual-mode mRNA Library Prep Kit (BGI-Shenzhen, China).
Total RNA was denatured and polyadenylated mRNA was
enriched using oligo(dT)-coupled magnetic beads. Enriched
mRNA was fragmented and reverse-transcribed with random hex-
amer primers to synthesize first-strand cDNA. Second-strand syn-
thesis was performed using dUTP in place of dTTP. The resulting
double-stranded cDNA underwent end repair, A-tailing, and
adapter ligation. Libraries were amplified via PCR and subjected
to quality control. Single-stranded circular DNA libraries were gen-
erated by denaturation and ligation, followed by exonuclease
digestion of residual linear DNA. DNA nanoballs (DNBs) were pro-
duced by rolling circle amplification using phi29 DNA polymerase
and loaded onto a patterned nanoarray. Paired-end 150 bp
sequencing was conducted on the BGISEQ-500 G400 platform
(BGI-Shenzhen, China).

Bioinformatic analysis

Raw sequencing data were processed using SOAPnuke to remove
adapter-containing reads, low-quality reads (>20% bases with
Q< 15), and reads with >5% ambiguous nucleotides. Clean reads
were aligned to the S. lycopersicum reference genome using
HISAT2 for structural variant and splice junction identification.
Fusion gene detection and differential splicing analysis were per-
formed with Ericscript (v0.5.5) and rMATS (v4.1.2), respectively.
Transcript identification was achieved via Bowtie2 alignment
against a combined reference set of known and novel, coding and
non-coding transcripts. Gene-level expression was quantified
using RSEM (v1.3.1). Differential gene expression was determined
using DESeq2 (v1.34.0), DEGseq (v1.48.0), or PoissonDis, with sta-
tistical significance thresholds set at Q <0.05 or FDR <0.001. GO
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analyses were conducted via the Hypergeometric test using
Phyper, with multiple testing correction applied (Q <0.05). Heat-
maps were visualized using the R package pheatmap (v1.0.12).
Analyses were conducted on the Dr.TOM Il Multi-omics Data Min-
ing platform.

Metabolomic profiling and analysis

Sample preparation and metabolite extraction

Leaf and fruit samples (five biological replicates each) were col-
lected at 10 DAA + 96 h, flash-frozen in liquid nitrogen, and ground
into fine powder. Approximately, 50mg of each sample was
shipped on dry ice to BGI (Shenzhen, China) for untargeted meta-
bolomic profiling. Metabolite extraction was performed by sus-
pending each powdered sample in 800 pL pre-cooled methanol:
water (7:3, v/v) extraction buffer supplemented with 20 pL of inter-
nal standard mix (d-leucine, '3C-phenylalanine, d -tryptophan,
'3C -progesterone). Samples were homogenized at 50Hz for
10 min, ultrasonicated (4 °C, 30 min), incubated at —20°C for 1h,
and centrifuged (14000rpm for 15min at 4°C). Supernatant
(600 pL) was filtered through a 0.22 yum membrane and transferred
to LC-MS vials. Quality control (QC) samples were prepared by
pooling equal aliquots from each extract to assess analytical sta-
bility and reproducibility.

UPLC-MS/MS analysis and data acquisition
Chromatographic separation and mass spectrometry were per-
formed using ultra-performance liquid chromatography (UPLC)
coupled to a high-resolution tandem mass spectrometer (Thermo
Fisher Scientific, USA). All reagents used (methanol, acetonitrile,
formic acid, and ammonium formate) were LC-MS grade. The sys-
tem was calibrated and tuned for high sensitivity and resolution.
Instrument  parameters, including retention time window
(0.2 min), precursor ion mass accuracy (<5ppm), and fragment
mass deviation (<10ppm), were optimized to ensure high-
confidence metabolite detection.

Peak detection and metabolite identification

Raw mass spectrometric data were processed using Compound
Discoverer (v3.3; Thermo Fisher Scientific), integrating informa-
tion from multiple databases including BMDB (BGI Metabolome
Database), mzCloud, and ChemSpider for metabolite annotation.
A final metabolite matrix comprising peak area and identification
data was generated for downstream analyses. Functional annota-
tion of identified metabolites was conducted using the KEGG and
Human Metabolome Database (HMDB), enabling classification
into metabolic pathways and biological categories.

Data preprocessing and normalization

The metabolite data matrix was imported into MetaX for normali-
zation and QC. Data were normalized using probabilistic quotient
normalization (PQN) to correct for dilution variability, and batch
effects were adjusted using QC-based robust LOESS signal correc-
tion (QC-RLSC). Features with >30% coefficient of variation in QC
samples were excluded to ensure data quality.

Experimental set-up and statistical analysis

Each light treatment was applied in two independent compart-
ments; data were analyzed with one-way ANOVA, with FR light
being the treatment factor. For all analyses RStudio (R version
4.3.2) was used. Post-hoc analyses were performed using the
‘emmeans’ package to perform pairwise comparisons of treatment
means applying Tukey’s honest significance test. For all statistical
tests, probability level a was 0.05. To generate plots, the ‘ggplot2’
package was used.

Principal component analysis (PCA) was employed as an
unsupervised method to assess sample clustering, variation, and
potential outliers. Metabolite features were log -transformed and
Pareto-scaled prior to analysis. Supervised discrimination was
performed using partial least squares-discriminant analysis (PLS-
DA) and orthogonal PLS-DA (OPLS-DA) with sevenfold cross-
validation. Variable importance in projection (VIP) scores >1 were
used to identify discriminatory metabolites between leaf and fruit
samples.
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at 10 DAA and for time points: 1.5, 24, and 96 h after exposure
to FR.

Figure S2. GO and KEGG pathway enrichment analysis for fruits at
10 DAA and for time points: 1.5, 24, and 96 h after exposure to FR.
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Figure S5. Green group of genes: Temporal expression profiles of
differentially expressed genes that were significantly different
between FR and No FR at all three time points at leaves.

Figure S6. Orange group of genes: Temporal expression profiles
of differentially expressed genes that were significantly different
between FR and No FR only at the first time point (1.5 h) at leaves.
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differentially expressed genes that were significantly different
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Figure S8. Temporal expression profiles of differentially expressed
genes in fruits.
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