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Towards a better understanding of fruit ripening: Crosstalk of hormones
in the regulation of fruit ripening
The ripening and senescence of fruits are crucial to their quality and shelf life, where a

number of changes occur in color, texture, flavor, aroma, nutrition, etc (Seymour et al.,

2008). Hormones are important factors in the initiation and regulation of fruit ripening and

senescence. Numerous studies have shown that various endogenous hormones in fruits

synergically affect this process. Therefore, it is important to study the hormone regulatory

mechanism that would provide insights into how to improve and maintain fruit quality and

storability via hormone regulation.
Ethylene, a key player in fruit ripening

The function of ethylene in regulating fruit ripening has received the most attention

and been well studied (Wang et. al.), but its regulatory network in many non-model fruits is

not yet fully understood. Li et al. investigated the regulation of ethylene in mango fruit

ripening, using ethylene and 1-methylcyclopropene (1-MCP), the action inhibitor of

ethylene.They found that MiERF2 and MiERF8 may play critical roles in regulating

mango fruit softening. Wang et al. reported that blueberry had an atypical climacteric

ripening process, where a respiratory climacteric character was developmentally regulated

by ethylene, but with non-autocatalytic ethylene production during fruit ripening. Except

for ethylene, increasing evidence show that other hormones such as auxin, abscisic acid

(ABA), brassinosteroids (BRs), gibberellins (GAs), melatonin (MT) and cytokinins (CKs)

control fruit ripening (Ji et al., 2021; Kou et al., 2021). Other regulatory factors, including

epigenetic maintenance and modification and microRNAs, are also involved in fruit

ripening regulation (Liu et al., 2015; Fenn and Giovannoni, 2021). Mo et al. showed that

lysine ubiquitination plays an critical role in papaya fruit ripening. Specifically, they found
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the ubiquitination levels of three key proteins in ethylene signal

pathway were significantly changed during the ripening period.

The variety of hormones that affect ripening and the complex

interplay among them make it challenging to analyze their

respective roles.In the present topic collection, we report new

findings on the function of hormones in ripening regulation,

focusing on the interaction between ethylene and other hormone

signaling pathways.
Interaction between ethylene and ABA

Fruits are commonly distinguished by respiration pattern and

ethylene production during ripening, which can be classified as

climacteric fruits such as tomato and banana, and non-climacteric

fruits such as litchi and strawberry (Kou and Wu, 2018; Wang

et al.). It is generally considered that ethylene is the key actor of

climacteric fruit ripening and ABA is the core player of non-

climacteric fruit (Kou et al., 2021; Wang et al.). However,

increasing evidences have shown that fruit ripening is regulated

by a balance of multiple hormones rather than by a single one, and

the crosstalk between ethylene and ABA signaling plays a leading

role in regulating fruit ripening. In climacteric fruits, ABA usually

accumulates before the initiation of climacteric period that can

promote ethylene biosynthesis via upregulating ethylene

biosynthesis related genes and accelerating ethylene-triggered

ripening (Meng et al., 2016; Álvarez-Flórez et al., 2017). Ethylene

interacted with ABA to regulate fig fruit ripening (Qiao et al., 2021).

In tomato, SlNAC1 regulates the expression of SlPSY1, SlACS2/4

and SlACO1tointegrate ethylene and ABA signaling and mediate

fruit ripening (Meng et al., 2016). In non-climacteric fruits like

strawberry, the ripening is co-regulated by ethylene, ABA and IAA

(Bai et al., 2021). The expression of ACS/ACO, key genes in ethylene

biosynthesis, is regulated by AREB/ABF in ABA signaling, while the

expression of NCED, is mediated by ERF. These genes may

contribute to the ABA-ethylene interaction in non-climacteric

fruit ripening (Bai et al., 2021).
Crosstalk between ethylene and auxin

Auxin is an important hormone in plant development, and

recent studies reveal that auxin is also involved in fruit ripening via

interacting with other hormones, especially with ethylene (Tadiello

et al., 2016). Ethylene interacted with auxin to regulate apple fruit

ripening (Tadiello et al., 2016). In peach fruit, PpILR1 (IAA-leucine

resistant) activated the expression of PpACS1and integrated auxin-

ethylene signaling to regulate fruit ripening (Wang et al., 2021a). In

pear fruit, PpERF4 and PpIAA1 bound to each other to form a

positive feedback loop to regulate ripening process by integrating

ethylene and auxin signals (Wang et al., 2021b). In papaya, auxin

delayed fruit ripening via the interaction of CpEIL1and CpARF2,

which mediated ethylene-auxin interaction to regulate fruit

ripening (Zhang et al., 2020). In apple, auxin activated MdARF5

and then induced the transcription of ethylene biosynthesis related
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genes includingMdACS1, MdACS3a andMdACO1, to initiate apple

fruit ripening (Yue et al., 2020).
JA interacts with ethylene in
regulating fruit ripening

JA plays an important role in plant development, especially in

plant stress response (Wasternack, 2014). Recent work also found

that JA participated in fruit ripening including coloration and

softening (Coelho et al., 2019). In tomato, JA treatment prevented

fruit softening and maintained the accumulation of lycopene and

carotenoids (Liu et al., 2018). MYC2 is an important transcriptional

activator in JA signaling pathway, and MdMYC2 could bind to the

promoters of MdACO1 and MdACS1 and enhanced their

expression to promote ethylene production to regulate apple fruit

ripening (Li et al., 2017). JA could also regulate ethylene

biosynthesis via mediating the expression of genes in ethylene

signaling and biosynthesis pathways by MdMYC2 (Li et al., 2017).
Ethylene interacts with BR, SA, GA, CK
and MT in regulating fruit ripening

It was found that exogenous BRs application could delay

carambola fruit ripening and maintain fruit quality (Zhu et al.,

2021). However, BRs treatment induced tomato fruit ripening by

enhanced the ethylene production and respiration rate via inducing

the expression of related genes (Zhu et al., 2015).It was also reported

that SlCYP90B3,a key genes in BR biosynthesis, could control

tomato fruit ripening in an ethylene-dependent pathway (Hu

et al., 2020).

GA works as a negative regulator of fruit ripening, which inhibits

the ethylene biosynthesis and perception during fruit ripening of

tomato (Ji et al., 2021). SA regulates fruit ripening process mainly

through the effect on the expression of ethylene signaling pathway

(Kou et al., 2021). Melatonin regulates fruit ripening in a dose- and

species-dependent manner, which mainly attributed to the

interaction between melatonin and ethylene (Arnao and

Hernández-Ruiz, 2020). Abbas et al. found that exogenous

melatonin treatment significantly increased the floral volatile

production in H. coronarium flowers, by regulating the expression

of genes related to volatile biosynthesis pathway. Cytokinin (CK)

plays a negative role in fruit ripening process (Ji et al., 2021). The

application of synthetic CK on kiwifruit fruit reduced the ethylene

biosynthesis and delayed fruit softening (Ainalidou et al., 2016). Liu

et al. also found that CK suppressed the loss of total sugar and sucrose

and the accumulation of acetic acid and ethanol in the fruit aril,

reduced the malondialdehyde accumulation in the pericarp of the

overripe litchi fruit. Cytokinin treatment repressed the litchi fruit

ripening process and maintained fruit quality in the on-tree overripe

fruit. However, more information is needed about the interaction of

CKs with other hormones.

In conclusion, the exciting new findings presented in the

present topic collection and other works provide a broad and in-
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depth understanding of hormone signal interactions in regulating

fruit ripening. It is believed that increasing new knowledge will

emerge in this exciting and evolving field.
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Carbonell, M. (2017). Changes in ABA, IAA and JA levels during calyx, fruit and leaves
development in cape gooseberry plants (Physalis peruviana l.). Plant Physiol. Biochem.
115, 174–182. doi: 10.1016/j.plaphy.2017.03.024

Arnao, M. B., and Hernández-Ruiz, J. (2020). Melatonin in flowering, fruit set and
fruit ripening. Plant Reprod. 33, 77–87. doi: 10.1007/s00497-020-00388-8

Bai, Q., Huang, Y., and Shen, Y. (2021). The physiological and molecular mechanism
of abscisic acid in regulation of fleshy fruit ripening. Front. Plant Sci. 11, 619953.
doi: 10.3389/fpls.2020.619953

Coelho, J., Almeida-Trapp, M., Pimentel, D., Soares, F., Reis, P., Rego, C., et al.
(2019). The study of hormonal metabolism of Trincadeira and Syrah cultivars indicates
new roles of salicylic acid, jasmonates, ABA and IAA during grape ripening and upon
infection with Botrytis cinerea . Plant Sci. 283, 266–277. doi: 10.1016/
j.plantsci.2019.01.024

Fenn, M. A., and Giovannoni, J. J. (2021). Phytohormones in fruit development and
maturation. Plant J. 105, 446–458. doi: 10.1111/tpj.15112

Hu, S., Liu, L., Li, S., Shao, Z., Meng, F., Liu, H., et al. (2020). Regulation of fruit
ripening by the brassinosteroid biosynthetic gene SlCYP90B3 via an ethylene-
dependent pathway in tomato. Hortic. Res. 7:163. doi: 10.1038/s41438-020-00383-0

Ji, Y., Xu, M., and Wang, A. (2021). Recent advances in the regulation of climacteric
fruit ripening: hormone, transcription factor and epigenetic modifications. Front. Agric.
Sci. Eng. 8, 314–334. doi: 10.15302/J-FASE-2021386

Kou, X., Feng, Y., Yuan, S., Zhao, X., Wu, C., Wang, C., et al. (2021). Different regulatory
mechanisms of plant hormones in the ripening of climacteric and non-climacteric fruits: a
review. Plant Mol. Biol. 107, 477–497. doi: 10.1007/s11103-021-01199-9

Kou, X., and Wu, M. (2018). Characterization of climacteric and non-climacteric
fruit ripening. Plant Senescence Methods Protoc. 1744, 89–102. doi: 10.1007/978-1-
4939-7672-0_7

Li, T., Xu, Y., Zhang, L., Ji, Y., Tan, D., Yuan, H., et al. (2017). The jasmonate-
activated transcription factor MdMYC2 regulates ETHYLENE RESPONSE FACTOR
and ethylene biosynthetic genes to promote ethylene biosynthesis during apple fruit
ripening. Plant Cell 29, 1316–1334. doi: 10.1105/tpc.17.00349

Liu, H., Meng, F., Miao, H., Chen, S., Yin, T., Hu, S., et al. (2018). Effects of
postharvest methyl jasmonate treatment on main health-promoting components and
volatile organic compounds in cherry tomato fruits. Food Chem. 263, 194–200. doi:
10.1016/j.foodchem.2018.04.124
Liu, M., Pirello, J., Chervin, C., Roustan, J.-P., and Bouzayen, M. (2015). Ethylene
control of fruit ripening: revisiting the complex network of transcriptional regulation.
Plant Physiol. 169, 2380–2390. doi: 10.1104/pp.15.01361

Meng, C., Yang, D., Ma, X., Zhao, W., Liang, X., Ma, N., et al. (2016). Suppression of
tomato SlNAC1 transcription factor delays fruit ripening. J. Plant Physiol. 193, 88–96.
doi: 10.1016/j.jplph.2016.01.014

Qiao, H., Zhang, H., Wang, Z., and Shen, Y. (2021). Fig fruit ripening is regulated by
the interaction between ethylene and abscisic acid. J. Integr. Plant Biol. 63, 553–569.
doi: 10.1111/jipb.13065

Seymour, G., Poole, M., Manning, K., and King, G. J. (2008). Genetics and
epigenetics of fruit development and ripening. Curr. Opin. Plant Biol. 11, 58–63.
doi: 10.1016/j.pbi.2007.09.003

Tadiello, A., Longhi, S., Moretto, M., Ferrarini, A., Tononi, P., Farneti, B., et al.
(2016). Interference with ethylene perception at receptor level sheds light on auxin and
transcriptional circuits associated with the climacteric ripening of apple fruit (Malus x
domestica borkh.). Plant J. 88, 963–975. doi: 10.1111/tpj.13306

Wang, X., Meng, J., Deng, L., Wang, Y., Liu, H., Yao, J.-L., et al. (2021a). Diverse
functions of IAA-leucine resistant PpILR1 provide a genic basis for auxin-ethylene
crosstalk during peach fruit ripening. Front. Plant Sci. 12, 655758. doi: 10.3389/
fpls.2021.655758

Wang, X., Pan, L., Wang, Y., Meng, J., Deng, L., Niu, L., et al. (2021b). PpIAA1 and
PpERF4 form a positive feedback loop to regulate peach fruit ripening by integrating
auxin and ethylene signals. Plant Sci. 313, 111084. doi: 10.1016/j.plantsci.2021.111084

Wasternack, C. (2014). Action of jasmonates in plant stress responses and
development–applied aspects. Biotechnol. Adv. 32, 31–39. doi: 10.1016/
j.biotechadv.2013.09.009

Yue, P., Lu, Q., Liu, Z., Lv, T., Li, X., Bu, H., et al. (2020). Auxin-activated MdARF5
induces the expression of ethylene biosynthetic genes to initiate apple fruit ripening.
New Phytol. 226, 1781–1795. doi: 10.1111/nph.16500

Zhang, T., Li, W., Xie, R., Xu, L., Zhou, Y., Li, H., et al. (2020). CpARF2 and CpEIL1
interact to mediate auxin–ethylene interaction and regulate fruit ripening in papaya.
Plant J. 103, 1318–1337. doi: 10.1111/tpj.14803

Zhu, X., Chen, Y., Li, J., Ding, X., Xiao, S., Fan, S., et al. (2021). Exogenous 2, 4-
epibrassinolide treatment maintains the quality of carambola fruit associated with
enhanced antioxidant capacity and alternative respiratory metabolism. Front. Plant Sci.
12, 678295. doi: 10.3389/fpls.2021.678295

Zhu, T., Tan, W.-R., Deng, X.-G., Zheng, T., Zhang, D.-W., and Lin, H.-H. (2015).
Effects of brassinosteroids on quality attributes and ethylene synthesis in postharvest
tomato fruit . Postharvest Biol . Technol. 100, 196–204. doi: 10.1016/
j.postharvbio.2014.09.016
frontiersin.org

https://doi.org/10.1016/j.jprot.2016.02.013
https://doi.org/10.1016/j.plaphy.2017.03.024
https://doi.org/10.1007/s00497-020-00388-8
https://doi.org/10.3389/fpls.2020.619953
https://doi.org/10.1016/j.plantsci.2019.01.024
https://doi.org/10.1016/j.plantsci.2019.01.024
https://doi.org/10.1111/tpj.15112
https://doi.org/10.1038/s41438-020-00383-0
https://doi.org/10.15302/J-FASE-2021386
https://doi.org/10.1007/s11103-021-01199-9
https://doi.org/10.1007/978-1-4939-7672-0_7
https://doi.org/10.1007/978-1-4939-7672-0_7
https://doi.org/10.1105/tpc.17.00349
https://doi.org/10.1016/j.foodchem.2018.04.124
https://doi.org/10.1104/pp.15.01361
https://doi.org/10.1016/j.jplph.2016.01.014
https://doi.org/10.1111/jipb.13065
https://doi.org/10.1016/j.pbi.2007.09.003
https://doi.org/10.1111/tpj.13306
https://doi.org/10.3389/fpls.2021.655758
https://doi.org/10.3389/fpls.2021.655758
https://doi.org/10.1016/j.plantsci.2021.111084
https://doi.org/10.1016/j.biotechadv.2013.09.009
https://doi.org/10.1016/j.biotechadv.2013.09.009
https://doi.org/10.1111/nph.16500
https://doi.org/10.1111/tpj.14803
https://doi.org/10.3389/fpls.2021.678295
https://doi.org/10.1016/j.postharvbio.2014.09.016
https://doi.org/10.1016/j.postharvbio.2014.09.016
https://doi.org/10.3389/fpls.2023.1173877
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Editorial: Towards a better understanding of fruit ripening: Crosstalk of hormones in the regulation of fruit ripening
	Ethylene, a key player in fruit ripening
	Interaction between ethylene and ABA
	Crosstalk between ethylene and auxin
	JA interacts with ethylene in regulating fruit ripening
	Ethylene interacts with BR, SA, GA, CK and MT in regulating fruit ripening
	Author contributions
	Funding
	References


