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A B S T R A C T   

Water balance significantly influences the longevity, quality, and ornamental value of floricultural products. 
Inadequate irrigation during cultivation and dry postharvest storage may result in water imbalance, leading to 
dehydration in ornamental crops and cut flowers. This review focuses on the responses of both ethylene-sensitive 
and ethylene-insensitive flowers to water deficit and the potential application of exogenous substances to alle
viate the harmful effects of dehydration. Alterations in stomatal function and hydraulic conductivity are key 
changes that drive water loss and hormones like ABA and ethylene play an essential role in determining flower 
longevity during desiccation events. To overcome the adverse effects of dehydration, mechanisms including 
osmotic adjustment, antioxidant systems and/or abscission must be tightly regulated in both ethylene-sensitive 
and ethylene-insensitive flowers. Understanding these processes in ornamental crops and floricultural products 
will help develop strategies to enhance water stress tolerance and, consequently, flower longevity.   

1. Introduction 

Floricultural products have become vital elements of commercial 
horticulture exportation due to their significant demand in the market 
and cut flower industry moving more than four billion dollars world
wide (BCC, 2023). The high economic value of exported cut flowers, 
potted flowers, and bedding plants has nowadays led to a substantial 
increase in their production. Their market value and marketability are 
particularly susceptible to flower quality, which in turn strongly depend 
on visual and olfactive characteristics as well as longevity. In this sense, 
traits such as color and fragrance of the flower corollas or timings in 
flower opening and petal wilting determine their commercial value and 
have been subjected to extensive breeding programs. However, envi
ronmental factors such as water availability may hinder profits in 
floriculture trading by affecting quality traits. Water status of plants 
intended for the ornamental flower market may limit growth and 
development, as well as alter several other physiological processes, 
including flower anthesis or shelf-life (Sánchez-Blanco et al., 2009; 
Moody et al., 2014). Limited irrigation or water deficit, can induce se
vere water stress and reduce the ornamental value, flower yield, and 
quality of many potted and cut floricultural products inducing stem 
bending or bud abscission in species such as carnation (Álvarez et al., 

2009), primrose (Caser et al., 2017), canterbury bell (Mao et al., 2014), 
geraniums (Sánchez-Blanco et al., 2009) and lilies (van Doorn and Han, 
2011), among others. The main factors that cause water deficit, dehy
dration, or water stress in floricultural products are the inadequate 
environmental conditions and irrigation practices used both during crop 
management before harvest and during their handling after harvest 
(Fig. 1). 

Water deficit and dehydration (understood here as the stress condi
tion and the consequence of this condition, respectively) in floricultural 
products before harvesting occur through a variety of factors, the pri
mary being related to the environmental conditions in the cultivation 
area. High relative humidity, low air velocity, and continuous light have 
been reported as environmental factors negatively affecting stomatal 
functionality during cultivation, all of which could induce water stress 
symptoms and reduce the vase life of flower products (Fanourakis et al., 
2015; Schouten et al., 2018). Moreover, an adequate irrigation man
agement is crucial for potted seasonal plants. Poor irrigation, freshwater 
shortage, and/or insufficient rainfall (depending on the species, cultivar 
and growth conditions) directly limit soil moisture and result in water 
stress eventually causing dramatic production losses, most particularly 
in arid and semi-arid areas of the globe dedicated to horticulture (Akhtar 
et al., 2022; da Silva et al., 2022). Even when water is available and not 
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limiting production in other areas, optimizing irrigation strategies to 
sustainably produce ornamental plants is essential to reduce the water 
supply used for flower cultivation and save water for other agricultural 
application or human consumption in the same or other parts of the 
world. Although water use efficiency can be improved in some orna
mental flowers by training the plants to modulate stomatal closure more 
efficiently resulting in low transpiration rates and similar plant pro
duction under mild water deficit (Cirillo et al., 2014; Caser et al., 2017), 
this strategy is not always effective and water deprivation is still usually 
limiting flower production and quality in most species and cultivars. At 
the same time, potted flowers usually require a high amount of moisture 
during shipping and distribution (Oh et al., 2021), particularly when 
they experience unfavorable conditions related to strong variations in 
temperature, humidity, and wind speeds. These factors affect the water 
balance in plants, and additionally, the limitation of establishing real
istic strategies for irrigation of plants during transportation easily leads 
to water deficit conditions and dehydration events (Allen and Allen, 
2021). 

Postharvest in floriculture is dominated by the cut flower market, 
where water deficit may result from different postharvest management 
processes including cutting and transporting, as well as postharvest 
packing. Long-distance transportation without placing cut flowers in 
water largely contributes to water loss and leads to water deficit stress in 
some cut flowers (Jin et al., 2006; Jiang et al., 2015). The transpiration 
rate of cut flowers is usually higher than the rate of water uptake after 
harvest resulting in severe dehydration events (van Doorn, 2012). 
Vascular occlusion is one of the major factors limiting water uptake in 
several cut flowers due to cavitation and high bacterial growth in the 
stem, a phenomenon that is exacerbated in several cases as a result of 
inadequate cutting of flower stems (van Doorn et al., 2002; Elibox and 
Umaharan, 2010). Therefore, water deficit during transportation, stor
age, and postharvest handling strongly impacts the quality of cut 
flowers, including their shelf life. It is well known that long periods of 
dehydration decrease flower vase life and accelerate flower senescence 
in many cut flowers (van Doorn and Han, 2011; Jiang et al., 2015; Chen 
and Miller, 2022; Fanourakis et al., 2022). 

Flowers have been classified into two groups based on their sus
ceptibility to ethylene, a natural plant hormone essential for several 
plant functions, including senescence. In ethylene-sensitive flowers, 
senescence processes are triggered by ethylene, whereas there is no rise 
in ethylene production during the senescence of ethylene-insensitive 
flowers (Dar et al., 2021). The present review aims at discussing the 
effects of water deficit in flower longevity as a quality trait in both 
potted plants and cut flowers, including studies of ethylene-sensitive and 
ethylene-insensitive flowers. We will particularly focus on discussing the 
protective responses and role of ethylene modulating senescence pro
cesses, longevity and shelf life of potted plants and cut flowers exposed 
to water deficit, including what occurs during rehydration events. 
Furthermore, the application of exogenous compounds alleviating the 
effects of water deficit will also be discussed. This is an essential 
knowledge that can be applied to enhance dehydration tolerance during 
both preharvest and postharvest processing of ornamental plants. 

2. Influence of water deficit on flower longevity in potted plants 
and cut flowers 

Water plays a crucial role in plant cells and hence, lack of water 
induces adverse effects in both potted and cut flowers. The first visible 
symptom is wilting which is caused by an imbalance between plant 
water loss and water uptake (van Doorn, 2012). Additionally, water 
stress promotes ethylene production in a variety of plants, including 
potted and cut flowers. The sensitivity of flowers to ethylene and its 
potential effects on vase life depend on the genetic background of flower 
species and cultivars (Macnish et al., 2010; Fanourakis et al., 2013; 
Moody et al., 2014). Species with flowers highly sensitive to ethylene 
usually show drastic physiological and morphological responses to low 
ethylene concentration as well as to short periods of ethylene exposure 
that lead to flower senescence (Costa et al., 2021). Although morpho
logical and physiological responses to water deficit of flower crops may 
strongly differ depending on the species and the sensitivity level to 
ethylene; an alteration of water relations is common in all types of 
flowers. Indeed, water deficit has a negative impact on water status that 
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Fig. 1. Preharvest and postharvest factors inducing water deficit in floricultural products and the response of flowers to water deficit. At preharvest, high relative 
humidity, continuous light, poor irrigation and/or fertilization are the major factors altering water relations, affecting both water status and flower quality. At 
postharvest, water loss of cut flower can occur during transportation and dry storage due to high transpiration and low water uptake, leading to altered water 
relations (resulting in low water potentials and low water contents), thus leading to lower quality and reduced vase life. RH, relative humidity; RWC, relative 
water content. 
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Table 1 
Effects of water deficit on the responses of ethylene-sensitive and ethylene-insensitive flowers (in blue) and in various ornamental plants (in grey).  

 Flowers Treatment Stage Effect of WD on water 
relations 

Effect of WD on flower 
longevity 

References 
 

evitisnes enelyhtE
 

  

 

Dendrobium 'Khao 

Sanan'  

 

Water 

deficit over 

24 h 

 

Mature stage 

with 4-5 open 

flowers and 8-

10  floral buds 

 

Decreased percentage of 

RWC, water uptake, and water 

potential.  

 

Decreased vase life and 

postharvest quality after 

exposure to WD over 24 h. 

 

Sukpitak and  

Seraypheap, 

2023 

 

Rose ‘Wild Look’ Exposure to 

air for 3 h 
Commercial 

stage 
Increased transpiration under 

dark conditions, reduced water 

uptake 

Accelerated bent neck, 

stimulated petal abscission, and 

decreased postharvest quality 

Ha et al., 2021 

Rose ‘Samantha’ Dehydration 

for 60 h 
Completely 

opened bud 

 

Increased the rate of fresh 

weight loss 
Deceased vase life 29%, 

abnormal flower opening, and 

loss of market quality 

Jiang et al., 

2015 

Dehydration 

for 24 h 
Completely 

opened bud 

 

Decreased water potential 

from -0.5 to -3.2 MPa and lost 

28% of initial weight.  

 

Induced abnormal flower 

opening and flower shape 
Lui et al., 2013 

Alstroemeria Ambient 

dehydration 

for 48 h 

Freshly 

harvested 

tight buds 

 

No observation Accelerated time of petal 

abscission 

Wagstaff et al., 

2010 

(continued on next page) 
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can strongly limit flower longevity in both potted and cut flowers, as 
shown in several previous studies conducted under various water deficit 
conditions and developmental stages (Table 1). 

On the one hand, water relations during preharvest strongly influ
ence ornamental plant performance and results in physiological changes 
that can affect final flower quality. A decrease in stomatal conductance 
together with reductions in the relative water content (RWC) have been 
reported in many potted flowers during exposure to water stress. For 
instance, severe desiccation markedly reduced leaf osmotic potential 
and stomatal conductance in potted Dianthus caryophyllus L. (Álvarez 
et al., 2009). Drought stress also significantly decreased RWC and leaf 
area in Campanula medium at bud formation stage (Mao et al., 2014). In 
the latter, severe water stress during cultivation reduced shoot hydraulic 
conductivity as a result of smaller xylem vessel diameter that directly 
affected water transport (Twumasi et al., 2005). Dehydration not only 
affects water relations but also has a significant impact on morpholog
ical and developmental traits. Severe deficit irrigation in geranium 
(Pelargonium hortorum L.) strongly reduced the number of flowers 
(Sánchez-Blanco et al., 2009). Similarly, drought stress influenced 
flower development during cultivation, resulting in malformed floral 
buds with short petal lengths and distorted petals in roses (Shi et al., 
2019). In Eustoma grandiflorum, flowers grown under severe deficit 
irrigation showed shorter stalk length, lower number of floral buds, and 
lower fresh weight, thus decreasing harvestable quality (Chuang and 
Chang, 2012). Interestingly, in Zinnia elegans, although water stress 
decreased the size of cut flowers (leaf area, stem length, fresh weight), a 
longer vase life was observed, probably related to leaf morphology 
modifications by reductions of the leaf area that could ameliorate water 
loss during vase life (Twumasi et al., 2005). 

On the other hand, the consequence of dehydration in floricultural 
products during postharvest is the abnormal development of flowers, 
which has been reported for several species. For instance, water deficit 
in cut roses induced abnormal flower opening and decreased flower size 
(Jin et al., 2006; Liu et al., 2013; Jiang et al., 2015). Stomatal transpi
ration is the main cause of water loss in cut flowers, which occurs 

through the stomata present on leaves, stem, sepals, and/or petals 
(Huang et al., 2018; Lin et al., 2020). Apart from that, water loss can also 
occur via cuticular transpiration in some cases, particularly when sto
mata are non-functional or closed (Cheng et al., 2021). After harvest, 
petals represent the main source of water loss during drought stress 
because of their significantly higher cuticle leakiness compared with 
leaves (Bourbia et al., 2020; Roddy et al., 2023). This is related to the 
chemical composition of the cuticle wax that provides weaker properties 
of transpiration barrier on petals than on leaves (Cheng et al., 2019, 
2021). Roddy et al. (2019) evaluated hydraulic traits of leaves and 
flowers and found that flowers had higher hydraulic capacitance and 
required higher turgor pressure to remain upright. Hence, in the absence 
of leaves, the petals are likely to be the main route of water loss by 
cuticle transpiration in cut flowers after harvest. Xylem embolism occurs 
as well under drought stress in Magnolia grandiflora, where it was found 
that flower peduncles were more vulnerable to cavitation than petioles 
and stems, supporting the idea that leaves and stems are given priority 
over flowers during water stress (Zhang et al., 2021). In chrysanthe
mums, cultivars with higher rates of transpiration exhibited shorter vase 
life in comparison to cultivars with lower rates of transpiration during 
dehydration (Fanourakis et al., 2021). Stomatal response under water 
stress conditions differs between cultivars and stress levels. For instance, 
changes in stomatal opening and transpiration rates were found in 
leaves of cut roses exposed to long-term dry storage (28 days) under cold 
conditions, with different cultivars showing contrasting responses. In 
this experiment, ‘Grand Prix’ cultivar was found to maintain the water 
balance very efficiently in the cut flower through finetuning stomatal 
closure and transpiration rates depending on stress severity. In contrast, 
‘Akito’ cultivar showed difficulties to maintain water balance after 
long-term storage due to impaired stomatal functionality under water 
stress (Woltering and Paillart, 2018). Besides, in another study, exposure 
of cut rose ‘Wild look’ to air for 1 to 3 h without placing the stems in 
water increased the ratio of stomata opening under dark conditions, 
leading to higher transpiration rates (Ha et al., 2021). Consequently, the 
regulation of stomatal closure is a key factor for water stress tolerance. 

Table 1 (continued ) 
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Furthermore, increases in bacterial population at the base of the stem 
causing vascular occlusion also reduce vase life of cut roses leading to a 
decrease in water uptake that results in early wilting symptoms and 
decreased postharvest longevity (Ha et al., 2021). Vulnerability of 
reproductive organs is usually higher than vegetative organs as also 
observed in the perennial daisy Tanacetum cinerariifolium, where flow
ering stems were found to be more vulnerable to xylem cavitation than 
leaves and therefore, died at higher rates (Bourbia et al., 2020). Higher 
cavitation in the xylem of flower stems can indeed be considered a plant 
strategy to avoid high rates of water loss in flowers to maintain hy
draulic integrity of vegetative organs and survive if rehydration events 
eventually occur (Bourbia et al., 2020). 

In response to desiccation, the flowers of some species produce more 
ethylene than others and the responsiveness to ethylene is also highly 
dependent on cultivars. It has been demonstrated that in cut roses, there 
are both ethylene-sensitive and insensitive cultivars with the sensitivity 
level to ethylene strongly varying among cultivars (In et al., 2017). 
Ethylene-sensitive rose cultivars typically induce the expression of the 
genes encoding for the ethylene biosynthesis enzyme, 1-aminocyclopro
pane-1-carboxylate synthase (RhACS1 and RhACS2) under water deficit, 
causing a general boost in ethylene production throughout the flower, 
particularly incremented in the flower sepals (Liu et al., 2013). This 
study also showed that enhanced ethylene contents paralleled an 
increased expression of the ethylene receptor gene, RhETR3, in rose 
petals during dehydration (Liu et al., 2013). Similarly, dehydration 
induced a higher accumulation of the ethylene precursor 1-aminocyclo
propane-1-carboxylic acid (ACC) in cut carnation (Borochov et al., 
1982). In carnation and Dendrobium orchid, exposure to water deficit 
induced an earlier peak of ethylene (Drory et al., 1995; Sukpitak and 
Seraypheap, 2023). In addition, different flower parts showed different 
levels of ethylene: ovaries and styles of cut carnation produced the 
highest ethylene concentrations, whereas leaves and petals did not show 
remarkable changes in ethylene production (Yakimova and Woltering, 
1997). At the same time, rehydration events also exacerbate ethylene 
production as seen in cut roses (Liu et al., 2013) or Dendrobium orchids 
(Sukpitak and Seraypheap, 2023). Although increases in ethylene con
tent could stimulate flower opening, it might also cause negative effects 
on this physiological process such as abnormal flower opening and re
ductions on flower size. Therefore, water deficit in ethylene-sensitive 
flowers may trigger an ethylene autocatalytic production and affect 
flower development, including flower longevity (Fig. 2). 

Water stress also affects ethylene-insensitive flowers such as Lilium 
(Arrom and Munné-Bosch, 2012) or Gladiolus grandiflora (Kumar et al., 
2014). In this type of flowers, abscisic acid (ABA) plays a crucial role in 
the response of potted plants and cut flowers to abiotic stresses, 
including water deficit. When plants are exposed to water stress condi
tions, ABA production is induced and accumulates in plant leaves, 
resulting in stomatal closure to prevent water loss (van Iersel et al., 
2009). Besides stress responses, ABA is involved in senescence processes, 
especially of ethylene-insensitive flowers. Water deficit increased 
endogenous ABA levels and induced the onset of early senescence in 
daylily petals (Panavas et al., 1998). Likewise, transcriptome analysis in 
Gerbera hybrida revealed that the genes encoding ABA biosynthesis en
zymes such as 9-cis-epoxycarotenoid dioxygenase (NCED), ABA oxidase 
(AAO), and short-chain alcohol dehydrogenase/reductase (SDR) 
increased during stem bending caused by water stress (Fig. 2). More
over, protein phosphatase 2 C (PP2C) and serine/threonine-protein ki
nase (SAPK), key genes related to ABA signal transduction, were 
remarkably up-regulated. An increase in ABA contents during water 
stress may be attributed to higher tolerance to oxidative stress, as it has 
been described in gerbera (Ge et al., 2019). However, further research is 
needed to examine the interaction of ABA, ethylene, and other hor
mones, in conferring water stress tolerance in floricultural commodities. 

3. Protective responses against water stress in potted and cut 
flowers 

Water stress in ornamental plants induces the accumulation of 
reactive oxygen species (ROS) in plant cells, particularly in leaves, 
leaves of flower stems or other photosynthetic tissues that contain 
chloroplasts (such as sepals, or some petals [or tepals such as those of 
Lilium] at early stages of development, Arrom and Munné-Bosch 
(2010)], where water stress leads to energy excess in the reaction centers 
of the chloroplastic electron transport chain and prompts the production 
of singlet oxygen (1O2), which may lead to photoinhibitory events 
(Chang et al., 2015; Muñoz and Munné-Bosch, 2018). Chloroplasts are 
also a source of other ROS, such as superoxide anion (O2

•-) and hydrogen 
peroxide (H2O2), which can also be produced at high rates in mito
chondria due to increased respiration demands (Sun et al., 2005; Li 
et al., 2020). In general, low levels of ROS increasing transiently would 
serve as signaling molecules that regulate various processes of plant 
growth and development while sustained production of ROS at high 
levels cause oxidative damage to plant tissue (Muñoz and Munné-Bosch, 
2018). Thus, the role of ROS in plant cells strongly depends on the 
balance between the spatiotemporal variations in ROS generation and 
scavenging. Under water stress, ROS can induce protective signaling 
responses, but if produced continuously in time and at high levels, the 
associated oxidative stress (redox unbalance) will lead to cell damage. It 
has been reported that long periods of water stress increased ROS pro
duction in flowers of various plants species causing membrane lipid 
peroxidation, as reflected by enhanced malondialdehyde (MDA) con
tents, leading to electrolyte leakage from cell membranes, thereby 
indicating damage (Jiang et al., 2015; Hemmati et al., 2018; Fanourakis 
et al., 2022). Therefore, to minimize the adverse effects of water deficit, 
both ethylene-sensitive and ethylene-insensitive species have developed 
protective mechanisms such as antioxidant systems and accumulation of 
protective osmolytes to tolerate water stress conditions better and pre
vent oxidative stress events that can lead to a reduction in flower 
longevity. However, once pollination has occurred and double fertil
ization is achieved, petals are no longer necessary (since they have 
already accomplished their role of pollinators attraction) and senescence 
is rapidly induced. Thus, protective mechanisms serve a role during 
early stages of flower development, flower anthesis and pollination, 
always before double fertilization occurs. 

Antioxidant protective mechanisms are constituted by enzymatic 
and non-enzymatic systems with the ability to scavenge ROS or mini
mize lipid peroxidation. Under severe water stress, the production of 
ethylene and ROS significantly increased in ethylene-sensitive species 
(e.g., Dendrobium orchid, Impatiens walleriana). We hypothesize that 
ethylene might play a role in excess ROS production causing lipid per
oxidation and cell damage as some ethylene response factors (ERFs) 
have been reported to play a role in antioxidant regulation (Sewelam 
et al., 2013; Zhang et al., 2016). However, there is currently no report on 
that mechanism at the molecular level in ethylene-sensitive flowers 
under water stress. One of the antioxidant enzymes responsible for the 
initial detoxification in the ROS scavenging mechanisms is superoxide 
dismutase (SODs). The studies in both cut flower and potted flower 
species revealed that SODs enzymes particularly Cu/Zn SODs isoform 
were shown to be the most abundant form in response to dehydration, 
which could play a pivotal role in strengthening and water deficit 
tolerance of flower species (Jiang et al., 2015; Antonić et al., 2020). 
Likewise, catalase (CAT), ascorbate peroxidase (APX), and peroxidase 
(POD) activity increased in flowers during desiccation and decreased to 
control levels after rehydration, suggesting that some ROS may be 
reduced for preventing cell damage (Jin et al., 2006; Jinfen and Bowen, 
2022; Sukpitak and Seraypheap, 2023). 

The same protective responses of antioxidant systems were also re
ported in ethylene-insensitive species. In Tagetes erecta and Tagetes 
patula extreme water deficiencies increased SOD and CAT activity, while 
total antioxidant potential was also enhanced (Yashewar et al., 2017). In 
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a study evaluating the production of non-enzymatic antioxidants in 
Lilium tepals of soil-grown and cut flowers, it was shown that the pro
duction of tocopherols (vitamin E) considerably increased in stem-cut 
flowers. The oxidative cellular status was also increased at the latest 
developmental stages of cut flowers (Arrom and Munné-Bosch, 2010), 
suggesting that tocopherols might be induced to balance the redox 
systems under water stress conditions. 

Oxylipin production results from oxidation of polyunsaturated fatty 
acids of cell membranes, either resulting from enzymatic processes 
initially triggered by lipoxygenases or by non-enzymatic processes, in 
which ROS play a key role (Farmer and Müller, 2013; Muñoz and 
Munné-Bosch, 2020). It has been found that dehydration tolerance in cut 
rose was regulated by the biosynthesis of jasmonic acid level mediated 
by an RhHB1/RhLOX4 regulatory module (Fan et al., 2020) even though 
it was not evaluated the direct influence of ROS production to mediate 
these signaling mechanisms. Production of ROS in stress-induced pre
cocious senescence is also enhanced by apoplastic NADPH oxidase 
(Rboh). A recent study in Rosa hybrida showed that the module of 
RhWRKY33a and RhPLATZ9, an age- and dehydration-induced PLATZ 
(plant AT-rich sequence and zinc-binding) protein could regulate 
RhRbohs in dehydration conditions by which RhPLATZ9-silenced flowers 
showed higher ROS accumulation and accelerated senescence in rose 
flowers. Therefore, cutting flowers and their water stress-associated ef
fects may considerably influence redox balance and trigger early senesce 
symptoms in the flower. However, the redox signaling mechanisms 
associated to precocious flower deterioration by dehydration are far 
from being fully elucidated. 

Much more work has been performed to describe endogenous signals 
to promote osmotic adjustments. Dehydration increased the expression 
of RhNAC3 in rose petals, which could influence the expression of os
motic adjustment-related genes, enhancing water deficit stress resis
tance (Jiang et al., 2014). In Rosa hybrida (cv. ‘Samantha’), the 
regulatory interaction of RhNAP, which is involved in ABA responses, 
and RhCKX6, a gene encoding for cytokinin oxidase/dehydrogenase 
leading to cytokinin degradation, enhanced dehydration tolerance in 
young flowers but accelerated petal senescence in mature flowers. 
During dehydration, ABA induced the expression of RhABF2, an ARE
B/ABF transcription factor involved in the ABA signaling pathway that 
directly activated the ferritin gene RhFer1, which could at the same time 
regulate Fe homeostasis during dehydration and the RhABF2/RhFer1 to 
improve dehydration resistance by ensuring flower opening following 
rehydration (Liu et al., 2017). Moreover, drought stress enhanced the 
expression of pyrroline-5-carboxylate synthetase (P5CS), a gene encoding 
the key enzyme for proline biosynthesis (Adamipour et al., 2020). 
Likewise, impatiens and cut orchids showed higher content of proline 
and soluble sugar when cut stems were subjected to dehydration 
(Hemmati et al., 2018; Shakarami et al., 2019; Antonić et al., 2020). 
Therefore, accumulation of osmolytes or compatible solutes such as 
proline under drought stress could lower water potential and maintain 
water balance in plant cells of floricultural products. 

The studies in potted chrysanthemums, which could serve as a model 
of species with ethylene-insensitive flowers, reveal that drought stress 
tolerance involved the regulation of ABA-responsive genes such as ABI3 
and ABI4 through the synergistic function of the GRAS protein, CmSCL4, 
and the MYB transcription factor, CmR1MYB1 (Zhang et al., 2022). 
Moreover, water stress induced the expression of CmWRKY10, another 
transcription factor gene involved in drought stress tolerance, which 
regulated ABA-biosynthesis genes (NCED) and antioxidant enzyme gene 
(ZnSOD) expression, as well as an increase in the levels and activities of 
some antioxidant enzymes, such as SOD, POD, and CAT activities (Jaffar 
et al., 2016). Overall, accumulation of osmolytes or compatible solutes 
such as proline under drought stress could lower water potential and 
maintain water balance in plant cells of floricultural products, including 
both ethylene-sensitive and ethylene-insensitive flowers. 

It may therefore be inferred that plants with both ethylene-sensitive 
and ethylene-insensitive flowers have developed several protective 

mechanisms to tolerate water deficit which might improve the longevity 
and quality of flowers. However, once pollination trigger double fertil
ization, senescence processes are triggered naturally. Thus, it is neces
sary to study the effects of water stress taking into account the 
developmental stage of flowers and identify putative signals that regu
late in a spatiotemporal manner early flower senescence under water 
deficit to fulfill our understanding of flower responses to dehydration, 
which may have a significant impact for plant breeding and the devel
opment of innovative preservation strategies and products to ameliorate 
water stress symptoms. 

4. Ethylene modulates flower longevity under water stress 

Exposure to ethylene can accelerate petal senescence and flower 
abscission, resulting in a shortened vase life in many ethylene-sensitive 
cut flowers such as carnation (Liu et al., 2018; Kondo et al., 2020), peony 
(Wu et al., 2017), dahlia (Azuma et al., 2020), Dendrobium orchid 
(Uthaichay et al., 2007), Mokara orchid (Wongjunta et al., 2021), 
Delphinium (Okamoto et al., 2022) and some cultivars of roses (Daneshi 
Nergi and Ahmadi, 2014; Ha et al., 2019; Ha et al., 2020) as well as in 
potted flowers including Phalaenopsis orchid (Favero et al., 2016), 
Begonia (Kim and Kim, 2012) and Plectranthus (Rice et al., 2013). The 
onset of flowering, pollination, and senescence is often accompanied by 
an increase in ethylene production (Luangsuwalai et al., 2011; Shibuya 
et al., 2013), but biotic and abiotic stress conditions can also trigger 
ethylene biosynthesis and induce early senescence in flowers. 

Moderate water stress from simulated transportation like darkness, 
water deficit, and vibration could induce ethylene production in potted 
miniature roses (Müller et al., 2000). Moreover, in cut Dendrobium 
orchid, long dehydration periods after cutting can induce higher 
ethylene production by the inflorescences (Sukpitak and Seraypheap, 
2023). It has been well established that ethylene is perceived by its 
specific receptors in plant cells, and the signal is sent through signal 
transduction cascade events to stimulate the expression of 
ethylene-responsive genes. Ethylene receptor genes ERS1, ERS2 and 
ETR1 identified in carnation (Dianthus caryophyllus L.) were hypothe
sized to participate in flower senescence, and it was found that the 
expression of these receptors is increased in flower opening in a 
tissue-specific manner, independently of ethylene production during 
senescence (Shibuya et al., 2002). Likewise, bending of the peduncle 
induced by vascular occlusion resulted in the upregulation of some 
ethylene response factors (ERFs) in Rosa chinensis, a highly sensitive 
ethylene flower (Lear et al., 2022). 

In flowering plants, petal senescence is a highly regulated process of 
programmed cell death (PCD). Although this is a developmental process 
tightly regulated by massive changes in gene expression and linked to 
age-related plant development, abiotic stress can also trigger PCD in 
flower corollas. Senescing corollas of Japanese morning glory (Ipomoea 
nil) showed that PCD was positively regulated by the NAC transcription 
factor EPHEMERAL1 (EPH1), which triggers ethylene production in 
these flowers (Shibuya et al., 2014). Moreover, in senescing corollas, 
PCD is initiated by cellular autophagy, a process modulated by ethylene. 
As a central component of the autophagy pathway, Autophagy Gene 6 
(ATG6) was characterized by the study of CRISP/Cas9 knockout lines in 
Petunia × hybrida ‘Mitchell Diploid’ (Lin and Jones, 2022). PhATG6-KO 
lines showed an earlier induction of ethylene production and an upre
gulated expression of ethylene biosynthesis genes and accelerated petal 
senescence. Although the study did not evaluate the effects of 
dehydration-triggered senescence, enhanced ethylene biosynthesis in 
mutant flowers indicates that autophagy affects flower longevity 
through ethylene production, which is also triggered by abiotic stresses 
such as drought events. 

In plant species showing ethylene-insensitive petal senescence, 
ethylene could affect some developmental processes, such as flower 
opening, ovary development, and pedicel elongation (Çelikel and van 
Doorn, 2012), as well as flower bud abscission and flower abscission 
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(van Doorn and Han, 2011) of the flower stems. Consequently, although 
not triggering petal senescence in these flowers, developmental pro
cesses related to flowering and the vase life of flower stems can be 
significantly affected by ethylene. Since jasmonates and ethylene share 
some common signaling cascades (e.g. ERFs, Müller and Munné-Bosch, 
2015) and cutting the flowers can significantly exacerbate the wounding 
response mediated by ROS, jasmonates and ethylene (Jing et al., 2021), 
it is very likely that ROS and ethylene interact under severe water deficit 
to reduce flower longevity not only in ethylene-sensitive flowers but also 
in ethylene-insensitive ones. However, the exact molecular events 
associated to the intertwined processes mediating redox and ethylene 
signaling mechanisms associated to precocious flower deterioration by 
dehydration, most particularly in ethylene-insensitive flowers, are far 
from being fully elucidated. 

5. The importance of rehydration following dehydration events 

The ability to rehydrate after a dehydration event of cut flowers 
depends on their species including cultivars and it could be assumed as 
an indicator of water transport restoration in plants. For example, some 
cultivars of cut roses showed a positive correlation between rehydration 
ability and vase life, whereas another study showed no contribution of 
water recovery following water deficit to flower longevity (Fanourakis 
et al., 2016). It has been revealed that rehydration following a desic
cation event could induce ethylene biosynthesis which might affect the 
vase life of ethylene-sensitive flower species. Interestingly, the molec
ular evidence in cut roses suggested that the expression of RhMKK, a rose 
MAP KINASE KINASE gene has been shown to be the upstream 
component of the RhMKK9-RhMPK6-RhACS1 cascade which triggered 
the induction of ethylene biosynthesis in gynoecia during water recov
ery (Chen et al., 2017). Furthermore, the enhancement of ethylene 
production during rehydration could increase the number of floral bud 
openings and hasten flower senescence (Ma et al., 2008; Sukpitak and 
Seraypheap, 2023). 

6. Application of exogenous compounds for alleviating water 
deficit 

In order to mitigate the negative impacts and enhance the ability of 
floricultural products to cope with water stress, chemical treatments 
such as ethylene inhibitors, some plant hormones, and natural sub
stances were applied in several studies (Table 2). In ethylene-sensitive 
flowers, the application of 1-methylcyclopropene (1-MCP), amino
ethoxyvinylglycine (AGV), and silver thiosulfate (STS), which are 
ethylene inhibitor compounds can improve the quality of flowers under 
water deficit. Pretreatment of cut roses with 1-MCP (ethylene action 
inhibitor) before exposure to dehydration could prevent the negative 
effects on flower opening and cell expansion in petals. Application of 
STS, by pulsing to Iris x hollandica before dehydration could prevent an 
increase in ACC level and ethylene production resulting in the 
improvement of flower opening (Çelikel and van Doorn, 2012). There
fore, applying ethylene inhibitors before being subjected to water stress 
could prevent the negative effects of dehydration on flower longevity. 

The application of ABA has been used for alleviating water loss. 
Exogenous application of s-ABA rapidly triggered stomatal closure 
under drought in chrysanthemums flowers, leading to the reduction of 
transpiration water loss. Moreover, it was found that ABA treatment 
could maintain marketable quality after rehydration under severe stress 
(Waterland et al., 2010). Similarly, ABA spraying on sepals and leaves of 
potted hydrangea (Oh et al., 2021) and cut roses (Woltering and Paillart, 
2018) reduced the transpiration rate by inducing stomatal closure. Both 
ethylene-sensitive and ethylene-insensitive flowers showed a similar 
response to exogenous ABA under a desiccation event. According to 
favorable results in many plant species, we suggest that ABA application 
is a good treatment to reduce the adverse effects of drought stress. 

Apart from ABA, the roles of brassinosteroids (BRs) have been re
ported to be associated with physiological responses to abiotic stress by 
improving stress tolerance in many plant species. It was found that the 
exogenous application of 24-epibrassinolide (EBL), which is one of the 
BRs forms, could alleviate the negative effects of water deficit. Yao et al. 
(2017) reported that EBL application on fresh daylily flower buds during 

Water deficit 

ROS

Neoxanthin or 
Violaxanthin

Xanthoxin

ABA aldehyde

ABA

AAO

NCED
SAM

ACC
ACO

C2H4

ACS

SDR

Early senescence in
ethylene-sensi�ve flowers

Lipid peroxida�on 
and other oxida�ve 

processes

Early senescence in 
ethylene-insensi�ve flowers

C2H4

Fig. 2. Simplified model of senescence regulation in ethylene-sensitive and ethylene-insensitive flowers in response to water deficit. Water deficit induces ethylene 
and ABA biosynthesis in ethylene-sensitive and ethylene-insensitive flowers, respectively, and also induces ROS in both of them. Elevated levels of ethylene and ABA 
might induce ROS generation as well, causing oxidative processes and resulting in early senescence in both ethylene-sensitive and ethylene-insensitive flowers. ABA 
can also promote ethylene production in ethylene-sensitive flowers, leading to an acceleration of senescence under water deficit conditions. AAO, ABA aldehyde 
oxidase; ACC, 1-aminocyclopropane-1-carboxylic acid; ACO, ACC oxidase; ACS, ACC synthase; NCED, 9-cis-epoxycarotenoid dioxygenase; SAM, S-adenosyl methi
onine; SDR, short-chain alcohol dehydrogenase/reductase. 
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Table 2 
Effect of compounds application on ethylene-sensitive and ethylene-insensitive flowers and various ornamental plants under water deficit.  

(continued on next page) 
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storage could maintain membrane integrity and increase antioxidant 
enzyme activities including SOD, CAT, POD, and APX. Moreover, EBL 
treatment improved hormonal balance during storage by enhancing 
gibberellins and cytokinins, and by decreasing ABA content. Similarly, 
exogenous EBL in cut lilies under drought stress led to a higher 
expression of antioxidant-related genes resulting in an improvement of 
antioxidant contents and activities (Jinfen and Bowen, 2022). In addi
tion, foliar applications of EBL in the lily plant could alleviate the 
adverse effects of deficit irrigation and improve water use efficiency 
(Omidian et al., 2022). Besides, under non-stress condition, low con
centration of EBL decreased ethylene synthesis resulting in prolonged 
flower vase life (Darvish et al., 2021). According to these studies, the use 
of BRs has the potential to improve postharvest quality and longevity, as 
well as water use efficiency in floricultural products. 

The use of salicylic acid (SA), a phytohormone that functions in 
several developmental processes including responses to biotic and 
abiotic stresses, ameliorated the negative effects of drought stress in 
potted Impatiens walleriana by maintaining water balance and prevent
ing plant wilting, inducing the accumulation of osmolytes and regu
lating antioxidant activities by decreasing lipid peroxidation (Antonić 
et al., 2020). Likewise, Zomorrodi et al. (2022) found that SA applica
tion could improve ornamental quality and longevity under water 
deficit. Apart from SA, these authors also reported that the optimal 

concentration of sodium hydrosulfide and titanium dioxide nano
particles (TiO2NPs) also mitigated the negative effects of water stress. 
The application of acetylsalicylic acid (which is quickly converted to 
salicylic acid in plants) induced stomatal closure resulting in a lower 
transpiration rate, and consequently improved postharvest vase life of 
some cultivars of cut roses exposed to mild desiccation (Fanourakis 
et al., 2016). Moreover, acetic acid could function as an antitranspirant 
compound. Application of acetic acid at low concentrations decreased 
water use without reducing flowering under drought stress in begonias 
(Allen and Allen, 2021). 

Polyamines have also been applied to ornamental plants for 
ameliorating water stress effects. Under drought stress, application of 
spermine (the major polyamine found in several species) by spraying 
increased water deficit tolerance in Tropaeolum majus by enhancing 
water contents, the levels of amino acids and non-reducing sugars, 
antioxidant enzymes activities, and by decreasing lipid peroxidation. 
Moreover, spermine treatment improved the number of flowers under 
moderate water stress (da Silva et al., 2022). 

Ascorbic acid is a water-soluble antioxidant present at high con
centration in plant cells and an electron-specific donor of APX to reduce 
H2O2 to water. Among other effects, an application of ascorbic acid may 
serve to boost antioxidant protection in plant cells and enhance the 
activity of APX which is one of the major antioxidant enzymes playing a 

Table 2 (continued ) 

*Blue color = cut flower, grey color = potted plant 

ABA

EBL

SA

PAs
AsA

1-MCP

Improvement of 
water uptake 

during 
rehydra�on

Improvement of 
flower quality 
and longevity

Induc�on of 
stomatal closure 

and maintenance of 
water balance 

Enhancement of an�oxidant 
systems and osmo�c 

adjustment

Exogenous applica�ons

Improvement of 
water rela�ons and 
an�oxidant systems

Alkylethoxylate

(CiEOj)

Fig. 3. Effects of exogenous applications of non-phytohormones (1-MCP, alkylethoxylate, and AsA) and phytohormones (ABA, SA, EBL, and PA) on the floricultural 
products under water stress conditions. 
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key role in redox balance. Consequently, ascorbic acid reduced the 
adverse effect of water deficit during dry storage, increased APX activity 
and led to a reduction in the extent of lipid peroxidation (Jin et al., 
2006), leading to a reduction in the extent of lipid peroxidation, prob
ably through its effects on tocopherol recycling (Munné-Bosch and 
Alegre, 2002). Likewise, the use of ascorbic acid in potted marigolds 
induced water stress tolerance by reducing ROS, increasing antioxidant 
enzyme activity and leading to osmotic adjustment (Hemmati et al., 
2018). 

Finally, the application of other compounds can also improve water 
uptake in cut flowers prior to exposure to dry storage. It has been re
ported that some mixtures of alkylethoxylates significantly increased 
water uptake and prolonged the vase life of cut roses and Bouvadia 
flowers (van Doorn et al., 2002). As a long-term dry period reduced 
hydraulic conductivity, which cannot be reversed after rehydration due 
to the stem blockage from wound-induced enzymes, there has been 
shown that pulsing with tropolone (a metal chelator) could prevent 
enzymatic reactions in cut stems (van Meeteren et al., 2006). Moreover, 
chitosan also improved water relations in potted flowers under water 
stress (Akhtar et al., 2022). 

In summary, exogenous applications of chemical treatments such as 
ethylene inhibitors, plant hormones, and other compounds can be used 
to improve water stress tolerance in floricultural products (Fig. 3). The 
primary approaches that can be considered to alleviate the negative 
consequences of dehydration are improving the water status in plant 
cells and minimizing the production of ethylene, especially in ethylene- 
sensitive flowers. However, to select the optimal treatments, factors 
such as ethylene responses, water stress tolerance and the rehydration 
ability of flowers in different cultivars are very important points to 
consider. For example, in cut flowers that recover well after rehydration 
but are sensitive to ethylene, the use of ethylene inhibitors is usually the 
best choice. Furthermore, a detailed screening trait study, including the 
most adequate mechanistic approach that the application is seeking to 
achieve, together with an adequate preliminary study of the potential 
range of concentrations to be used, is strongly recommended. 

7. Conclusions and prospects 

Water deficit is a major issue in ornamental crops and cut flower 
industry that affects the quality and longevity of flowers leading to lower 
economic value. By compiling available studies published thus far, we 
have shown here that ethylene-sensitive and ethylene-insensitive 
flowers have a similar response to water stress in terms of water re
lations, stomatal function regulation, osmotic adjustment, and antioxi
dant protection systems. The investigation of the mechanisms 
underlying plant responses to water stress, especially hormonal changes 
(including ABA and ethylene) are essential for finding suitable treat
ments to alleviate the harmful effects of water deficit. Although the 
application of many compounds has been used for enhancing water 
stress tolerance of floricultural products, the use of plant hormones or 
compounds affecting their physiological action seems to be the most 
suitable method to overcome the adverse effects of water deficit. How
ever, there are still several gaps on the mechanistic aspects underlying 
hormonal actions and more studies in this respect using cut flowers and 
potted flowers exposed to desiccation events are needed. Also, we sug
gest that future research studies should focus more on physiological 
responses during rehydration, which would provide beneficial infor
mation to develop suitable treatments for improving water stress resis
tance in floricultural products. 
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