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Exogenous abscisic acid inhibits the water-loss of postharvest romaine
lettuce during storage by inducing stomatal closure

Shuchun LIU', Ming YANG', Huijie ZHAO', Hua LI', Biao SUO!, Yuexia WANG™

Abstract

Postharvest lettuce often lose water, thus affecting both its market value and consumer acceptance. However, the mechanism of
the water-loss is still waiting well exploration. The aim of the present study was to investigate the effect of a foliar application of
ABA on the fresh weight-loss and the chlorophyll content of postharvest lettuce as well as its association with the regulation of
stomata. The present data demonstrated that exogenously application of ABA, in a concentration range of 0 to 100 uM, significantly
lowered the fresh weight-loss of postharvest lettuce. ABA also delayed chlorophyll reduction during ambient storage, but this
protective effect was ABA concentration-dependent. Among the tested ABA concentrations, 50 pM or lower ABA produced
an inhibition effect on chlorophyll degradation in postharvest lettuce leaves. The results demonstrated that the exogenous ABA
treatment can obviously reduce the transpiration rate of lettuce leaves by promoting the stomatal closure of postharvest lettuce,
therefore eventually delay fresh weight-loss. The present study primarily showed that the application of exogenous ABA, which
originated from a naturally-produced phytohormone, has a great potential in retaining the freshness of postharvest lettuce that
is stored in an ambient condition, although possible practical application still need to be further evaluated.
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Practical Application: The effect of a foliar application of ABA on postharvest lettuce was investigated. The results demonstrated
that the ABA, which originated from a naturally-produced phytohormone, can obviously reduce the transpiration rate of lettuce
leaves by promoting the stomatal closure of postharvest lettuce, therefore eventually delay fresh weight-loss and chlorophyll
reduction during ambient storage. The strategy could potentially be used as an alternative for lettuce producer and retailer to

effectively retain the fresh of postharvest lettuce products.

1 Introduction

Romaine lettuce (Lactuca sativa L.), rich in dietary fiber
and vitamin C, is a widely popular choice among consumers
because of its freshness, nutritional value, and convenience
(Kim etal., 2014). However, in contrast from the plant grows in
the fields, romaine lettuce can only use the remaining internal
water; therefore, it will continue to lose water during postharvest
transportation and storage, especially at ambient conditions
(Xanthopoulos et al., 2014). Furthermore, the water loss of
postharvest vegetables is a severe problem because it leads to
leaf wilting and fresh weight-loss, which will then impact the
vegetables’ appearance and storage time (Mahajan et al., 2008).
Moreover, vegetables and fruits will be senescent soon after
harvest; the primary observable attribute is a decreased chlorophyll
content, which is significant because the amount of remaining
chlorophyllis considered to be a means of measuring the quality
of green vegetables (Sweeney & Martin, 1961).

Transpiration is considered to be the main stimulant of
the weight-loss and quality deterioration of leaty vegetables
(Hung et al,, 2011). In higher plants, the photosynthesis and
transpiration rates of leaves have been shown to be associated
with regulating the openings of stomata (Barbieri et al., 2012).
A stoma is surrounded by two guard cells, and a change in

the turgor pressure of guard cells triggers stomatal opening
(Hetherington & Woodward, 2003). This change in turgor
pressure is a result of the exchange of water in and out of the
guard cells (Kollist et al., 2014).

In previous studies, different kinds of methods have been
developed in order to retain the freshness of fresh-cut lettuce or
other vegetable (Del Nobile et al., 2008; Kasim & Kasim, 2015;
Martin-Diana et al., 2008; Zhang et al., 2006). Plant hormone
is akind of naturally produced small molecular residues, which
has been proven to be closely associated with plant development
and stress resistance (Wang et al., 2014). A recent study has
shown that, the application of plant hormone salicylic acid
could significantly delay the pericarp browning and quality
degradation of ambiently stored litchi fruit (Kumar et al., 2013).
However, until now, there has not been a reported preservative
method designed to retain the fresh weight of postharvest
lettuce via the alleviation of transpiration through specifically
closing the stomata.

Abscisic acid (ABA) is a well-known plant hormone that
plays a vital role in plant growth and development, such as seed
dormancy and germination (Song et al., 2011). In addition,
ABA is also considered the major factor of stomatal movement
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(Dodd, 2003). It has already been used for retaining the freshness
of postharvest flowers, and it has been proposed to be related to
moisture adjustment and stomatal closure (Barthe etal., 1991).
Moreover, an ABA-deficient mutant assay has demonstrated the
important role of ABA in the fresh keeping of postharvest citrus
fruit (Alférez et al., 2005). However, there is no report about
the use of an exogenous application of ABA in the freshness of
postharvest lettuces.

The present study is aimed at studying the effect of the
application of exogenous ABA on postharvest lettuce during
ambient storage. The regulation mechanism was also discussed
from the aspect of stomatal closure. The results will not only
be helpful for the understanding of fresh-loss mechanism
of postharvest lettuce, but also be applicable for designing a
novel means of ensuring quality and prolonging the shelf life
of postharvest lettuce.

2 Materials and methods
2.1 Sample preparation

Romaine lettuce (Lactuca sativa L.) was purchased from
a local farm and transported to the laboratory in less than
two hours. The plants were selected for uniformity of color
and size. The selected lettuce was roughly washed with cold
tap water (5 °C + 2) in order to eliminate any soil. Then, the
outer leaves and the core of the washed lettuce were removed,
and the remaining leaves were used for the experiment.
Prior to applying the ABA treatment, all of the leaves were
again washed in cold tap water (5 °C * 2) before having their
surfaces sterilized by immersion in a 0.2% (v/v) NaClO solution
(pH 6.5 adjusted with citric acid) for 30 s. The excess of water
on leave’s surface was removed by a manual salad spinner (Gelin
Plastic Co. Ltd, Taizhou, China) for 30 s. In total, there were five
ABA treatments, comprised of 0, 10, 20, 50, and 100 pmol/L,
respectively. The leaves were dipped for 5 min in the solutions
and then air dried for 30 min. Then, one piece of leaf for each
sample was placed in a 25x30 cm polyethylene packet that had
2% ventilation. Thereafter, leaves were stored in ambient storage
conditions (temperature 25 + 2 °C, RH 85 + 5%) under a 14-hr
photoperiod and light of 80 pmol m™ sec™ (Fan et al., 1997).
The following sections detail the parameters that were analyzed
0,1,2,3,4,and 5 d of storage.

2.2 Determination of fresh weight-loss

Fresh weight-loss was determined as described by Rizzo &
Muratore (2009). All samples were weighed by a Chyo Balance
MK-500C (+0.01 g) at the beginning as well as immediately
following each of the storage times. The difference between
the two values was considered to be fresh weight-loss. For each
measurement, 20 leaves corresponding to each treatment were
used, and the experiment was performed in triplicate.

2.3 Determination of chlorophyll content

To evaluate the chlorophyll content, a portable chlorophyll meter
(SPAD-502, Minolta, China) was used directly (Torres et al., 2005).
In this experiment, at least 20 leaves were measured, and more
than five points were chosen on each leaf. Every experiment
was measured three times, and the mean values were obtained.
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2.4 Determination of transpiration rate

The transpiration rate was measured according to
Xanthopoulos et al. (2014) with some modifications. For one
leaf from each treatment, a 5x5 cm square was cut and weighted
immediately; the weight was recorded as well as the starting time,
and then it was put back in the processing environment. After
3-5 minutes, it was weighed again, and the weight was recorded.
The transpiration rate was calculated according to the following
equation: TR = (Mi-M)/A/t, where TR is the transpiration rate
(mg m™s™), Mi is the initial weight (g), M is the weight of the
lettuce leaf (g) at time t (min), and A is the leaf area (m?).

2.5 Stomatal treatment and measurement

In order to study ABA’ effect on the stomatal closure of
postharvest lettuce, the stomata were fully opened prior to the
ABA treatment. Abaxial epidermal peels were removed from the
fresh lettuce leaves and floated (abaxial side down) in MES buffer
[containing 10 mM MES-KOH (pH 6.2), 30 mM KCl, and 1 mM
CaCl,] and then incubated under white lights (25 umol m~s™")
at 25 °C for 3 h. The peels were then treated with ABA for 4 h
at the desired concentrations. The stomatal apertures in the
epidermal peels were observed with a microscope (Olympus
BX51, Japan) equipped with a CCD camera. In addition, the size
of the stomatal apertures was measured using a digital ruler; at
least 200 stomatal apertures were measured for each treatment.
Each assay was repeated three times. The data were presented
as mean *SE (n = 200).

2.6 Data analysis

All experimental data were performed at the least in triplicate,
and all the data were presented as the means + standard errors.
The data were subjected to an analysis of variance (ANOVA).
The probability value of P < 0.05 was used as the criteria for
significant differences.

3 Results
3.1 Effect of the ABA treatment on fresh weight loss

As shown in Figure 1, the fresh weight-loss of the postharvest
lettuce continued to increase through the five days of ambient
storage, and only 33% of fresh water was left if the postharvest
lettuce was stored without extra treatment. Compared to the
non-ABA treated control, the fresh water loss decreased 9%, 13%,
18%, and 27%, when the postharvest lettuce was foliar treated by
10,20, 50, and 100 uM of ABA, respectively. The results indicated
that the loss of fresh weight was significantly alleviated by the
application of ABA. Moreover, the alleviation effect of ABA
was improved along with the increase of ABA concentration.

3.2 Effect of the ABA treatment on chlorophyll content

As shown in Figure 2, the chlorophyll content showed a
decreasing tread during the postharvest storage, although there
was a slight but not obvious increase after 3 d. Foliar application
of 10 uM showed a significant alleviation effect on the decrease
of chlorophyll content, which was evident by a 43% higher
chlorophyll content than that of control samples without ABA
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Figure 1. Effects of ABA on fresh weight-loss of postharvest lettuce
during ambient storage. Each value is the mean of three replicates, and
vertical bars indicate the standard errors (SE). ®, 0 uM ABA; 0, 10 uM
ABA; A, 20 uM ABA; 0, 50 M ABA; », 100 uM ABA.
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Figure 2. Effects of ABA on chlorophyll content of postharvest lettuce
during ambient storage. Each value is the mean of three replicates, and
vertical bars indicate the standard errors (SE). ®, 0 uM ABA; o, 10 uM
ABA; A, 20 uM ABA; 0, 50 uM ABA; =, 100 uM ABA.

application after 5 d of storage. Interestingly, higher concentration
of exogenous ABA expressed a negative effect on the alleviation
of chlorophyll loss. Evenly, the 100 uM treatment exhibited the
lowest chlorophyll content, which decreased by 22 percentage
after 5 d of storage.

3.3 Effect of the ABA treatment on transpiration rate

During storage, all the transpiration rates of postharvest
lettuce showed a declining trend (Figure 3). The ABA applications
could improve the decrease of transpiration rate, and the effect
was enhanced by the increasing concentration of ABA. It was
evident by the result that the 100 pM treatment exhibited the
highest decreasing effect especially during the first day of storage.

3.4 Effect of the ABA treatment on stomatal closure

As seen from Figure 4, when postharvest lettuce was foliar
treated by 10 uM of ABA, there did not show obvious difference
in stomatal aperture (P> 0.05), compared to non-treated control.
However, when the higher concentrations of ABA were treated,
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Figure 3. Effects of ABA on transpiration rate of postharvest lettuce

during ambient storage. Each value is the mean of three replicates, and

vertical bars indicate the standard errors (SE). ®, 0 uM ABA; 0, 10 uM
ABA; A, 20 uM ABA; 0, 50 tM ABA; =, 100 M ABA.
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Figure 4. Effects of ABA on stomatal closure of postharvest lettuce.
Each value is the mean of three replicates, and vertical bars indicate
the standard errors (SE).

the stomatal aperture decreased obviously (P < 0.05). Moreover,
the decrease of stomatal aperture was improved significantly along
with the increased application of exogenous ABA. The results
show that exogenous ABA can promote stomatal closure.

4 Discussion

Vegetables deteriorate in a progressive manner during their
storage, and the cumulative effect of this deterioration renders
the food undesirable to consumers (Rizzo & Muratore, 2009).
Furthermore, the less water that the lettuce loses, the less fresh
weight-loss that occurs, which clearly helps maintain freshness as
well as delay the shelflife of postharvest vegetables. In the present
study, when postharvest lettuce was stored at ambient conditions,
and the lettuce continued to lose fresh weight; however, after
exogenously applying ABA, the fresh weight-loss was inhibited.
The protection effect of ABA against water-loss has been proven
in citrus fruit by the deficient mutant, which simultaneously
exhibited a substantial increase in ethylene production, thus
indicating that ABA negatively regulated water stress-induced
ethylene biosynthesis (Alférez et al., 2005).
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In addition to the water loss, leaf yellowing (caused by the loss of
aleaf’s green pigmentation) can also affect the quality of postharvest
vegetables as well as shorten their shelf life (Aubry et al., 2008;
Chen et al., 2010). Furthermore, leaf yellowing is seen as the
primary sign of chlorophyll degradation (Matile et al., 1996).
In addition, according to research results that were acquired by
using cut flowers (which are typically used as a model system
for leaf yellowing studies) (Philosoph-Hadas et al., 1996), it is
believed that leaf yellowing should be attributed to the absence
of cytokinins because the major biosynthesis site is located in
roots (Matile et al., 1996). Therefore, a hormone imbalance
occurs, and the first visible physiological expression of this
disorder is chlorophyll degradation. However, chlorophyll
catabolism is tightly associated with leaf carotenoid concentration
(Ferrante et al., 2004).

In the present study, the chlorophyll content in the postharvest
lettuce was significantly retarded by the ABA treatment (Figure 2).
The alleviation effect of ABA showed a concentration-dependent
effect, and the highest chlorophyll contents were obtained when
the application was 10 pM of ABA. Based on the data, it has been
suggested that a low dosage of ABA is beneficial for retaining
the freshness of postharvest vegetables, and it also has been
reported that an exogenous ABA application can significantly
increase the anthocyanin content in red leaf lettuce, along with
the contents of chlorophyll b (Li et al., 2010).

Both fresh weight-loss and leaf yellowing are primarily
related to water evaporation, which was evident from the close
correlation that exists between the trends of the fresh weight-loss
and the transpiration rate under the different concentrations of
ABA treatments (Figures 1 and 3). Transpiration is the main
cause of water-loss in postharvest vegetables; furthermore,
previous studies have shown that transpiration is the key factor
that limits the quality and storage time of postharvest sweet
peppers (Maalekuu et al., 2003). Additionally, it has been shown
to affect postharvest eggplant quality (Carlos Diaz-Pérez, 1998).

Transpiration mainly occurs through the stoma, lenticels,
and epidermis. When a leafloses excess water, the guard cells will
lose water at the same time, thus leading to decreased stomatal
aperture and can even result in stomatal closure. The partially
closure of the stomata contributes to the decline in transpiration
and the increase in efficient water use. Furthermore, ABA as an
intrinsic phytohormone is known to play the central role in the
reduction of water transpiration through promotion of stomatal
closure (Hetherington, 2001; Kim et al., 2010). The present
results also suggest that treatment with exogenous ABA can
improve the partial closure of stomata, which will decrease
the transpiration rate. Additionally, the stomatal conductance
decreases as the ABA concentration increases (Figure 4). It has
also been demonstrated that ABA can regulate stomatal closure
in response to some outside actors; for example, ABA can
inhibit stomatal opening in response to increased light intensity
(Mishra et al., 2006; Roelfsema et al., 1998) and, in contrast,
induce prompt stomatal closure in response to decreased light
intensity (Felle et al., 2000; Hetherington & Woodward, 2003).
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5 Conclusions

The present study demonstrated that exogenous ABA can
maintain a higher chlorophyll content, lower the fresh weight-loss,
and reduce the transpiration rate by improving stomatal closure.
This reveals that the application of exogenous ABA has great
potential in retaining the freshness of postharvest lettuce that
is stored at an ambient condition, especially. However, before it
is used for the real postharvest storage condition, its usage and
dosage are still waiting for further practical evaluation.
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