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ARTICLE

Phospholipase D inhibition by hexanal is associated with
calcium signal transduction events in raspberry

Walid El Kayal', Gopinadhan Paliyath?, J Alan Sullivan® and Jayasankar Subramanian’

Raspberry (Rubus spp.) is an economically important crop with a restricted growing season and very limited fruit shelf-life due to its
extreme tenderness. In order to prolong its shelf life, an aqueous composition containing hexanal as the key active ingredient (HC)
was applied as a preharvest spray during fruit development. The effects of HC were assessed using physiological, biochemical and
anatomical parameters on the treated fruits and compared with the effects of mock inoculation which lacked hexanal. Sugars and
acidity did not show a significant change in response to HC treatment, while the pulling force (the tension required to detach the
berry from the receptacle) significantly improved in the HC-treated fruits, compared to control. Scanning electron microscope (SEM)
analysis revealed a high correlation between the presence of rigid epidermal hairs and a stronger degree of attachment between
berries and their receptacle in the HC treated fruits. Further, electron micrographs also showed abnormal crystalline depositions on
the epidermal drupelets of the treated berries. Energy Dispersive X-ray Spectroscopy (EDS) analysis showed those crystals to be
largely composed of calcium. HC treatment also resulted in the reduction of transcript level of three phospholipase D genes, as well
as altered expression pattern of five members of the annexin gene family, and four calmodulin-binding transcription activators.
Quantification of PLD activity showed that hexanal inhibited PLD activity in treated berries. The potential crosstalk between
hexanal, phospholipase D activity and calcium and this crosstalk’s role in delaying fruit softening and in prolonging storage life of

fruits shelf life is discussed.
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INTRODUCTION

Raspberry (Rubus ideaus L.) is a tender fruit with an extremely
short shelf-life. It is a rich source of health-promoting compounds
such as anthocyanins. Rapid decline in fruit quality typically occurs
due to decay and physiological breakdown, which is associated
with the loss of membrane integrity leading to the progression of
senescence and stress.! Phospholipase D (PLD), a phospholipid-
degrading enzyme is the key enzyme involved in initiating a
cascade of catabolic events that leads to the eventual deteriora-
tion of the membrane, and is highly active in the fruits of other
berry species such as strawberry.?

Suitable technologies and methods to enhance the postharvest
shelf life of tender fruits are in high demand. The application of
hexanal as a formulation, either pre- or postharvest, has shown
promising results in enhancing the shelf-life of several fruits,
vegetables and flowers.*® Biochemical and genetic studies of fruit
softening have indicated that cell-wall processing is the result of
coordinated expression of several gene families encoding proteins
associated with cell-wall metabolism, including expansins, pectin
methylesterases, polygalacturonases, pectate lyases, (3-galactosi-
dases,  o-L-arabinofuranosidases,  endo-(1,4)-p-D-glucanases,
B-xylosidases, xyloglucanases, endotransglucosidases, endo-
mannanases.””'' However, efforts to suppress expression of cell
wall-degrading enzymes by genetic engineering did not provide
satisfactory results to efficiently prevent softening of fruits.'>'*

It has been suggested that inhibition of PLD activity by hexanal
application could eventually lead to enhanced membrane
stability, and thereby increased longevity of horticultural produce.

Previous studies have attempted to correlate increased membrane
deterioration that occurs during ripening and senescence to
increased phospholipase D activity. Although such an increase in
PLD activity was noticeable in some senescing systems such as
broccoli florets'® and tomato fruit,'" it was not as distinct in
systems such as carnation flower petals.'>'® Thus, increased
phospholipid degradation that occurs during ripening/senescence
was linked to the activation of PLD by factors such as increase in
cytosolic calcium and a decrease in pH, membrane binding
promoted by C2 domain, and fatty acid retailoring that increases
the availability of preferred PLD substrates.'"!” Altering the levels
of exogenous calcium application affects parameters for senes-
cence such as protein and chlorophyll content, respiration rates,
and cell membrane fluidity.'® Other studies also reported that the
addition of calcium rigidifies cell wall and obstructs enzymes such
as polygalacturonase from reaching active sites.'® Calcium plays a
special role in maintaining the cell wall structure in fruits and
other storage organs by interacting with pectic acid in the cell
walls to form calcium pectate. Thus, fruits treated with calcium are
generally firmer. The irreplaceable nature of the calcium ion (Ca**)
as a signal transduction agent, and in cell wall polysaccharide
interactions is undisputed; it is through these processes that
calcium is central to stress responses, cell wall structure and
remodeling, and to plant tissue development.'®?° It has been
suggested that calcium rigidifies the cell wall by crosslinking
pectic acid residues®' and stabilizing cell membranes.?* Never-
theless, accumulating evidence indicate that calcium is a universal
second messenger, and plays an important role in plant growth
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Figure 1. Raspberry fruit development stages.

and development by mediating response to a variety of
environmental and hormonal signals.*>** Signal triggered
increase in cytosolic calcium are perceived by calcium sensors.
Calmodulin is a ubiquitous calcium sensor, and present in all plant
cell types examined thus far.?>?® It can modulate the actions of
diverse target proteins involved in almost all aspects of cell activity
including cell division, cell elongation, ion transport, secondary
metabolism, plant defense, etc.>>2¢

Among the calcium-binding proteins, annexins form a family of
structurally related proteins that exhibit calcium-dependent
binding to phospholipids. Annexins are soluble proteins capable
of Ca2+-dependent or independent association with membrane
phospholipids.”’ Genome sequencing revealed that annexins in
plants comprise a small multigene family with several members,
eight in Arabidopsis thaliana®® and nine in Oryza sativa.*® The
increased expression of certain annexins uunder specific devel-
opmental or environmental challenges has linked them with Ca**
signalling during nodulation,>*® ABA responses®'?? or cold
acclimation.® The possibility that annexins form Ca2+ channels,
coupled with their presence in root hairs and the root elongation
zone, suggests a role in generating the elevated cytoplasmic
calcium concentration ([Ca**]cyt) required for tip or extension
growth. Plant annexins have been found to have in vitro ATPase
and GTPase activity.”>>* AtANN1 has been identified in vitro as an
ATP-binding protein.>

Our previous study analyzed the effect of hexanal on the
relative transcript abundance levels of a set of genes putatively
associated with cell wall degrading enzymes in strawberry.>® In
this study, we report on understanding the mechanism of action
of hexanal in delaying membrane deterioration and prolonging
shelf life using multidisciplinary approaches including physiologi-
cal, histological and biochemical characterization. The expression
patterns of three phospholipase D genes, five annexin gene
members, and four calmodulin-binding transcription activators,
were quantified by gRT-PCR during fruit development and
ripening in response to hexanal applications. Scanning electron
microscopy as well as Energy Dispersive X-ray Spectrometry were
conducted to analyze the structural and compositional details of
treated and untreated fruits. In addition, phospholipase D activity
was assayed during fruit development and six days postharvest
after hexanal applications.

MATERIALS AND METHODS
Plant material and postharvest treatments

Fruit were harvested from Rubus idaeus (European red raspberry) grown
under field conditions (Niagara on the Lake, ON, Canada). For the
molecular studies, fruit were selected at three developmental stages
(Figure 1): early (small white receptacle with green drupelets); mid (white
receptacle with enlarged green drupelets) and late (fully red drupelets). To
evaluate the physiological and molecular effects of hexanal on fruit quality
and shelf life longevity, fruit were subjected to three pre-harvest sprays
with a composition containing hexanal as described in Misran et al.>’
The experiment was carried out in a completely randomized block
design with four replications. Each plot was divided in half, one half of the
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plot was sprayed with hexanal formulation while the other half was
sprayed with carrier formula (all ingredients, except hexanal) and used as
control. The study was performed for two consecutive growing seasons
2015 and 2016.

Fruit shelf life assessment

To determine shelf life characteristics, fruits of similar size and develop-
mental stage were harvested at commercial maturity. Several physical and
chemical fruit quality attributes, such as pulling force (the required force
required to detach the fruit from the receptacle), fruit weight, total soluble
solids (TSS) and titratable acidity (TA) were evaluated daily through six days
postharvest. TSS (%) of the raspberry juice was measured with a digital
refractometer (PR-32 a Palette; Atago, Japan). For titratable acidity
evaluation, 2 ml of fruit juice in 50 ml dH,0 was titrated with 0.1 M NaOH
to pH 8.2 and expressed as percentage of citric acid (%). To evaluate the
retention force needed to remove the torus from the fruit, we adapted a
fruit hardness tester (FHT200, Extech) with a 5 mm Penetrometer Tip. Fruit
was attached to the instrument with a clamp and the force needed to
remove its receptacle was recorded daily for twenty five fruits. Fruit weight
was recorded daily for 25 fruits and the percent weight loss was calculated
by taking the difference between initial weight and final weight divided by
initial weight. After assessing physiological characteristics, all samples (20
fruit/replicate; three independent biological replicates) were frozen in
liquid N, and stored at — 80 °C for further analysis.

RNA extraction and gPCR assays

Total RNA extraction, DNase treatment and cDNA synthesis were
performed as described previously.?® Quantitative reverse transcription
PCR (gPCR) was conducted for 12 genes chosen to represent a variety of
biological functions during the ripening and different developmental
stages (Supplementary Information Supplementary Table S1). Gene-
specific primers were designed using Primer Express (v3.0, Applied
Biosystems, Carlsbad, CA, USA; Supplementary Information Suppleme-
ntary Table S1). Two micrograms of total RNA were treated with DNasel
(Invitrogen, Burlington, ON, Canada) prior to cDNA synthesis using
Superscript Il reverse transcriptase (Invitrogen, Canada). PCR reactions
were performed in 10 pl, containing SYBR Green master mix (0.2 mM
dNTPs, 0.3 U Platinum Taq Polymerase (Invitrogen), 0.25 x SYBR Green, and
0.1 X ROX), 20 ng of cDNA and 300 nM of each primer. Four biological and
three technical replicates for each reaction were analysed on a CFX96 Real-
Time PCR Detection System (BioRad, Mississauga, ON, Canada) with a first
step of 95 °C for 2 min followed by 40 cycles of 95 °C for 15 s and 60 °C for
1 min. Melting curves were generated using the following program: 95 °C
for 155, 60 °C for 15 s, and 95 °C for 15 s. The expression of each gene was
normalized to that of three reference genes (FvAct, His3 and GAPDH), and
was quantified using the 2—-AACt method.?® The results of the target
genes relative transcript abundance are presented as a mean value of the
three assay replicates compared with the mean of the three control values.

Scanning electron microscope (SEM) analysis

Sample preparation was performed as described in Bray et al.*® Samples
were fixed in 2.5% glutaraldehyde; 2% paraformaldehyde in 0.1 M
phosphate buffer then washed three times in 0.1 M phosphate buffer for
10 min each. Ethanol dehydration series was conducted followed by three
changes of 100% hexamethyldisilazane (HMDS) for 30-minute durations.
After the third change, samples remained in HMDS until all of the solution
evaporated. Samples were sputter-coated with carbon using a Nanotek
SEMprep 2 sputter coater. Imaging and quantification analyses were



conducted using a Zeiss EVO LS15 EP-SEM. The Zeiss EVO SEM with LaB6
electron source has a resolution of ~100 nm and equipped with a Bruker
energy dispersive X-ray spectroscopy (EDS) system with a silicon drift
detector with a resolution of 123 eV and a 10 mm? window area.

Phospholipase D activity assay

Phospholipase D Assay Kit was used following the manufacture’s
recommended protocol (Sigma, Saint Louis, Missouri, USA, Cat. No.
MAK137). In this assay, PLD hydrolyzes phosphatidylcholine to choline,
which is determined using choline oxidase resulting in a colorimetric
(570 nm) /fluorometric(Aey =530/Aem =585 nm) product, proportional to
the PLD activity in the sample. Three technical and three biological
replicates were used in this assay, initial and final absorbance were
measured at 570 nm using Epoch 2 Microplate (Biotek, Nepean, Ontario,
Canada). The slope of the calibrator curve was used to calculate the
phospholipase D activity of the sample using the following equation:

PLD Activity(units/L) = [A570(final) — A570(initial)] x n(slope x t)
where t=enzyme reaction time (20 min in standard assay) and n=dilution

factor. Unit definition: one unit of PLD catalyzes the formation of 1 mmole
choline per min under the assay conditions (pH 7.4).

Statistical analysis

Data from the two consecutive growing seasons (2015 and 2016) were
used in this analysis. Statistical analyses were performed in SAS v9.4 (SAS
Institute, Cary, NC, USA). To meet assumptions of normality and
heterogeneity of variance, data were log;, transformed prior to analysis
using general linear models (PROC Mixed). Significant differences were
determined by Tukey’s HSD test with overall a = 0.05.

RESULTS
Physicochemical characteristics

The effect of hexanal on fruit quality, and physiological
parameters that determine shelf life characteristics of raspberry
fruits are provided in Table 1. As expected, TSS increased as the
fruit approached maturity and throughout the storage period,
both between treated and untreated fruits (Table 1). However, TA
was relatively higher at harvest and declined progressively with
the advance in storage duration. Statistical analysis did not show a
significant effect of hexanal applications on the TA or the TSS.
During the 6 days storage period, the amount of weight loss was
significantly lower in the treated fruit after second and third day
postharvest then returned to similar rate in both treated and
control fruits for the remaining storage period (Table 1). Despite
the minor effect of hexanal on weight loss of the fruit, the overall
weight loss during the storage period was 30.2% in untreated
fruits, compared to 25.9% in treated fruits, (Table 1).

Fruit removal force, the pulling force required to remove a berry
from its receptacle, was measured and used as an indicator of fruit
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softening. Hexanal application significantly increased the pulling
force on the treated berry fruits compared to the control
(Figure 2). All fruits showed continuous decline in the pulling
force during subsequent storage at 20 °C, but the rate of decline
was significantly slower in the treated fruits compared to control
during the first 4 days of the storage period. During the first four
days of postharvest, treated fruits required significantly higher
amounts of force to remove the fruit from the receptacle
(1.96-1.49 N) compared to the control (1.76-0.98 N), (Table 1).
No significant difference was observed at the last two days
postharvest. Under field conditions, it was very noticeable that the
control fruits fell to the ground while the hexanal treated
remained attached and still required minimal force to be
separated from their receptacles (Supplementary Figure 1).
Scanning electron microscope (SEM) analysis was conducted in
order to better understand the mechanisms underlying the
correlation between hexanal application and the enhancement
of fruit retention. This analysis showed an abundant accumulation
of epidermal hairs on the tip of the receptacles of the treated fruits
while no epidermal hairs were observed on the tip of the
untreated (Figure 3). Epidermal hairs were present in a similar
quantity on the bases of both treated and control fruit receptacles.
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Figure 2. Tension force in control and hexanal treated (HC) raspberry

fruits throughout six days post-harvest. Each value represents an
average of twenty five fruit measurements of the tension force
needed to remove the receptacles from their fruits. Asterisks
indicate significant differences between control and hexanal
treatment at the same storage time (P <0.05).

Table 1. Quality parameter of raspberry fruit after pre-harvest hexanal (HC) applications
Parameter Treat Storage time (d)
0 1 2 3 4 5 6

Pulling force (N) Ctrl. 2.09 (0.18) 1.76 (0.15) 1.51 (0.12) 1.29 (0.11) 0.98 (0.08) 0.77 (0.06) 0.50 (0.04)
HC 2.11 (0.19) 1.96* (0.13) 1.74% (0.13) 1.49% (0.10) 1.22* (0.09) 0.85 (0.07) 0.66 (0.05)
TSS (°Brix) Ctrl. 10.21 (0.72) 10.12 (0.61) 10.27 (0.48) 1063 (0.64) 10.71 (0.80) 10.81 (0.61) 10.86 (0.71)
HC 10.13 (0.64) 9.94 (0.71) 10.14 (0.52) 10.32 (0.70) 10.74 (0.71) 10.84 (0.64) 10.82 (0.68)
TA (g/100 ml citric acid) Ctrl. 1.91 (0.08) 1.84 (0.09) 1.73 (0.11) 1.71 (0.10) 1.28 (0.07) 1.24 (0.06) 1.10 (0.10)
HC 1.91 (0.05) 1.90 (0.07) 1.83 (0.06) 1.77 (0.08) 1.34 (0.06) 1.16 (0.07) 1.11 (0.11)
Weight (g) Ctrl. 25.84 (1.78) 23.93 (2.22) 21.52 (1.84) 20.61 (1.94) 20.23 (2.10) 19.94 (2.45) 18.04 (2.31)
HC 26.22 (2.41) 25.81 (2.13) 24.64* (1.79) 23.83% (2.04) 21.81 (2.11) 20.61 (2.56) 19.42 (1.87)

Values represent the mean of four biological replicates. Means followed by asterisks indicates significant differences between control and hexanal treatment at
the same storage time (P<0.05). Standard deviations are shown between brackets.
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Figure 3. Histological observations of raspberry receptacles using SEM analysis. (a, ¢ and e) represent control, while (b, d and f) represent
hexanal treated fruits (HC). (e and f): a higher magnification of the receptacle tips showing an abundant epidermal hairs on the hexanal
treated (f) while no epidermal hairs were observed on the receptacles of the control fruits (e). Scale bars are 500 um.
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Figure 4. Transcript expression pattern measured by gRT-PCR of five annexins gene members (a—e), four calmodulin-binding transcription
activators (f-i) and three phospholipase D genes (j-I) during fruit development of raspberry. Expression was determined relative to three
housekeeping genes (His3, GPDH and Actin). Data represent the mean (+ standard deviation, s.d.) of four biological replicates each with three
technical replicates.. Statistically significant differences from Control (Cont) and hexanal treated (HC) at the same stage of fruit development
are indicated by (*) for the probability levels (P < 0.05).

Hexanal altered gene expression group showed a constant increase in their transcript levels
The expression patterns of three phospholipase D genes, five throughout the fruit development stages. (Figures 4a—e). All
annexin genes and four calmodulin-binding transcription activator annexin genes showed the same trend with a higher magnitude
were quantified during fruit developmental and ripening in for Ann2 and Ann5. This pattern was common between treated
response to hexanal application. The five members of annexin and untreated fruits, however, hexanal significantly increased the
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Figure 5. Hexanal applications altered the transcript levels of several genes involved in fruit ripening in raspberry. Transcripts were assessed by
gRT-PCR of five annexins gene members (a-e), four calmodulin-binding transcription activators (f-i) and three phospholipase D genes (j-I)
throughout six days postharvest. All fruit were stored at 20 °C until sampling.). Data represent the mean (= s.d.) of four biological replicates
each with three technical replicates.. Expression data were normalized using three housekeeping genes (His3, GAPDH and Actin). Statistically
significant differences from Control (Cont) and hexanal treated (HC) at the same day of postharvest are indicated by (¥) and (**) for the
probability levels (P < 0.05) and (P < 0.01), respectively.

d - HC-D
o 1 HC-ND
@ Control

Normalised concentration in weight %
of the element

Na Mg si K ca
Quantified elements

Figure 6. Structural observations of the drupelets of raspberry fruits by SEM-EDS analysis. Comparison of the epidermal hairs of the hexanal
treated fruit drupelets (@) and control fruit (b) at their medium development stage. (c) shows a higher magnification view of the highly
localized crystal deposition structures observed on the treated drupelet epidermal hairs. (d) showing data output generated from plots of the
original spectrum of the EDS analysis. Each value represents an average of twelve samples. EDS analysis was conducted on non-treated fruit
(Control), HC- (d): hexanal treated showing deposition structure, HC-ND: hexanal treated in an area with no crystal structure. Asterisks indicate
significant differences in calcium level (P<0.01).
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Figure 7.

SEM analysis showing the internal structure of the raspberry fruit drupelets. (a and b): control fruit, (c and d): hexanal-treated fruit.

Images were taken in the fruits at the medium developmental stage. No difference was observed in the internal structure of the fruit due to
hexanal applications. The position of the seeds and the junctions between drupelets are shown in figures (a and c).

transcript level of Ann3 at mid and late development stages
(Figure 4c). Analysis of expression data of the four members of
calmodulin-binding transcription activator showed that their
transcript levels reached their peak at the mid stage of fruit
development then declined (Figures 4f—i). Hexanal treated fruits
did not show a different response, except a significant higher
magnification for cAMTA3 at mid and late development stage and
for cAMTAS at late stage (Figures 4g and i).

The transcript levels of PLDs increased during fruit development,
and attained their maximum transcript level at the mid-stage
(Figures 4j-). The highest level of expression was observed for PLDa1
and PLDa2, while PLDa3 had the lowest transcript level. From the
PLDs, PLD2 was the only gene altered by hexanal as its transcript
level showing a significant reduction at the mid stage of fruit
development (Figure 4k). Nevertheless, the expression of the
calmodulin-binding transcription factors and the phospholipase D
genes showed a similar pattern during fruit development, the decline
of the transcript level was more progressive in the PLD genes.

A similar analysis of gene expression was conducted of these 12
genes throughout 6 days postharvest for hexanal treated and
untreated fruits (Figures 5a-l). The statistical data analysis
represented in this figure was performed to compare between
hexanal treated and untreated samples at the same day of
postharvest. The observation of the effect of hexanal on annexin
gene expression revealed a progressive increase in their
transcripts until the fourth day of postharvest before starting to
decline (Figures 5a—d). The only exception of this trend in the
annexins expression pattern was for Ann2 gene as its expression
was the lowest and its level remained relatively constant
throughout the postharvest period (Figure 5b). Interestingly,
expression data for the four members of calmodulin-binding
transcription activator showed a similar response to annexins
transcripts due to hexanal applications. However, the progressive
increase in the cCAMTA gene transcripts reached the highest level
at the third day postharvest then declined until day 6 (Figures
5f-i). Expression of PLDs in the untreated fruit showed a
continuous increase in their transcript levels. In contrast, their
transcript levels progressively declined during the six days of
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storage period due to hexanal treatment and only trace levels of
transcript could be detected at the last four days (Figures 5j-I).

Anatomical and structural observations in hexanal- treated fruits

In order to strengthen our understanding of the effect of hexanal
in altering fruit structure, photomicrographs, of the external
(berry) and internal (receptacle) raspberry tissue samples were
assessed during the different development stages using SEM.
Hexanal applications at early or late stage of fruit development did
not alter the external fruit structure (Supplementary Figure S2).
However, fruits sprayed during the ideal, mid-stage of ripening
showed a noticeable presence of crystalline deposition on the
external surface of the drupelets (Figure 6a).

Energy Dispersive X-ray Spectrometer (EDS) analysis was
conducted in order to identify the nature of these crystal
depositions. This analytical technique allowed us to conduct
elemental analysis and to compare between two areas on the
same sample. Na, Mg, Si, K and Ca were quantified in the external
drupelets of the control samples and in the areas with or without
the crystalline depositions present in the hexanal-treated samples.
When these elements were quantified, Ca was the most abundant
and distinguishable element in the crystalline structures appear-
ing on the drupelets of the treated fruits (Figures 6a and c). EDS
analysis revealed that Ca represent an average of 6% of the total
mass in these crystalline structures which was below the
detectable level in other areas that were not showing any
crystalline structure (Figure 6d). No significant difference was
observed in the other quantified elements (Na, Mg, Si and K). The
average total mass of these elements was 0.5-2% in all quantified
areas of the treated and control tissues. In order to understand
whether calcium accumulation can be observed in the internal
fruit structure, longitudinal sections of the drupelets were
examined using SEM. Unlike the case of the exocarp or the
epidermal hairs, there were no visible signs of calcium deposits or
structure differences in the mesocarp of treated and control fruits
(Figures 7a—d). However, the filamentous epidermal hairs were
more abundant in the treated fruits (Figure 7d).



In conclusion, the effect of hexanal on altering fruit structure
was development stage-dependent and exclusive on the exocarp
and epidermal hairs.

3.0
a
25
2.0
1.5

1.0

0.5

0.0

0 50 100 150 200 250 300
Calibrator Conc. (M)

0.35

0.30

0.25

0.20

0.15

0.10

Enzyme Activity (Unit/L)

0.05

0.00

Early Mid Late
Fruit development stages

3.0

25 —— HC
«+0-« Control

2.0

15

1.0

0.5

0.0 1= . . - - - ‘
0 1 2 3 4 5 6
Days Postharvest

Figure 8. PLD activities observed in different stages of raspberry
fruit development and during six days postharvest. (@) Quantifica-
tion of the PLD activity in a series of different concentrations (0, 90,
180 and 300 pM) of the Calibrator (Choline); (b) shows the PLD
activity at three different fruit developmental stages. (c) shows the
PLD activity in control and hexanal treated (HC) fruits throughout
the 6 days postharvest. PLD activity was measured in the total
homogenates of control and hexanal-treated fruit. The hexanal
treatment caused a significant reduction in the rate of increase of
PLD activity after the third day postharvest. In figure (c), statistically
significant differences from Control and hexanal treated (HC) at the
same day of postharvest are indicated by (*) for the probability
levels (P < 0.05).
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Changes in PLD activity during fruit development and postharvest

To evaluate the potential role of hexanal in the inhibition of
phospholipase D and the extension of shelf life, PLD activity was
assayed at various stages of development in raspberry fruits. In
this colorimetric assay, phosphatidylcholine is converted to
choline by PLD, where choline is then oxidized by choline oxidase.
The intensity of the colored reaction product is directly propor-
tional to the activity of PLD in the sample.

One unit of PLD catalyzes the formation of 1 mmol choline per
minute under the assay conditions (pH 7.4). PLD activity was
analyzed by monitoring the liberation of choline by unit/l
(Figures 8a—c). The early stage of fruit development contained
very little PLD activity (0.024 unit per L). However, PLD activity
increased during fruit development and reached a maximum level
of 300 uM choline (0.3 unit per L) released at the late stage of fruit
development (Figure 8b). These results suggested that PLD
activity increased during fruit development and ripening and
play a key role in fruit softening as observed earlier. Moreover, the
PLD activity assay was also conducted throughout the 6 days of
postharvest in both hexanal-treated and -untreated fruits This
assay showed a continuous increase in the PLD activity during
storage in all fruits; however, the rate of increase was significantly
slower in the hexanal-treated fruit during the last four days of the
postharvest period (Figure 8c). For instance, during the first three
days of postharvest, the amount of released choline increased
from 0.37 (unit per L) to 1.23 (unit per L) in control fruit and from
0.41 (unit/l) to 1.07 (unit/l) in hexanal-treated fruit. At day three,
this value reached 2.1 (unit per L) and it continued to increase
until it attained a value of 2.61 (unit per L) at day six in the control
fruit (Figure 8c). By contrast, hexanal applications reduced this rate
of increase of PLD activity from 1.34 (unit per L) at day three to
reach a maximum value of 1.56 (unit per L) at the end of the
storage period. Taken together, our data revealed that hexanal can
reduce the increased rate of the PLD activity by 12 % after a week
postharvest.

DISCUSSION

The control of fruit softening is an important target for the
improvement of fruit quality as fruit firmness appears to affect
susceptibility to fungal pathogens.*' This is particularly true for
raspberry, which is very tender by nature and has an extremely
short shelf life. Biochemical and genetic studies of fruit softening
indicated that cell-wall processing is the result of coordinated
expression of several families of genes encoding cell-wall
metabolism related proteins.””"" However, many efforts to
suppress expression of cell wall-degrading enzymes have not
provided the insight needed to genetically engineer fruits whose
softening can be adequately controlled.'”'® Phospholipase D
(PLD), is the key enzyme involved in initiating a cascade of
catabolic events that leads to the eventual deterioration of the
membrane phospholipids.>* In this study, we tested the hypoth-
esis that hexanal application could eventually suppress the PLD
activity and thus lead to enhanced membrane stability, and
thereby increased longevity of raspberry fruit. To achieve this end,
we have used multidisciplinary approaches including gene
expression, physiological and histological characterization and
enzymatic activity in order to strengthen the understanding the
effect of hexanal in enhancing raspberry fruit shelf life. Since the
action of hexanal is so specific, there was little effect on the TSS
and TA, while it had a striking effect on fruit retention. This is in in
agreement with Anusuya et al.*> who indicated that pre-harvest
spray of hexanal assisted in retention of mango fruits in the
orchards for about 2-3 weeks. Extending the fruit retention time
will significantly reduce the postharvest losses, resulting in a
significant economic benefit. Moreover, this might be used as an
indicator of enhanced fruit firmness especially since the growth
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regulators that target fruit retention may also be used to improve
firmness, as both abscission and ripening are ethylene-mediated
events in fruit development*® In raspberry fruit there is some
controversy as to whether the fruit are truly climacteric. Although
there is a large increase in the rate of ethylene production, there is
no accompanying burst in the rate of respiration.** However, there
are many features of fruit ripening that are common to both
climacteric and non-climacteric species indicating that there is
overlap in the molecular mechanisms underlying the ripening
process in both types, despite the differences in respiration and
ethylene production.

Part of the explanation of this increase in fruit retention was
revealed by SEM analysis showing an abundant amount of the
epidermal hairs on the tips of the treated fruit receptacles
enhancing the attachment between fruits and their receptacles,
thus increasing force required to remove the fruit receptacle.

Moreover, histological observations by SEM and EDS confirmed
that there is calcium deposition on the epidermis of the drupelets
of the hexanal treated fruit. Calcium has received considerable
attention in recent years because of its desirable effects in
controlling fruit ripening and quality by delaying ripening and
maintaining firmness. For instance, increasing the calcium
concentration of fruit through pre-harvest sprays and postharvest
calcium treatments maintains firmness and prevents decay in both
climacteric and non-climacteric fruits.*>*® Calcium is recognized
also as a critical element for rigidifying cell walls by cross-linking
with pectins.?"*” However, to our knowledge, this is the first
report suggesting a potential crosstalk between hexanal applica-
tion and calcium accumulation. Gene expression data also
supports this hypothesis as hexanal treatment increased the
transcript levels of four annexins and three calmodulin-binding
transcription activators during raspberry postharvest storage.
Previous studies suggested the potential roles of annexins in fruit
development and ripening. For instance, there was a positive
correlation between the stage of fruit development in strawberry
and transcript levels of two annexins genes.*® Data analysis from a
proteome survey of strawberry fruits during ripening suggested a
role of annexins in fruit ripening,** however, an independent
regulation of individual annexin was suggested probably due to
the large protein family with multi-functions.

Calcium-sensing proteins called calmodulins have been found
to regulate both enlargement and ripening of tomatoes.>*' One
of the important findings in the study of Yang et al.>" was that the
suppression of calmodulin genes could be critical for initiating
ethylene-independent ripening process. In this study, the expres-
sion of three calmodulin-binding transcription activators (CAMTAT,
cAMTA4 and cAMTA5) was differentially altered in response to
hexanal application which reinforces the clues for a potential
effect of hexanal on calcium binding proteins that function as
signal sensors.

Our studies also demonstrate a clear correlation between PLD
activity, and PLDs gene expression at various stages of raspberry
fruit development as well as during the storage period. A similar
analysis was conducted using normal and antisense PLD in
‘Celebrity’ tomatoes.' These results conclusively showed that PLD
expression was reduced during fruit ripening by the introduction
of antisense PLD alpha cDNA in ‘Celebrity’ tomatoes. Hexanal
treatment caused a clear PLD activity inhibition in raspberry fruits
in a similar way that the antisense PLD tomato lines showed a
reduced level of PLD activity. In the same report, microsomal PLD
activity in strawberry fruit membranes was found to be stimulated
by calcium. These results, together with our show a clear
correlation between hexanal application, cellular calcium stimula-
tion and PLD activity inhibition. However, the complete sequence
of signal transduction events involved in this link requires further
investigation.

Despite the fact that raspberries appear to be a very responsive
system to hexanal application, the stage of application of pre-
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harvest hexanal treatment seems to be very important in order to
modulate the PLD inhibition and to achieve optimum effect. For
instance, the histological observations reveal that the calcium
depositions will occur exclusively if the fruits are treated in their
mid-development stage. Misran et al.>° also indicated that the
stage of fruit application is crucial since PLD inhibition has very
little effect once the membrane starts to deteriorate and lipid
catabolic cascades are initiated. For example, tomato fruits are
treated at the mature green stage to obtain the best results in
terms of colour and flavour development. Whereas berry fruits
such as cherry should be treated about 15 days before harvest to
maximize their shelf life to 30 days at 4° C.°

In conclusion, this work clearly demonstrated the important role
hexanal can play in reducing PLD transcript levels and activity as
well as altering some of the calcium binding proteins that function
as signal sensors. Thus, hexanal application might be a desirable
and suitable technology to enhance the postharvest shelf life of
raspberry in light of its extremely perishable nature. Hexanal, in
spite of its chemically inclined name, is a natural compound
produced by all plants as a volatile defense mechanism. It is also a
GRAS (generally regarded as safe) compound approved by the
FDA as a food adjunct.>® These two characteristics should alleviate
any fears consumers might have on its use on edible produce such
as raspberry. It would be also interesting to determine if the
calcium accumulation due to hexanal application will affect the
edible quality and taste of fruits. Further studies could be used to
develop an understanding of the biochemical mechanism of
interaction between hexanal and the intercellular calcium in the
overall regulation of PLD in extending fruit shelf life.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

Project undertaken with the financial support of Canada’s International Development
Research Centre (IDRC), www.idrc.ca, and the Government of Canada, provided
through Global Affairs Canada (GAC), www.international.gc.ca. We also acknowledge
the help of Mr Steve Pohorly, Niagara on the Lake for providing help in the field trials,
Glen Alm, Shanthanu Krishna Kumar during the trials and observations and the
continued support from OTFPMB and NPFVGA.

REFERENCES

Paliyath G, Tiwari K, Yuan H et al. Structural deterioration in produce: phospho-
lipase D, membrane deterioration, and senescence. In: Paliyath G, Murr DP, Handa
AK, Lurie S eds. Postharvest Biology and Technology of Fruits, Vegetables, and
Flowers, 1st ed. Wiley-Blackwell: Hoboken. 2008, 195-239.

Paliyath G, Droillard MJ. The mechanism of membrane deterioration and
disassembly during senescence. Plant Physiol Biochem 1992; 30: 789-812.

Yuan HY, Chen LG, Paliyath G et al. Characterization of microsomal and
mitochondrial phospholipase D activities and cloning of a phospholipase D alpha
cDNA from strawberry fruits. Plant Physiol Biochem 2005; 43: 535-547.

4 Paliyath G, Subramanian J. Phospholipase D inhibition technology for enhancing
shelf life and quality. In: Paliyath G, Murr DP, Handa AK, Lurie S (eds.). Postharvest
Biology and Technology of Fruits, Vegetables, and Flowers, 1st ed. Wiley-Blackwell:
USA. 2008, 240-245.

Sharma M, Jacob JK, Subramanian J et al. Hexanal and 1-MCP treatments for
enhancing the shelflife and quality of sweet cherry (Prunus avium L.). Sci Hortic
2010; 125: 239-247.

6 Cheema A, Padmanabhan P, Subramanian J et al. Improving quality of tomato
(Solanum lycopersicum L.) by pre- and postharvest applications of hexanal-
containing formulations. Postharvest Biol Technol 2014; 95: 13-19.
Benitez-Burraco A, Blanco-Portales R, Redondo-Nevado J et al. Cloning and
characterization of two ripening-related strawberry (Fragaria x ananassa cv.
Chandler) pectate lyase genes. J Exp Bot 2003; 54: 633-645.

8 Redondo-Nevado J, Moyano E, Medina-Escobar N et al. A fruit-specific and
developmentally regulated endopolygalacturonase gene from strawberry
(Fragaria x ananassa cv. Chandler). J Exp Bot 2001; 52: 1941-1945.

N

w

wv

~


www.idrc.ca
www.international.gc.ca

e}

20

21

2
2

w N

24

25

26

27

2

o

29
3

(=]

3

=

3

N

33

3

i

Salentijn EMJ, Aharoni A, Schaart JG et al. Differential gene expression analysis of
strawberry cultivars that differ in fruit-firmness. Physiol Planta 2003; 118: 571-578.
Trainotti L, Spinello R, Piovan A et al. beta-Galactosidases with a lectin-like domain
are expressed in strawberry. J Exp Bot 2001; 52: 1635-1645.

Tiwari K, Paliyath G. Microarray analysis of ripening-regulated gene expression and
its modulation by 1-MCP and hexanal. Plant Physiol Biochem 2011; 49: 329-340.
Giovannoni J, DellaPenna D, Bennett A et al. Expression of a chimeric
polygalacturonase gene in transgenic rin (ripening inhibitor) tomato fruit results
in polyuronide degradation but not fruit softening. Plant Cell 1989; 1: 53-63.
Saladie M, Rose JKC, Watkins CB. Characterization of DFD (delayed fruit
deterioration): a new tomato mutant. Acta Hortic 2005; 682: 79-84.

Deschene A, Paliyath G, Lougheed EC et al. Membrane deterioration during
postharvest storage of broccoli florets: modulation by temperature and controlled
atmosphere storage. Postharvest Biol Tec 1991; 1: 19-31.

Paliyath G, Lynch DV, Thompson JE. Regulation of membrane phospholipid
catabolism in senescing carnation flowers. Physiol Plant 1987; 71: 503-511.
Jandus J, Valentova O, Kas J et al. Phospholipase D during tomato fruit ripening.
Plant Physiol Biochem 1997; 35: 123-128.

Brown JH, Paliyath G, Thompson JE. Influence of acyl chain composition on the
degradation of phosphatidylcholine by phospholipase D in carnation microsomal
membranes. J Exp Bot 1990; 229: 979-986.

Poovaiah BW. Role of calcium in prolonging storage life of fruits and vegetables.
Food Technology 1986; 40: 86—89.

Dodd AN, Kudla J, Sanders D. The language of calcium signaling. Annu Rev Plant
Biol 2010; 61: 593-620.

Kudla J, Batisti¢c O, Hashimoto K. Calcium signals: the lead currency of plant
information processing. Plant Cell 2010; 22: 541-563.

Liu H, Chen FS, Yang HS et al. Effect of calcium treatment on nanostructure of
chelate-soluble pectin and physicochemical and textural properties of apricot
fruits. Food Res Int 2009; 42: 1131-1140.

Laohavisit A, Davies JM. Annexins. New Phytol 2011; 189: 40-53.

DeFalco TA, Bender KW, Snedden WA. Breaking the code: Ca2+ sensors in plant
signalling. Biochem J 2010; 425: 27—-40.

Reddy ASN, Ali GS, Celesnik H et al. Coping with stresses: roles of calcium- and
calcium/calmodulin-regulated gene expression. Plant Cell 2011; 23: 2010-2032.
Yang T, Poovaiah BW. Calcium/calmodulin-mediated signal network in plants.
Trends Plant Sci 2003; 8: 505-512.

Perochon A, Aldon D, Galaud JP et al. Calmodulin and calmodulin-like proteins in
plant calcium signaling. Biochimie 2011; 93: 2048-2053.

Baucher M, Pérez-Morga D, El Jaziri M. Insight into plant annexin function: from
shoot to root signaling. Plant Signal Behav 2012; 7: 1-5.

Cantero A, Barthakur S, Bushart TJ et al. Expression profiling of the Arabidopsis
annexin gene family during germination, de-etiolation and abiotic stress. Plant
Physiol Biochem 2006; 44: 13-24.

Moss SE, Morgan RO. The annexins. Genome Biol 2004; 5: 219.

De Carvalho NF, Lescure N, Cullimore JV, Gamas P. The Medicago truncatula MtAnn1
gene encoding an annexin is induced by Nod factors and during the symbiotic
interaction with Rhizobium meliloti. Mol. Plant Microbe Interact 1998; 11: 504-513.
Kovdcs |, Ayaydin F, Oberschall A et al. Immunolocalization of a novel annexin-like
protein encoded by a stress and abscisic acid responsive gene in alfalfa. Plant J
1998; 15: 185-197.

Bianchi MW, Damerval C, Vartanian N. Identification of proteins regulated by
cross-talk between drought and hormone pathways in Arabidopsis wild-type and
auxin-insensitive mutants, axr! and axr2. Funct Plant Biol 2002; 29: 55-61.
Breton GA, Vazquez-Tello J, Danyluk F et al. Two novel intrinsic annexins accu-
mulate in wheat membranes in response to low temperature. Plant Cell Physiol
2000; 41: 177-184.

Mortimer JC, Coxon KM, Laohavisit A et al. Heme-independent soluble and
membrane-associated peroxidase activity of a Zea mays annexin preparation.
Plant Signal Behav 2009; 4: 428-430.

Modulation of calcium function after PLD inhibition
El Kayal et al.

35

36

37

38

39

40

4

42

43

a4

45

46

47

48

49

50

5

5

N

Ito J, Heazlewood JL, Millar AH. Analysis of the soluble ATP-binding proteome of
plant mitochondria identifies new proteins and nucleotide triphosphate interac-
tions within the matrix. J Proteome Res 2006; 5: 3459-3469.

El Kayal W, El-Sharkawy |, Dowling C, Paliyath G, Sullivan JA, Subramanian J. Effect
of pre-harvest application of hexanal and growth regulators in enhancing shelf
life and regulation of membrane associated genes in strawberry. Can J Plant Sci
2017; https://doi.org/10.1139/CJPS-2016-0351.

Misran A, Padmanabhan P, Sullivan JA, Khanizadeh S, Paliyath G. Composition of
phenolics and volatiles in strawberry cultivars and influence of preharvest hexanal
treatment on their profiles. Can J Plant Sci 2015; 95: 115-126.

El-Sharkawy |, Sherif S, Jones B et al. TIR1-like auxin-receptors are involved in the
regulation of plum fruit development. J Exp Bot 2014; 65: 5205-5215.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 272" method. Methods 2001; 25:
402-408.

Bray DF, Bagu J, Koegler P. Comparison of hexamethyldisilazane (HMDS), Peldri Il,
and critical-point drying methods for scanning electron microscopy of biological
specimens. Microsc Res Tech 1993; 26: 489—495.

Sjulin TM, Robbins JA. Effects of maturity, harvest date and storage time on
postharvest quality of red raspberry fruit. J Amer Soc Hort Sci 1987; 112: 481-487.
Anusuya P, Nagaraj R, Janavi GJ et al. Pre-harvest sprays of hexanal
formulationffor extending retention and shelf-life of mango fruits. Sci Hortic 2016;
211: 231-240.

Glozer K, Niederholzer FJ. The Dynamic Model and rest breaking agents in
California. ‘French’ Prune Production. Hortscience 2006; 41: 1031.

Perkins-Veazie P, Nonnecke G. Physiological changes during ripening of
raspberry fruit. Hortscience 1992; 27: 331-333.

Abbott JA, Conway WS, Sams CE. Postharvest calcium-chloride infiltration affects
textural attributes of apples. J Am Soc Hortic Sci 1989; 114: 932-936.

Saftner RA, Bai JH, Abbott JA et al. Sanitary dips with calcium propionate,
calcium chloride, or a calcium amino acid chelate maintain quality and shelf
stability of fresh-cut honeydew chunks. Postharvest Biol Technol 2003; 29:
257-269.

Demarty M, Morvan C, Thellier M. Calcium and the cell-wall. Plant Cell Environ
1984; 7: 441-448.

Chen J, Mao L, Mi H et al. Involvement of three annexin genes in the ripening of
strawberry fruit regulated by phytohormone and calcium signal transduction.
Plant cell rep 2016; 35: 733-743.

Bianco L, Lopez L, Scalone AG et al. Strawberry proteome characterization and its
regulation during fruit ripening and in different genotypes. J Proteomics 2009; 72:
586-607.

Yang TB, Peng H, Whitaker BD et al. Characterization of a calcium/calmodulin-
regulated SR/CAMTA gene family during tomato fruit development and ripening.
BMC Plant Biol 2012; 12: 12-19.

Yang TB, Peng H, Bauchan GR. Functional analysis of tomato calmodulin gene
family during fruit development and ripening. Horticult Res 2014; 1: 14057.
Paliyath G, Yada R, Murr DP, Pinhero RG. (2003). Inhibition of Phospholipase D. US
patent # 6, 514, 914. Canada patent # 2, 298, 249.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2017

Supplementary Information for this article can be found on the Horticulture Research website (http://www.nature.com/hortres)

Horticulture Research (2017)


https://doi.org/10.1139/CJPS-2016-0351
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Phospholipase D inhibition by hexanal is associated with calcium signal transduction events in raspberry
	Introduction
	Materials and methods
	Plant material and postharvest treatments
	Fruit shelf life assessment
	RNA extraction and qPCR assays
	Scanning electron microscope (SEM) analysis
	Phospholipase D activity assay
	Statistical analysis

	Results
	Physicochemical characteristics
	Hexanal altered gene expression
	Anatomical and structural observations in hexanal- treated fruits
	Changes in PLD activity during fruit development and postharvest

	Discussion
	Acknowledgements
	Note
	References




