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bstract

The principal physiological factors that negatively impact pepper fruit during shipment and storage and subsequent marketing are water
oss and chilling injury. The current study evaluated the effect of harvest methodology on postharvest water loss from sweet bell pepper
ruit and the potential relationship between water loss and chilling injury in cold-stored fruit. The influence of cultivar, epicuticular wax, and
OX gene expression on water loss and chilling injury were examined. Our results demonstrated that the degree of water loss in pepper fruit

s subject to effects of genotype and pre- and postharvest environments as evidenced by year to year variation in fruit storage attributes. A
omparison of pepper fruit harvest methods, wherein peduncles were either torn or cut, showed that harvest method had little effect on percent
ater loss. Observations on fruit water loss in relation to fruit size suggested that fruit cuticles are the primary barrier to water loss. A clear

elationship between epicuticular wax content and fruit water loss was not evident. Cultivars varied in their susceptibility to chilling injury and
ruit water loss was positively correlated with the severity of chilling injury. No correlation was found between endogenous AOX transcript
evels and cultivar-specific susceptibility to chilling injury. The results illustrate the difficulty of identifying indices correlated with water loss

hat could be used to develop or identify cultivars with improved storability. We did, however, find that there are significant differences in
torage attributes of pepper cultivars and that routine screening for water loss and chilling injury are advantageous for selection of cultivars
ost suitable for cold-storage.
ublished by Elsevier B.V.
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. Introduction

Postharvest quality of fresh pepper (Capsicum annuum L.)
ruit is influenced by physiological and pathological factors.
he principal physiological factors that negatively impact
epper fruit during shipment and storage and subsequent mar-

eting are water loss (Lownds et al., 1993; Maalekuu et al.,
002; Watada et al., 1987) and chilling injury (Hardenburg
t al., 1986; Paull, 1990).

∗ Corresponding author. Tel.: +1 301 504 5598; fax: +1 301 504 5107.
E-mail address: dsmith@ba.ars.usda.gov (D.L. Smith).
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rvest storage

Postharvest water loss of fruits and vegetables results in
ruit softening, and reduced glossiness and shelf life. The
uticle is considered the primary barrier against uncontrolled
ater loss from plant tissues (Kerstiens, 1996). The cuticle

s composed of cutin and nonpolar solvent soluble cuticular
axes. There is general consensus that cuticle thickness has

ittle relationship with cuticular transpiration (Riederer and
chreiber, 2001). There are conflicting reports on the relative

mportance of wax content in regulating water loss (Lownds
t al., 1993; Maalekuu et al., 2004; Riederer and Schreiber,

001). Utilizing mutant tomato lines with altered wax com-
osition, Vogg et al. (2004) determined that fruit epicuticular
ax composition had a significant effect on cuticular transpi-

ation. In addition to diffusion through the cuticle, water loss
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n fruit tissue may also occur through the stem scar (Cameron
nd Yang, 1982; Diaz-Perez, 1998).

Damage caused by chilling injury in peppers is typified
y dot-pitting followed by sheet-pitting. These morpholog-
cal lesions may lead to alternaria-induced rot on pods and
alyxes, seed darkening, and fruit shrinkage due to mois-
ure loss (Hardenburg et al., 1986). This chilling induced
ruit damage markedly reduces the quality and shelf life of
epper fruit (Paull, 1990). Reactive oxygen species (ROS)
ften contribute to chilling injury in sensitive plant tissues
nd resistance to chilling injury has been correlated with an
ncrease of enzymatic activities in antioxidant systems that
educe the generation of ROS or scavenge those that are gen-
rated (Moller, 2001; Walker and McKersie, 1993). Increased
lternative oxidase (AOX) gene expression and AOX protein
evel are associated with a reduction in the formation of ROS
nd have been demonstrated to increase significantly when
epper fruit were stored at low temperature (Fung et al., 2004;
urvis, 2002).

The current study evaluates the effect of harvest method-
logy on postharvest water loss from sweet bell pepper fruit
nd the potential relationship between water loss and chilling
njury in stored fruit. The influence of cultivar, epicuticular
ax abundance, and AOX gene expression on water loss and

hilling injury were examined.

. Materials and methods

.1. Plant material

Seven-week-old greenhouse grown plants of the commer-
ially available sweet bell pepper cultivars ’Bell Captain’,
Midway’, ‘Northstar’, and ‘Sentry’ were transplanted to
eld plots at the Beltsville Agricultural Research Center and
t a local farm in Beltsville, MD, into Keyport fine loam soil
clayey, mixed, mesic Aquic Hapludult). Field grown plants
ere spaced at 0.45 m intervals in single rows on polyethy-

ene covered raised beds positioned on 1.5 m centers with
rickle irrigation. Pest control and fertilization regimes fol-
owed standard horticultural practices for pepper production
n Maryland (University of Maryland, 2000).

Market size green fruit of each cultivar were harvested via
utting or tearing fruit from plants for water loss studies.

.2. Wax content

In 2004, six 1 cm diameter pericarp discs (ca. 5–6 g fresh
t./fruit) were excised from around the equator of each fruit

rom a random sample of 10 individual fruit of each cultivar
n the day of harvest, frozen in liquid nitrogen, lyophilized,
nd stored at −80 ◦C prior to total wax extraction. Epidermal

issue of lyophilized discs was peeled from pericarp discs
ith a sharp razor, scraped lightly to remove any residual peri-

arp tissue, and shaken in 5 ml hexane at room temperature for
0 min. The hexane extract was collected and filtered through
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Whatman GF/C glass microfiber filter. Remaining tissue
esidue was washed with additional hexane, filtered, and the
xtracts were combined. Hexane extracts were dried under
itrogen and the dry weights of the insoluble wax residue
ecorded.

.3. Storage conditions

Fruit were harvested, rinsed with water, air dried, placed in
ingle layers in large plastic bins, covered loosely with plastic
rap, and stored in walk in chambers held at either 12.5 ◦C

45–55% relative humidity) or 0 ◦C (80–85% relative humid-
ty). Thirty fruit from each cultivar were weighed at the start
f the each experiment and at days 4, 7, 11, and 14 in storage.
ruit were weighed within the storage chambers. The 12.5 ◦C
torage conditions were chosen to eliminate possible chilling
njury and closely mimic commercial storage temperature.
he 0 ◦C storage temperature was chosen to insure that every

ruit had some area of chilling injury (Fung et al., 2004). The
ercent weight loss of individual fruit was used for statistical
nalysis using SAS software (SAS Institute, Cary, NC).

.4. Evaluation of chilling injury

Chilling injury symptoms were evaluated during and after
old storage (Fung et al., 2004). Chilling injury appeared as
urface-pitting followed by a combination of both surface-
itting and sheet-pitting starting after 2–3 days at 0 ◦C. The
everity of the symptoms was assessed visually and the per-
entage of fruit surface covered by pitting was scored for each
ruit every 3–4 days. The final score was made after 14 days
t 0 ◦C followed by 2 days at 20 ◦C.

.5. RNA gel blot analysis

Fruit were processed immediately after harvest by chilling
n ice, excising the pericarp tissue and freezing in liquid
itrogen. Tissue samples were ground using a mortar and
estle and stored at −80 ◦C. RNA was extracted using the
ethod described by Verwoerd et al. (1989) except that a

econd chloroform extraction was performed.
Total RNA (10 �g/lane) was separated in a formalde-

yde/MOPS agarose gel, transferred to a Hybond-N+ nylon
embrane (Amersham, Arlington Heights, IL), fixed by incu-

ating for 2 h at 80 ◦C, hybridized to radiolabeled DNA
robes overnight in a hybridization incubator using a buffer
escribed by Church and Gilbert (1984), washed to a final
tringency of 0.1 × SSC with 0.2% SDS at 65 ◦C, and autora-
iographed. An RNA ladder standard was used to estimate the
ength of the mRNAs. Probes were synthesized using a Ran-
om Primed DNA Labeling Kit (Roche Molecular Biochem-
cals) with 32P-dATP (3000 Ci/mmol) as the label and DNA

ragments derived from PCR-amplification of the AOX1 gene
rom pepper (Fung et al., 2004). Blots were exposed to X-
MAT (Kodak) film using an intensifying screen for 2 days

t −80 ◦C. As a loading control, RNA blots were stripped



logy and Technology 42 (2006) 243–247 245

a
g
1
(
u
c

3

y
2
h
s
c
y
t
c
i
h
p

p
e
h

F
i
s
1
T

Fig. 2. Weight loss comparison of pepper fruit harvested by tearing vs. cut-
D.L. Smith et al. / Postharvest Bio

nd re-probed at a reduced hybridization and washing strin-
ency using a soybean 26S rDNA fragment (Turano et al.,
997). Films were scanned in a Bio-Rad Flour-S Multilmager
Bio-Rad Laboratories, Hercules, CA) and the data quantified
sing Quantity One software, normalized against the loading
ontrols.

. Results and discussion

Percent water loss for the respective cultivars varied across
ears with relatively higher levels of water loss observed in
004 than in 2002 (Fig. 1). Northstar exhibited consistently
igh levels of water loss in both 2002 and 2004 in compari-
on with other cultivars examined. Conversely, Bell Captain
onsistently exhibited the least percent water loss in both
ears. The relative percent water loss rankings of the cul-
ivars Midway and Sentry varied as a function of year. In
onsecutive harvests over a 4-month period in a single grow-
ng season, Maalekuu et al. (2004) observed a significant
arvest date × cultivar interaction for fruit water loss after
rolonged storage.
A comparison of pepper fruit harvest methods, wherein
eduncles were either torn or cut, demonstrated little differ-
nce in percent water loss for the two methods (Fig. 2). In fruit
arvested by cutting in 2002, those of Bell Captain exhibited

ig. 1. Weight (water) loss data from four pepper fruit cultivars harvested
n the 2002 and 2004 seasons. Fruit were harvested manually by tearing the
tems. Percent weight loss was the mean of 30 fruit after 14 days storage at
2 ◦C. Means with the same letter are not significantly different; P < 0.05,
ukey–Kramer comparison.

ting the stems. Fruit from four cultivars were harvested during the 2002 and
2004 seasons. Percent weight loss was the mean of 30 fruit after 14 days stor-
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ge at 12 ◦C. Statistical analysis was performed comparing the two harvest
ethods for each cultivar. Means with the same letter are not significantly

ifferent; P < 0.05, Tukey–Kramer comparison.

ignificantly less water loss relative to those of other cultivars.
his difference, however, was not observed in 2004. Lownds
t al. (1993) noted preliminary data suggesting that sealing
he cut stem end of pepper fruit had no effect on the rate
f water loss during storage. In eggplant, the calyx was the
ain route for fruit water loss, accounting for at least 60% of

ruit transpiration (Diaz-Perez, 1998). In contrast with egg-
lant, it appears that harvest methodology of pepper fruit and
ostharvest treatments which could potentially reduce water
oss from the calyx have little effect on improving postharvest
ruit quality.

Significant differences in total wax content were evident
mong cultivars sampled in 2004. Bell Captain contained the
ighest and Sentry the lowest amount of wax (Fig. 3). Wax
evels in Midway and North Star were intermediate in com-
arison with the other cultivars examined. Although a trend
orrelating fruit wax content with water loss was apparent
or some cultivars, sample variation negated drawing defini-
ive conclusions. For example, Bell Captain had significantly
reater wax content than Sentry, but a significant difference
n water loss between these cultivars was not evident. Like-
ise, Northstar exhibited significantly greater water loss than
idway, but wax content did not differ significantly between

hese cultivars.
Lownds et al. (1993) found that water-loss rate and epi-
uticular wax content of three New Mexican-type pepper
ruit were negatively correlated, suggesting that wax con-
ent was important in regulating water loss in those cultivars.
heir study also noted that stomata were absent from pepper
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Fig. 3. Weight of cuticular wax in hexane extracts of pericarp epidermal
tissue from fruit of the four bell pepper cultivars. Data are the mean val-
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Fig. 4. Percent weight loss and chilling injury index (CI) of fruit harvested
during the 2004 growing season. Percent weight loss was the mean of 30
fruit after 14 days storage at 0 ◦C. The CI was determined for the same
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es obtained by sampling 10 fruit from each cultivar harvested in the 2004
eason. Means with the same letter are not significantly different; P < 0.05,
ukey–Kramer comparison.

ruit surfaces and epicuticular wax was amorphous for the
ultivars examined, thus discounting those factors for differ-
nces in water loss rates observed among the cultivars. Sim-
larly, Maalekuu et al. (2004) reported a negative correlation
etween pepper fruit water loss and skin wax content. The
bsence of a relationship between wax content and water loss
n our samples may be due to environmental influences. Vary-
ng reports on the role of wax content in regulating water loss
n different plant species have been described and attributed
o environmental factors and cultivar × environment inter-
ctions (Baker, 1974; Hunt and Baker, 1982; Riederer and
chreiber, 2001).

In tomato (Ehret and Ho, 1986), pepper (Cohen and
icks, 1985; Lownds et al., 1993), and eggplant (Diaz-
erez, 1998), an inverse relationship between fruit transpi-
ation rate and fruit size has been observed for fruit stored
t 20 ◦C. This relationship was also apparent for a number
f the pepper varieties evaluated here under 12.5 ◦C storage
onditions (average fruit weight for 2002/2004: 119 ± 21 g/
15 ± 31 g, Bell Captain; 93 ± 15 g/88 ± 23 g, Midway;
08 ± 15 g/75 ± 20 g, Northstar, and 123 ± 21 g/85 ± 47 g,
entry). Fruit weight of Bell Captain was greater than Mid-
ay and Northstar in 2002 and also exhibited significantly

ess water loss than Midway or Northstar. This relationship
as not apparent, however, for Sentry. Fruit weight of Bell
aptain was greater than that of all other cultivars in 2004
nd Bell Captain fruit exhibited the least mean water loss,
lthough water loss was not significantly different from that
n Midway or Sentry fruit. Conversely, fruit of Northstar were
mallest in 2004 and displayed the greatest water loss. Thus, a
rend towards decreasing water loss with increased fruit size
as evident here, but it was subject to a harvest × cultivar

nteraction. The cooler commercial storage temperatures uti-
ized in our study also likely reduced the magnitude of the
nverse relationship between fruit size and water loss relative

o those reported at higher storage temperatures. Temperature
s considered one of the predominant physical factors influ-
ncing cuticle permeability (Riederer and Schreiber, 2001).
n a survey of 12 plant species, cuticle permeability to water

H
3
c
e

ruit after two additional days at 20 ◦C. Statistical analysis was performed
omparing the CI among the four cultivars. Means with the same letter are
ot significantly different; P < 0.05, Tukey–Kramer comparison.

as shown to increase by a factor of 2 in the temperature
ange from 15 to 35 ◦C (Riederer and Schreiber, 2001).

The cultivar Northstar exhibited the lowest chilling injury
ndex whereas Midway displayed the greatest susceptibil-
ty to chilling injury (Fig. 4). Chilling injury of pepper fruit
as examined together with percent water loss in order to

ssess the potential relationship between these parameters.
he analysis demonstrated a significant correlation between
hilling injury and percent water loss (r = 0.51; P < 0.0001).
n increase in damage due to chilling injury generally cor-

esponded with increased fruit water loss (Fig. 4). In com-
arison with percent water loss measured under commercial
torage conditions for bell pepper (Fig. 1), the colder temper-
tures used to elicit chilling injury resulted in relatively higher
ercent water loss (Fig. 4). There was no correlation between
ruit wax content and chilling injury (r = −0.20; P < 0.21).

Having observed significant differences in chilling injury
mong the cultivars, we examined AOX gene expression
n response to chilling injury. Fung et al. (2004) demon-
trated that AOX transcripts increased in fruit of the pepper
ultivar Sentry in response to cold storage. Their study fur-
her demonstrated that treatment with methyl salicylate and

ethyl jasmonate vapors prior to cold storage increased the
esistance against chilling injury, and that this resistance was
orrelated with elevated levels of AOX mRNA immediately
fter treatment. In the current study, we examined whether
ultivars with lower chilling injury had naturally higher levels
f AOX mRNA. All of the cultivars had nearly the same level
f AOX mRNA at harvest (day 0) and the AOX mRNA levels
ncreased in all cultivars by day 3 in cold storage (Fig. 5).

owever, the percent increase in AOX mRNA levels by day
showed little relationship with differences observed in the

hilling injury index for these cultivars. In the absence of
xogenously applied AOX elicitors, it appears that levels of
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ig. 5. Graphic representation of RNA gel blot analysis of alternative oxi-
ase (AOX) mRNA levels in pepper fruit pericarp. RNA was prepared from
ruit at harvest (day 0), and after 1, 2, and 3 days storage at 0 ◦C. Abundance
nits were arbitrarily set at 1.0 for the sample with the highest value.

OX gene expression are insufficient to protect pepper fruit
gainst chilling injury during the early stages of cold storage
or these cultivars.

Numerous factors influence postharvest pepper fruit qual-
ty. Our results demonstrate that the extent of water loss
n pepper fruit is subject to genotype effects and pre- and
ostharvest environments. Water loss from fruit stem ends
xplained little of the variation observed among cultivars for
ruit water loss. Observations on fruit water loss in relation to
ruit size suggested that fruit cuticles are the primary barrier
o water loss. A clear relationship between epicuticular wax
bundance and fruit water loss was not evident in our study.
ultivars varied in their susceptibility to chilling injury, and

ruit water loss was positively correlated with the degree of
hilling injury. Levels of endogenous AOX transcript were
ot found to be correlated with levels of chilling injury and
esultant water loss.

Our results illustrate the difficulty of identifying indices
orrelated with water loss that could be used to develop or
dentify cultivars with improved storability. There are signif-
cant differences in storage attributes of pepper cultivars and
outine screening for water loss and chilling injury would
e advantageous for selection of cultivars most suitable for
torage.

cknowledgements

We thank Ginny Boulais for excellent technical assistance
nd Eunhee Park for help with the statistical analysis.

eferences
aker, E.A., 1974. The influence of environment on leaf wax development
in Brassica var. oleracea gemmifera. New Phytol. 73, 955–966.

ameron, A.C., Yang, S.F., 1982. A simple method for the determination of
resistance to gas diffusion in plant organs. Plant Physiol. 70, 21–23.

W

d Technology 42 (2006) 243–247 247

hurch, G.M., Gilbert, W., 1984. Genomic sequencing. Proc. Natl. Acad.
Sci. U.S.A. 81, 1991–1995.

ohen, R.A., Hicks, J.R., 1985. Effect of roadside market display method
on mass loss of selected vegetables. Hort. Sci. 20, 697–698.

iaz-Perez, J.C., 1998. Transpiration rates in eggplant fruit as affected by
fruit and calyx size. Postharvest Biol. Tech. 13, 45–49.

hret, D.L., Ho, L.C., 1986. Effects of osmotic potential in nutrient solution
on diurnal growth of tomato fruit. J. Exp. Bot. 37, 1294–1302.

ung, R.W.M., Wang, C.Y., Smith, D.L., Gross, K.C., Tian, M., 2004.
MeSA and MeJA increase steady-state transcript levels of alternative
oxidase and resistance against chilling injury in sweet peppers (Cap-
sicum annuum L.). Plant Sci. 166, 711–719.

ardenburg, R.E., Watada, A.E., Wang, C.Y., 1986. The commercial storage
of fruits, vegetables, and florist and nursery stocks. U.S. Dept. Agri.
Handbook 66.

unt, G.M., Baker, E.A., 1982. Developmental and environmental variations
in plant epicuticular waxes: some effects on penetration of napthyl acetic
acid. In: Cutler, D.F., Alvin, K.L., Price, C.E. (Eds.), The Plant Cuticle.
Academic, London, pp. 279–292.

erstiens, G., 1996. Plant Cuticles: An Integrated Functional Approach. Bios
Scientific Publishers Ltd., Oxford.

ownds, N.K., Banaras, M., Bosland, P.W., 1993. Relationships between
postharvest water loss and physical properties of pepper fruit (Capsicum
annuum L.). Hort. Sci. 28, 1182–1184.

aalekuu, K., Elkind, Y., Tuvia-Alkalai, S., Shalom, Y., Fallik, E., 2002.
Quality evaluation of three sweet pepper cultivars after prolonged stor-
age. Adv. Hort. Sci. 17, 187–191.

aalekuu, K., Elkind, Y., Tuvia-Alkalai, S., Shalom, Y., Fallik, E., 2004.
The influence of harvest season and cultivar type on several quality traits
and quality stability of three commercial sweet bell peppers during the
harvest period. Adv. Hort. Sci. 18, 21–25.

oller, L.M., 2001. Plant mitochondria and oxidative stress: electron trans-
port, NADPH turnover, and metabolism of reactive oxygen species. Ann.
Rev. Plant Physiol. Plant Mol. Biol. 52, 561–591.

aull, R.E., 1990. Chilling injury of crops of tropical and subtropical origin.
In: Wang, C.Y. (Ed.), Chilling Injury of Horticultural Crops. CRC Press,
Boca Raton, FL, pp. 17–36.

urvis, A., 2002. Regulation and role of the alternative oxidase in chill-
ing injury of green bell pepper (Capsicum annuum). Acta Hort. 553,
289–292.

iederer, M., Schreiber, L., 2001. Protecting against water loss: analy-
sis of the barrier properties of plant cuticles. J. Exp. Bot. 52, 2023–
2032.

urano, F.J., Thakkar, S.S., Fang, T., Weisemann, J.M., 1997. Characteri-
zation and expression of NAD(H) dependent glutamate dehydrogenase
genes in Arabidopsis thaliana. Plant Physiol. 113, 1329–1341.

niversity of Maryland, 2000. Commercial vegetable production recom-
mendations. Univ. Md. Coop. Ext. Serv. Bul. vol. 236, College Park.

erwoerd, T.C., Dekker, B.M.M., Hoekema, A., 1989. A small-scale pro-
cedure for the rapid isolation of plant RNAs. Nucleic Acids Res. 17,
2362.

ogg, G., Fischer, S., Leide, J., Emmanuel, E., Jetter, R., Levy, A.A.,
Riederer, M., 2004. Tomato fruit cuticular waxes and their effects on
transpiration barrier properties: functional characterization of a mutant
deficient in a very-long-chain fatty acid �-ketoacyl-CoA synthase. J.
Exp. Bot. 55, 1401–1410.

alker, M.A., McKersie, B.D., 1993. Role of ascorbate-glutathione antiox-

idant system in chilling resistance of tomato. J. Plant Physiol. 141,
234–239.

atada, A.E., Kim, S.D., Kim, K.S., Harris, T.C., 1987. Quality of green
beans, bell peppers and spinach stored in polyethylene bags. J. Food Sci.
52, 1637–1641.


	Influence of cultivar and harvest method on postharvest storage quality of pepper (Capsicum annuum L.) fruit
	Introduction
	Materials and methods
	Plant material
	Wax content
	Storage conditions
	Evaluation of chilling injury
	RNA gel blot analysis

	Results and discussion
	Acknowledgements
	References


