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Cuticular Phenolics and Scald Development in
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AssTracT. Influences of fruit maturity, AVG and ethephon preharvest treatments, and storage conditions on cuticular
phenolic concentration, a-farnesene accumulation and oxidation, and scald development of ‘Delicious’ appldddlus
sylvestrigL.) Mill. var. domesticgBorkh.) Mansf.] were studied. Advanced maturity and ethephon treatment increased free
phenolics infruit cuticle at harvest, while AVG treatment caused a reduction. Free cuticular phenolics increased during early
storage in ethephon-treated and nontreated fruit but not in AVG-treated apples. Advanced maturity and ethephon did not
alter a-farnesene accumulation overall, but reduced conjugated triene (CT281) formation and scald development. When
stored in a low-ethylene room (<L-L %), AVG-treated fruit accumulated very low levels ofi-farnesene and CT281 and did
not develop scald after 6 months at 8C. When stored in a commercial room (ambient ethylene >_-L ), the AVG-treated
and control fruit accumulated similar amounts ofa-farnesene and CT281 and developed similar percentages of scald. In
general, free phenolic concentrations in fruit cuticle were negatively correlated with CT281 formation and scald development
of apples. Chemical names used: aminoethoxyvinylglycine (AVG); 2-chloroethylphosphonic acid (ethephon).
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Scald development in applesldlus sylvestrisvar. domes- farnesene oxidation or scald development have not been studied¢
tica) involvesa-farnesene accumulation and oxidation (Anet, Althougha-farnesene accumulation corresponds closely with
1969; Huelin and Murray, 1966; Ingle and D’Souza, 1988thylene (GH,) production in apples (Barden and Bramlage,
Whitaker et al., 1997). The antioxidant diphenylamine (DPAP94a, 1994b; Du and Bramlage, 1994; Meigh and Filmer, 1969; 3
inhibits a-farnesene oxidation and reduces scald (Anet aWéhatkins et al., 1993), the role ofid;, in a-farnesene accumula-
Coggiola, 1974; Huelin and Coggiola, 1970; Meigh and Filmeion and scald development is unclear. Since the above results®
1969), which leads to the hypothesis that antioxidants can plesre correlative and represented only an increasgarnesene
critical roles in reducing scald in apples (Anet, 1974; Barden anith increasing ¢H,levels, we do not know whetheeifarnesene
Bramlage, 1994a, 1994b; Gallerani et al., 1990; Meir aadcumulation is regulated directly bytGor is just coincidental
Bramlage, 1988). Since accumulation cfarnesene occurs withits increase. In addition, althougkarnesene accumulation
primarily in the fruit cuticle (Huelin and Murray, 1966; Murrayand oxidation are associated closely with scald developmento
et al., 1964; Wee and Beaudry, 1997), the presence of antigkigle and D’'Souza, 1989; Whitaker, 1997), application of ethe-
dants within fruit cuticles could be an effective defense agaip$ion often induces an early increaseiifarnesene as well as
o-farnesene oxidation. In arecent study, Ju and Bramlage (1999Id reduction (Barden and Bramlage, 1994a, 1994b; Curry,
detected both lipid-soluble and hydrophilic antioxidants in ti®©94; Du and Bramlage, 1994, Lurie et al., 1989; Watkins et al.,
fruit cuticle, with the lipid-soluble antioxidants accounting fot993). Scrubbing (i, from the storage room can be either
only=10% to 15% (on a molar basis) of the total activity of lipiceffective (Dover, 1985; Knee and Hatfield, 1981; Shorter et al.,
soluble antioxidants in the fruit peel. This concentration neithE992) or ineffective (Chellew and Little, 1995; Lau, 1998) in
inhibits linoleic acid oxidation in a linoleic acid (oil-in-water)reducing scald. Since,B, scrubbing does not inhibit .8,
system, nor protectg-farnesene from oxidation in a hexandiosynthesis, ambient,8, levels may remain higher than the
solution (bulk oil). The hydrophilic antioxidants (phenolics)physiologically active concentration ofid; (Chellew and Little,
however, display antioxidant activity similar to that of DPA in 4995; Lau, 1998), and even when externdd s low, internal
linoleic acid system and higher activity than DPA in@n C,H, might be high enough to cause physiological changes. To
farnesene—hexane solution. The fruit cuticle is likely a water-iresolve these inconsistent or unclear resulid, @vels in fruit
oil emulsion rather than a totally lipophilic domain, as it iseed to be manipulated. AVG is an inhibitor of 1-amino-cyclo-
composed of lipophilic (wax), hydrophilic (pectin angropane-1-carboxylic acid synthase and has been used widely t
polycarbohydrates), and emulsifying (fatty acids or ursolic acihhibit C,H, biosynthesis in apples (Autio and Bramlage, 1982;
substances (Holloway, 1992). In this environment, hydrophiBangerth, 1978; Bramlage et al., 1980), providing a tool to
antioxidants like phenolics might be more important than teeplore the role of &,in regulatinga-farnesene accumulation
lipophilic antioxidants in inhibiting-farnesene oxidation. How- and affecting scald in apples.
ever, the relationships between cuticular phenolics @and  The objectives of this study were to 1) modify scald develop-

ment by harvesting fruit at different maturity, manipulating fruit
Received for publication 23 Oct. 1998. Accepted for publication 3 Jan. 2066?.H4 biosynthesis, and using storage rooms with different ambi-
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Materials and Methods Fruit maturity and scald evaluation
The green area of the fruit peel was estimated visually as the

Plant materials and treatments percentage of total fruit area. Flesh firmness was measured on two

The following experiments were conducted at the Horticuides of each fruit with a UC Firmness Tester (Western Industrial
tural Research Center of the University of Massachuse®sipply, Inc., Davis, Calif.) after the peel was removed. Starch was
Belchertown, Mass. evaluated by dipping one half of each fruit, cut at the equator, in an

AvG AND ETHEPHON. In 1993, a block of mature ‘Delicious’ jodine—potassium iodide solution for approximately 30 s. The
trees on Malling 26 (M.26) rootstocks growing under commercigégree of staining was rated on a scale of 1 to 9 where 1 = staining
horticultural management was selected and five, one- or two-tp¢ehe entire cut surface and 9 = absence of staining (Priest and
plots (depending on fruit load) were sprayed 9 Sept. with AMGugheed, 1988).
(Abbott Labs, Chicago, IIl.) at 1.0 mmot*H(200 mg-LtY) plus a At least 100 fruit were used in all scald evaluations. Scald was
surfactant (Regulaid, Kalo, Inc., Overland Park, Kan.) at 0.1% fgtorded both as percentage incidence and as intensity, using the
v) to runoff with a hand sprayer. Five nonsprayed plots servedasle of 0 = none, 1 = 1% to 10%, 2 = 11% to 33%, 3 = 34% to 66%,
controls. The 10 plots were arranged in a completely randomized 4 = 67% to 100% of the surface area affected. Intensity was
design. About 160 fruit per plot were harvested on 5 Oct., with d&lculated as mean score of the fruit with a score of 1 or higher.
being used to evaluate fruit maturity, another 10 to measure
internal GH,, a-farnesene, and conjugated trienes (CT281), amkasurement of ethyleneg-farnesene, and conjugated
the remaining fruit being placed in kraft paper bags and storedrienes
a commercial room in air at®C. At the same time, 50 fruit per  Ethylene was measured by gas chromatography with a 0.5 mm
AVG-treated plot were harvested and placed in alel¥;®°C, activated aluminum column and a flame-ionization detector (GC-
room (only AVG-treated fruit were present). At5, 10, 15, 20, a@@, Shimadzu, Tokyo, Japan). A sample of gas was taken from the
25 weeks, 10 fruit per sample from the commercial room wessre of each fruit using a 3-mL syringe with 1 mL being injected into
removed for GH,, a-farnesene, and CT281 measurement. Fraie column.
the low-GH, room, a composite 10-fruit sample was taken for Extraction and measurement @ffarnesene and conjugated
these measurements. Air samples from the lgi¥;@om were trienes were conducted according to the procedure of Du and.
taken regularly to detect ambiert levels. After 25 weeks of Bramlage (1993). Ten or 12 fruit were dipped individually in 150
storage, the remaining fruit were evaluated for scald (see belpwy) of high pressure liquid chromatograph (HPLC)-grade hexane 5
after 7 d at 20C. for 3 min each. Ultra violet absorbance of properly diluted hexane &

In 1995, 18 one- or two-tree plots were divided randoméiktracts was measured by spectroscopy (Model 200, Hitachi, To-
among three treatments: AVG at 1.1 mmdldpplied 12 Sept.; kyo, Japan) at 232, 281, and 290 nm. Concentratianashesene
ethephon at 1.4 mmolFL(200 mg-L?) (Rhone-Poulenc, AG, and CT281 in hexane extracts were calculated from OD232 (EI232
N.C.) applied 19 Sept.; and a control. Three hundred fruit fren27,700) and OD281 — OD290, respectively, according to Huelin - <
each ethephon-treated and control plot, and 600 fruit from eagldl Coggiola (1968). Data are presented on the basis of fruit surfaces
AVG-treated plot were harvested 28 Sept. Half of the AVGrea, calculated from volume assuming that the fruit are spheres. ©
treated fruit were stored in a lows, room (as in 1993) atC,
while the other half were maintained in a commercial air storageiit cuticle separation and phenolic measurement
with the ethephon-treated and control fruit 800 Fruit cuticles were separated by enzymatic digestion and pheno-

At harvest, 12 fruit per plot were used for maturity evaluatioligs in the cuticle were isolated and measured as described preV|-3
with the peels (removed with a mechanical peeler) being useddasly (Ju and Bramlage, 1999). Frozen fruit peels were warmed toy,
phenolic measurements. Another 12 fruit were used for interpal’C. Flesh on the peel was removed gently with a knife and the N
C.H,, a-farnesene, and CT281 measurements. At 1 to 6 mongeels were washed with distilled water. Discs were then cutfrom the &3
of storage, 12 fruit per sample were taken for measuddg G- peels with a 0.8-cm-diameter cork borer and incubated in 0.5 A
farnesene, and CT281. At 3 and 6 months of storage, anothem&ghanol (100%) : 1 water : 0.01 HCI (100%) (by volume) for 5 min
fruit were used for cuticular phenolic measurements. Ambigotremove phenolics from cells under the cuticle. After washing with
C,H,in both the commercial and low:, rooms was monitored distilled water, the discs were incubated in an enzyme solution
every month. Scald was evaluated after 5 and 6 months of storag®aining 2% (v/v) pectinase (365 units/L), 1% (w/v) cellulase (9.8
following 7 d at 20°C. units/mL), and 0.05% (v/v) pectin lyase (125 units/L) (Sigma, St.

Fruir MATURITY . In 1994, four, two-tree plots (replicates) in &ouis, Mo.) in acetate buffer at pH 4. After incubation atG%or
block of mature ‘Delicious’ trees were selected for a maturity ang h with constant shaking, the discs were removed and brushed
scald susceptibility study. From each plot, 230 fruit were hasarefully to remove adhering epidermal remnants. The liberated
vested 28 Sept. and 19 Oct., respectively. Ten of the fruit wetgicles were incubated a second time at@%n a new enzyme
used for maturity evaluation, 10 for internaHG a-farnesene, solution (with the same enzyme concentration) for another 24 h and
and CT281 measurement, and another 10 for cuticular phenahg remaining epidermal remnants were removed by brushing.
analysis. The rest of the fruit were maintained in air storage @#&mples were examined under a microscope to ensure there were no
°C. Internal GH,, a-farnesene, CT281, and cuticular phenoliaspidermal cells attached to the cuticular membrane. Cuticular
were measured after 15 and 25 weeks of storage. Scald mambranes were washed with distilled water and then with 0.27
evaluated after 25 weeks at®© plus 7 d at 20C. mol-L* (1%, v/v) HCI solution, dried at 3% for 24 h, and stored

In 1996, fruit were harvested 7 Sept. (early harvest), 28 Sept-4°C.
(middle harvest), and 19 Oct. (late harvest). Samples were asFree phenolics in the fruit cuticle were extracted in two steps.
sayed at 0, 15, and 22 weeks of storage, and scald was evalirited the fruit cuticle was extracted twice with hexane for 10 min.
after 22 weeks of 0C air storage plus 7 d at 2. The residue then was extracted twice with methanol (containing
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Table 1. Effects of harvest dates and storage duration on internal ethylenepstarchsene, and conjugated triene (CT281) accumulations, and
scald development of ‘Delicious’ apples in 1996.

Harvest Weeks Ethylene Starch o-Farnesene CT281 Scald
date in storage pL-L™ scoré (nmol-cn?) (nmol-cn?) (%)
7 Sept. 0 0 1.0 0 0
15 57 147 8.8
22 51 97 13.0 87
28 Sept. 0 1 2.1 0 0
15 72 155 5.8
22 53 115 7.2 51
19 Oct. 0 37 5.1 3 0.7
15 75 152 6.0
22 34 97 48 28
H arvest * *kkk NS *kkk *kk%k
Llnear ** *kkk NS *kkk *kk%k
Quadratic * NS NS NS NS
Storage *kkk *kkk *kkk
Llnear *% *% *kkk
Quadratic kkk okkk NS
Harvestx storage NS NS il

71 to 3 = immature; 4 to 6 = mature; 7 to 9 = overmature.
NS Nonsignificant or significant & < 0.05, 0.01, or 0.0001, respectively.

HClat0.27 mol-t) to produce solution I. The hexane extracts wenag to the starch score but had begun tié, Elimacteric rise, and
combined and then diluted with an equal volume of metharioé late-harvest fruit were mature with high levels of intergid}.C
(100%)—water—HCI (100%) (1:1:0.02, by volume) in a separatddnly the late-harvest fruit had detectattéarnesene at harvest.
funnel to form a two-phase system, hexane and methanol-wateinternal GH,, a-farnesene, and CT281 concentrations increased
The hexane layer containing wax was washed twice with HCl at OcRifing cold storage compared with harvest values (Table 1). Internal
mol-L™ and discarded. The methanol-water layer and HCl wasiCatl, anda-farnesene showed quadratic increases, while accumu-
0.27 mol-Lt were combined to form solution 1l. Solutions | and llation of CT281 increased linearly. There were no differenaes in
were combined and concentrated under reduced pressure. fareesene accumulation during the whole storage period among tha3
phenolics in the concentrate were purified on a silica gel coluthnee harvests, but delay of harvest reduced CT281 formation ando
chromatograph equipped with a UV detector (Retriever Il, Is@gald incidence.
Lincoln, Nebr.). The column was washed with hexane to removelnteractlons between harvest dates and storage durations wer%
wax contaminants and then with methanol to elute phenolics. Fnee significant for GH, anda-farnesene accumulation but were
phenolics were measured with the Folin-Ciocalteu method (Singl@mificant for CT281 formation, in that the early harvested fruit
ton and Rossi, 1965). accumulated the most while late harvested fruit accumulated the
The residue from the above extraction was refluxed for 12 Héast CT281 by the end of storage.
oxygen-free aqueous KOH at 0.53 mol{B%, w/v) to release the ~ FREE AND BOUND PHENOLICS IN CUTICLE OF FRUIT WITH DIFFERENT
bound phenolics in the cuticle, which were recovered in ether afteruriTy . Free phenolics increased in the cuticle with advanced
acidification with HCl at 2.74 mol-(Baker etal., 1982; Huelin andfruit maturity and linear regression was significant (Fig. 1A)
Gallop, 1951) and measured with the Folin-Ciocalteu proced@empared with early harvested fruit, free cuticular phenolics in-
(Singleton and Rossi, 1965). creased by about 80% in mid-harvest fruit, and by about 230% in <
late-harvest fruit. Advancing fruit maturation increased bound
Statistical analysis phenolic contents in the fruit cuticle by about 70% in mid-harvested
Data were subjected to analysis of variance and regression, whilikand 140% in late-harvested fruit (Fig. 1B). During cold storage,
pooled data were used for correlations, using SAS Statistical Sfsfie phenolics in fruit cuticle of all treatments increased in early
ware (SAS Institute, Inc., Cary, N.C.). In Tables 2 and 5, means wa@age, and then remained constant (Fig. 1A), but there were no
separated using Duncan’s multiple range té3&41.05. In figures, changes in bound phenolics in fruit cuticle of any treatment during
means were compared by Tukey's studentized rangeHtst (storage (Fig. 1B).
procedure) @< 0.05. Unless noted otherwise, only results signifi- EFFECTS OF ETHEPHON AND AVG ON FRUIT MATURITY AND CH,
cant atP < 0.05 are discussed. ACCUMULATION DURING COLD STORAGE. AVG treatment inhibited
C,H, synthesis at harvest to a very low level in both 1993 and 1995
Results (Table 2). Fruit firmness was higher and starch score was lower in
AVG-treated fruit than those in controls in 1995, but not in 1993.
FRUIT MATURATION , O-FARNESENE ACCUMULATION AND OXIDA-  Percentage green area of fruit peel was higher in AVG-treated fruit
TION,, AND SCALD DEVELOPMENT OF ‘DELICIOUS’ APPLES FROM DIFFER-  than that in controls in 1995. These differences indicated that fruit
ENT HARVEST DATES. Data from 1994 and 1996 followed the sammnaturity was delayed following AVG treatment in 1995. Con-
trends, so only data from 1996 are presented in Table 1. At harwastely, ethephon preharvest treatment increased intejHal C
internal GH, and starch scores indicated that the early-harvest fitgincentration and advanced fruit maturity at harvest.
were immature. The mid-harvest fruit were also immature accord-When stored in a low-El, room in 1993, AVG-treated fruit
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80 - A Free Phenolics 5 to 38uL-L- during storage, much
I HSDy o5 = 14.4 higherthan the internalB,in AVG-
60 - T Atharvest treated fruit. Internal €1, in ethep-
_ After 15 weeks of storage hon-treated fruit was higher than that
2 After 22 weeks of storage \ in controls at harvest and during the
= 40 - \ first 3 months of storage, but was
5 similar to thatin the control fruitthere-
‘o0 after.
E 20 H 7 EFFECTS OF ETHEPHON AND AVG ON
g / O-FARNESENE AND CT281 ACCUMULA -
5 0 TiIoN IN FruIT cuTicLE .. In t_he low-
£ 500 - CzH, room, a-farnesene in AVG-
§ treatitlj féwt' in 1995 v;/lazt%arsly de-
o3 B Bound Phenolics tectable uring months . Even
o 160 I HSDy o5 = 45.8 after 6 monthsq-farnesene concen-
E tration was only 8 nmol-cfi{Table g
S 120 A 4). In contrasty-farnesene startedto =
- Z accumulate in AVG-treated fruit only §
80 — 7 7 after 5weeksin 1993 (Table 3)witha =
/" final concentration of 51 nmol-cfn g
40 4 7 A \ In the commercial room, internal 3
7, 7 \\ N C,H, was lower in AVG-treated fruit @
0 7 / 7 / thanin control fruitin 1993, butthere =
was no difference io-farnesene ac- el
7 Sept. eri:s?z;e 19 Oct. cumulation between them (Table 3).  f
o-Farnesene increased greatly within =~ %
Fig. 1. Effects of fruit maturity and storage duration Ahftee andB) bound 5 weeks in both the control and AVG-treated fruit. In 1995, 3
phenolics in fruit cuticle of “Delicious’ apples in 1996. The interaction betwegh yagane jn AVG-treated fruit started to accumulate after 1 month &
harvests and storage times was significant. HSD = honestly significant differen 3

o%eStorage in the commercial room, and then increased rapidly to the®
level of control fruit at 3 months of storage (Table 4). Formation of &
contained <JuL-L™ internal GH, through 10 weeks of storagea-farnesene (Table 4) in ethephon-treated fruit paralleled internal 5
(Table 3). Internal ¢}, increased thereafter and reachgi® *at  C,H, synthesis (Fig. 2), increasing early in storage and decreasing.,
25 weeks of storage. In 1995, AVG-treated fruit accumulated otdye in storage. Overal-farnesene accumulation was similar in
0.5uL-L™* CH, at 6 months of storage when the fruit were storedéthephon-treated, AVG-treated, and control fruit during cold stor-
the low-GH, room (Fig. 2). Ambient ¢, levels both inside fruit age in the commercial room, but was much lower in AVG-treated
packages (kraft paper bags) and in the storage room were bétaiwin the low-GH, room.
detectable limits in both years in the lowHZ room (data not = Compared with the controls, ethephon treatment reduced CT281:
presented). accumulation (Table 4). AVG treatment reduced CT281 formation
In the commercial storage room in 1993, intern&l,Concen- when fruit were stored in the low.d, room, but not in the
tration in AVG-treated fruit increased from QR-L-* at harvestto commercial room.
3uL-Lafter 5 weeks of storage, and then increased steadily to 2ZEFFECTS OF ETHEPHON AND AVG TREATMENTS ON SCALD DEVELOP-
uL-L-tafter 25 weeks of storage (Table 3). In 1995, interstd) MENT . Preharvest AVG treatment and lowH( storage completely
AVG-treated fruit in the commercial room changed little during threvented scald development in ‘Delicious’ apples in both years
first 3 months of storage but increased slowly thereafter (Fig. @able 5). In the commercial storage room, AVG-treated fruit
reaching JuL-L- at the end of storage. AmbientH; around the developed 12% scald in 1993 and 92% scald in 1995 for similar =
fruit packages in the commercial storage room in 1995 ranged froaniods of storage, levels similar to those of the control fruit (13%
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Table 2. Effects of AVG and ethephon preharvest treatments on fruit maturation of ‘Delicious’ apples in 1993 and 1995.
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Starch Green area Firmness

scoré (%) (N)
1993
22a
22a
1995
Control 11b 37 21b 12b
AVG 0.0c 0 17c 19a 90.3a
Ethephon 31.3a 100 32a 6c¢C 77.4Db

7In 1993, trees were sprayed with AVG at 200 mben 9 Sept. and harvested 5 Oct. In 1995, trees were sprayed with AVG at 22band-2
Sept., with ethephon at 200 mgtbon 19 Sept., and harvested 28 Sept.

Y1 to 3 = immature; 4 to 6 = mature; 7 to 9 = overmature.

*Mean separation within columns for a specific year by Duncan’s multiple range 8t@5).

Internal ethylene
aL-L (% >1pL-L™

Treatment

Control 11.64a 44 a
AVG 0.3b 0Ob

79.2 a
79.2a

81.0b
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100 ~ —0— AVG-E and 87%, respectively). There was

O AVG-C I HSD. .. =103 no difference in scald score be-
—aA - Control 0.05 tween AVG and control treat-
80 — —7 - Ethephon v ments in a commercial storage in
—@— Ambient TN 1993, butthe scald score of AVG-

treated fruit in 1995 was higher
than that of control fruit (2.6 vs.
2.2) after 25 weeks of storage
(Table 5). Compared with control
or AVG-treated fruit in the com-
mercial room, ethephon treatment
reduced scald by about 50%.
EFFECTSOFETHEPHON AND AVG
TREATMENTS ON PHENOLIC CON-
TENTS IN THE cuTicLE . Ethephon
treatment increased but AVG
treatment decreased free and

Ethylene concentration (uL-L'])

0 =, -0 S — ; L4 -®  bound phenolics in cuticle com-
0 1 3 4 5 6 pared with the controls (Fig. 3A
Months at 0 °C and B). During cold storage, free

phenolics in the cuticle increased

ethylene concentrations in ‘Delicious’ apples in 1995. The interaction betw! f@?\é.ther)hon and control fruitin early storage, butnotin AVG-treated

treatments and storage conditions was significant. AVG-E and AVG-C represahit (Fig. 3A), regardless of the storage conditions. Bound pheno-
AVG-treated fruit stored in a low-ethylene room or a commercial roorigS in fruit cuticle remained unchanged in all fruit during storage
respectively. Ambient represents ethylene in air around the fruit packages irgﬁig_ 3B)_

commercial room. Control and ethephon-treated fruit were stored in the

commercial room. HSD = honestly significant difference.

Fig. 2. Effects of AVG and ethephon treatments or storage conditions on inte

Table 3. Effects of AVG on changes of internal ethylenaafadinesene concentrations in ‘Delicious’ apples at different storage conditions ih 1993.

‘Aiojoejgnd-poisd-awd-yiewssyem-jpd-aswid//:sdny wol pepeojumoq

Weeks EthyleneylL-L™) a-Farnesene (nmol-ch

at0°C Control AVG-C AVG-E Control AVG-C AVG-E
0 12 0.2 0.2 0 0 0

5 35 3 0.2 169 185 0
10 69 5 0.7 215 191 20
15 61 10 1.7 236 233 48
25 85 22 8.0 232 236 51
Llnear *kkk *kkk *kkk *kkk *kkk *%%
Quadratic NS NS xx * * NS

ZFruit were treated with AVG at 200 mgilon 9 Sept. and harvested 5 Oct. The interaction between treatments and storage times was significant
YAVG-C = fruit were stored in a commercial storage room. AVG-E = fruit were stored in a low-ethylene room.

NS Nonsignificant or significant @ < 0.05, 0.01, 0.001, or 0.0001, respectively.

Table 4. Effects of AVG and ethephon preharvest treatments on changismésene and CT281 in ‘Delicious’ apples during storage at different
conditions in 1995.

S$S900€ 93} BIA |0-60-G¢0¢ & /Wod

Months a-Farnesene (nmol-ch CT281 (nmol-cr)
at0°C Control AVG-C AVG-E Ethephon Control AVG-C AVG-E  Ethephon
0 0 0 0 24 0 0 0 0.4
1 43 11 0 171 0.5 0 0 0.8
2 87 42 0 165 24 0.8 0 1.1
3 162 149 0.1 196 35 2.9 0 1.6
4 186 146 0.3 193 5.7 4.1 0.1 1.6
5 171 173 13 147 6.8 5.4 0.1 25
6 138 141 8.1 96 8.2 7.3 0.3 34
Regression
Llnear *kkk *kkk *k% *%* *kkk *kkk NS *kkk
Quadratic ok rkk NS okkk NS NS NS NS

ZTrees were treated with AVG at 220 mg-tn 12 Sept. or with ethephon at 200 ntgdn 19 Sept. 1995. Fruit were harvested 28 Sept. and stored
at 0°C for 6 months. Control, ethephon-treated, and half of the AVG-treated fruit were stored in a commercial room, whilégiodtherAVG-
treated fruit were stored in a lows&, room (ambient ¢H, was below 0.5 mL 1! after 6 months of storage). The interactions between treatments
and storage were significant.

YAVG-C = fruit stored in commercial room; AVG-E = fruit stored in a low-ethylene room.

NS Nonsignificant or significant @ < 0.01, 0.001, or 0.0001, respectively.
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Table 5. Effects of AVG and ethephon preharvest treatments and different storage conditions on scald development of applesans 993

and 1995.
1993 1995

Scald after 25 weeks Scald after 20 weeks Scald after 25 weeks
Treatment % Scote % Score % Score
Control 134 1.0a 85a 23b 87 a 22b
AVG-C" 12 a 10a 90 a 26a 92 a 26a
AVG-E Ob 0Ob Oc 0d Oc od
Ethephon 40 b 18c 45b 18c

ZIn 1993, fruit were treated with AVG at 200 mg'bn 9 Sept. and harvested 5 Oct. In 1995, fruit were treated with AVG at 226t o112 Sept.,
with ethephon at 200 mg-Lon 19 Sept., and harvested 28 Sept. Scald was evaluated after cold storage and°Zd at 20

YScore: 1 = 1% to 10%, 2 = 11% to 33%, 3 = 34% to 66%, and 4 = 67% to 100% of surface area affected.

*Mean separation within columns by Duncan’s multiple range fest0(05).

WAVG-C = AVG-treated fruit stored in commercial room. AVG-E = AVG-treated fruit stored in low-ethylene room, where ambiemeethyl

concentration was below detectable limits during the whole storage period in 1993 and 1995.

Discussion

Results herein provide direct evidence thad,Gegulateda-

pooled, the correlations between free phenolic concentration in

cuticle and CT281 levels £ —0.83) or scald development—

0.61) were highly significant. Therefore, whilefarnesene accu-
farnesene accumulation in appledarnesene did not accumulatemulation and oxidation are inducing factors, the presence of pheno
if exogenous and endogenousi¢ievels were very low and it did lics in fruit cuticle could be an inhibiting factor for scald develop-

accumulate when exogenous or endogengdg€els rose (Tables ment. The effect of ethylene on scald development may be deter

3 and 4, Fig. 2)a-Farnesene was stimulated by ethephon antined by the balance between its stimulation-6érnesene and
inhibited by preharvest treatment of AVG. When AVG-treated frujliticular phenolics. For example, ethephon increasdinesene

were stored in a low-Ei,environment, both internal ethylene anéiccumulation in early storage (Table 4), but also increased fre
o-farnesene were maintained at very low levels (Tables 3 and 4, Bignolics in fruit cuticle (Fig. 3). This was accompanied by lower
CT281 accumulation and less scald development in ethephon-
Accumulation of free phenolics infruit cuticle also corresponde@ated fruit than in the controls (Table 5). Similar trends were found
to GH,levels. Free phenolics were higher in late harvested, higihen early and late harvested fruit were compared (Table 1, Fig. 1)

2).

C,H, fruit compared with early harvested, lowHg fruit (Fig.1),
and ethephon treatment increased free phenolics in fruit cutiglg 3. Effects of AVG and ethephon treatments A ftee and B) bound

while AVG treatment caused a reduction (Fig. 3). Early in highphenolics in the fruit cuticle of ‘Delicious’ apples at harvest and during storage
C,H, (commercial room) storage, free phenolics increased, esp&
cially in late-harvested fruit (Figs. 1 and 3). Thus, ethylene may pl
different scald-related roles during fruit ripening, as it induces

in fruit cuticle. While accumulation of
o-farnesene can increase fruit suscep-
tibility to scald (Ingle and D’Souza,
1989; Whitaker et al., 1997), accumu-
lation of free phenolics in fruit cuticle _
may increase resistance of fruit to= 40 -
scald due to their antioxidant activity 5
againsti-farnesene (Juand Bramlage,.”
1999). Du and Bramlage (1994) pro-
posed that ¢4, had a dual effect on =
scald, promoting it through formation g
of a-farnesene and suppressing it

60 =

A Free Phenolics

[ 1 Atharvest
777} After 13 weeks of storage
XY After 25 weeks of storage

I HSD, s = 5.5

_0°C in 1995. Fruit were treated with AVG at 220 mg-@n 12 Sept. or
hephon at 200 mg-Lon 19 Sept. Both AVG and ethephon-treated fruit were
arvested 28 Sept. The interaction between treatments and storage condition
- " > _was significant. AVG-E and AVG-C represent AVG-treated fruit stored in a
farnesene accumulation, yet stimulates free phenolic accumulati@-ethylene room or a commercial room. Control and ethephon-treated fruit
were stored in the commercial room. HSD = honestly significant difference.

through an effect on the types of oxi-
dation products formed. Our results &
provide evidence that free phenolics g
in fruit cuticle may be a suppressing.2
factor. As hydrophilic compounds,
they should be well positioned physi-
cally near the epidermal cells at the™ 80 -
base of the fruit cuticle , so as to
interfere with oxidation af-farnesene

200 +

ncentratio
<

160 —

120 -

Pheno

40 =

B Bound Phenolics

I HSD

0.05

23.4

and transmission of injurious oxida-

7

v,

tion products from the cuticle to the 0
cells under the cuticle, where scald
occurs. When all of the data were
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On the other hand, AVG inhibitedfarnesene production (Tables of aminoethoxyvinylglycine on internal ethylene concentration and storage of
3 and 4), which may reduce susceptibility of fruit, but also inhibited@pples. J. Amer. Soc. Hort. Sci. 105:847-851.
free pheno"cs (F|g 3), which may increase susceptibi”ty of fruit%e”ew, J.P._and C.R. Little. 1995. Alternative methods of scald control in
damage from oxidation of whateverfarnesene is present. The_ Granny Smith" apples. J. Hort. Sci. 70:109-115. -
performance of these AVG-treated fruit was also influenced Siry_,’E.A. }994. Pr’eharves_t applications of ethephon r.educe superficial scald of
storage condition. When they were stored in a lol;@om,a- uji’ and ‘Granny’ apples in storage. J. Hort. Sci. 6_9.1111—1116. ‘ ’
farnesene was maintained at a very low level during the WhB ver, _C..]Y._1985. Effects of ethylene removal during storage of‘ Bramley’s
' Y edling’ in controlled atmosphere storage and transport of perishable com-
storage period (Tables 3 and 4) and fruit did not develop scald (Taki@ities. Proc. 4th Natl. Controlled Atmosphere Res. Conf., Raleigh, N.C.
5). However, when they were stored in a commercial room wheus74-393.
ambient GH,was high (Fig. 2), fruit accumulated a high level-of Du, z. and W.J. Bramlage. 1993. A modified hypothesis on the role of conjugated
farnesene but not phenolics, and they developed at least as mtrines in superficial scald development on stored apples. J. Amer. Soc. Hort.
scald as the controls (Tables 3, 4, and 5). These results illustrate theit 118:807-813.
the balance between the effects gﬂ@n o-farnesene and free Du, Z. and W.J. Bramlage. 1994. Roles of ethylene in the. development of
phenolics in the fruit cuticle may play a critical role in determinirf}%f“Perf'?'a' scald in ‘Cortland’ apples. J. Amer. Soc. Hort. Sci. 119:516-523.
scald development in apples, which supports the hypothesis of DU, o e o P o e B ey superiil scaid Ad
and Bramlage (1994). Hort. Sci. 41441486, T
ReSU|tS_ also Squ?St thadH en_hancements @c'famesene Holloway, P.J. 1992. Plant cuticles: Physiological characteristics and biosynthe-
accumulation and cuticular phenolics are altered by fruit developss, p. 1-14. in K.E. Percy, J.N. Cape, R. Jagel, and C.J. Simpson (eds.). Air
ment. Prior to harvest and early in storagé],Gtimulated both  pollutants and the leaf cuticle. Springer-Verlag, Berlin.
constituents of the fruit. However, later in storage (more than H&lin, F.E. and 1.M. Coggiola. 1968. Superficial scald, a functional disorder of
weeks after harvest) phenolics did not increase despite high ambistuted apples. IV. Effects of variety, oiled wraps, and diphenylamine on
C,H.,levels (Fig_ 2 and 3)_ When the AVG-treated fruit were p|ace@0ncentration ofi-farnesene in the fruit. J. Sci. Food Agr. 19:297-301.
in a commercial room with high ambiend+G, their internal GH, Huelin, F.E. and I.M. (_:oggiola. 1970. Superfic_ial_scalc_i,_ afunct_ional disor_der of
levels increased to physiological levels within 5 (1993) and 18tore_d apples. V. Oxidation effarnesene and its inhibition by diphenylamine.
(1995) weeks, with concomitaatfarnesene and scald increaseﬁJ' Sci. Food Agr. 21:44-48.

uelin, F.E. and R.A. Gallop. 1951. Studies in the natural coating of apples. I.

Accumulation of internal &1,at these deveIOpmental stages alDp"’“’Iﬁreparation and properties of fraction. Austral. J. Sci. Res. B, 4:526-531.

er_1t|y did nOtl'ncrease_ Cu_t'CUIar phenollcs (Flg. 3)’ I'eavmg the, frHGeIin, F.E. and K.E. Murray. 1966. Farnesene in the natural coating of apples.
with less cuticular antioxidants to protect them against oxidation Qfature (London) 210:1260-1261.

o-farnesene, and thus they developed a level of scald similar to g, M. and M.C. D'Souza. 1989. Physiology and control of superficial scald of
in controls. apples: A review. HortScience 24:28-31.

Complete control of scald in this study by AVG preharvest, Z.G. and W.J. Bramlage. 1999. Phenolics and lipid-soluble antioxidants in
treatment and low-{E, storage provides strong evidence that ~ fruit cuticle of apples and their antioxidant activities in model system. Posthar-
farnesene accumulation in fruit cuticle is the initial factor that leadest Biol. Technol. 16:107-118. _ _
to the development of scald in apples (Huelin and Coggiola, lglé@e,e, M. and S.G.S. H_atfleld. 1981. Benefits of ethylene removal during apple -
1970; Huelin and Murray, 1966; Whitaker etal., 1997). In additiop;;orggf' ﬁggsAgfrl‘yilg‘la 23;22;‘\262‘]‘8!’3 no firmness and scald benefits to
g?«)genr?us. Q.H“ in the cor‘rér‘?er_ual I;)Iom In.duced.'fa(‘jmes.eneh ‘Golden Delicious’, ‘Delicious’ and ‘Spartan’ apples in low-oxygen storage.

iosynthesis in AVG-treated fruit (Table 3, Fig. 2), indicating t at 998, Proc. Washington. State Hort, Assn, 77—80
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