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The potential of postharvest dip treatments with fludioxonil (FLU) (a synthetic analogue of the bacterial
metabolite of pyrrolnitrin), in controlling postharvest decay caused by Penicillium digitatum and
Penicillium italicum of citrus fruit was investigated in comparison with the conventional fungicide imazalil
(IMZ). The ultrastructural changes of fruit epicuticular wax was investigated as a function of water
dip temperature, and the possible role of these changes was related to residue accumulation under
FLU treatment. Residues retained by fruit were determined as a function of fungicide concentration,
dip temperature, and fruit storage conditions. Scanning electron microscopy analysis revealed that
fruit dipping in water at 30 or 40 °C did not cause differences in cuticular wax’s ultrastructure in
comparison to control fruit, while treatments at 50, 55, or 60 °C caused the disappearance of wax
platelets, resulting in relatively homogeneous skin surface, due to partial “melting” of epicuticular
wax. Residues of FLU in fruit treated at 20 or 50 °C were significantly correlated with the doses of
fungicide applied. When equal amounts of fungicide were employed, the residue concentrations were
notably higher (from 2.6- to 4-fold) in fruit treated at 50 °C than in fruit treated at 20 °C. The dissipation
rate of FLU in “Salustiana” and “Tarocco” oranges was lower in fruit subjected to treatment at 50 °C.
The minimal FLU concentration for almost complete decay control in artificially wounded fruit during
7-d storage at 20 °C was 400 mg/L active ingredient (ai) in fruit treated at 20 °C and 100 mg/L ai in
fruit treated at 50 °C. Results on nonwounded Tarocco oranges subjected to 3 weeks of simulated
guarantine conditions at 1 °C, plus 6 weeks of standard storage at 8 °C and an additional two weeks
of simulated marketing period (SMP) at 20 °C revealed that almost complete decay control with FLU
applications of 100 mg/L at 50 °C and 400 mg/L at 20 °C resulted in ca. 0.8 mg/kg FLU fruit residues,
in agreement with results on wounded citrus fruit. When equal concentrations and temperatures were
applied, FLU treatments were as effective as IMZ. In vitro trials showed a low sensitivity to FLU
against P. digitatum and P. jtalicum isolates. MIC values for the complete inhibition of mycelium
growth were =100 ug/mL, while EDs, values ranged from 0.1 to 1 ug/mL for P. digitatum and from
1to >100 ug/mL for P. italicum. The latter result suggests that care should be taken to avoid exclusive
application of FLU in a sustainable program for management of fruit decay. However, integrating
fungicide application and hot water dip may reduce the possibility of selecting fungicide-resistant
populations of the pathogen, by increasing the effectiveness of the treatment.

KEYWORDS: Citrus fruit; disease control; hot water dip; fungicide treatments; fludioxonil; imazalil;
residues; fungicide resistance, phenylpyrrole

INTRODUCTION synthesis of novel active ingredients together with the knowl-
The increased interest in naturally occurring compounds as €dge of the structures and physical properties of some of these

a source of antimicrobial agents or as starting points for chemical ©©mpounds has prompted the synthesis of novel, broad-
spectrum, “natural mimetic” fungicides with different mecha-
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Figure 1. Chemical structure of pyrrolnitrin (a) and fludioxonil (b).

nism of action compared to other currently registered pesticides

for a given crop group 2). Pyrrolnitrin (igure l1a), for
example, a secondary metabolite Bdeudomonas pyrrocinia
(3), produced by variouBseudomonaspp. with a role in some
biocontrol systems, especially in the control of strawberry gray
mold (4, 5), is effective against a wide range of Mitosporic,
Ascomycete and Basidomycete fungi. However, pyrrolnitrin is
not suitable for use as an agricultural fungicide, because it is
highly photodegradable (6). By contrast, the phenylpyrrole
fludioxonil (FLU) (Figure 1b), a synthetic analogue of pyr-
rolnitrin developed for chemical control &otrytis cinerean
viticulture (7), is more resistant to sunlight than the naturally
occurring compound pyrrolnitrin. FLU is rated as “reduced risk”
toxicology by the US Environmental Protection Agengy. (It
inhibits spore germination, germ tube elongation, and mycelium
growth of B. cinereaand induces morphological alterations of
germ tubes (79). It is also active against other fungi, such as
Monilinia spp.,Sclerotiniaspp. (L0), andPenicillium expansum
(11, 12).

J. Agric. Food Chem., Vol. 53, No. 17, 2005 6719

100%), the samples being left for 20 min before each wash. The dried
samples were placed on aluminum stubs using silver conductive glue,
and a gold—palladium coating was applied with an Edwards S-150 A

sputter coater. Until observation, samples were stored in a vacuum-
dryer. SEM was carried out with a ZEISS DSM 962 microscope at 30

kV and 50—5000xmagnifications.

Influence of Fungicide Concentration and Treatment Temper-
ature on Residue LevelsOranges cv. Salustiana were subjected to
the following 3-min dip treatments: (a) treatment with a FLU/water
mixture containing 25, 50, 100, 200, or 400 mg/L active ingredient
(ai) at 20 or 50°C or (b) treatment with FLU/water mixture containing
150 mg/L ai at 20, 40, 50, or 6TC. Following treatments, fruit were
left to dry at room temperature for approximately 5 h and then peel
samples were taken and kept frozen-&t8 °C until analysis. All
treatments were performed on four replicates of six fruits per treatment.

Fludioxonil and Imazalil Analysis. ChemicalsAcetone and hexane
were of GC grade (Merck, Milan, Italy). Sodium chloride was analytical
grade (Carlo Erba, Milan, Italy). The active ingredients standards, FLU
(at 95%) and IMZ (at 97%), were purchased from Dr. Ehrenstorfer
(Augsburg, Germany). Stock standard solutions of the ai (500 mg/kg)
were prepared in acetone. Working standard solutions of ai were
prepared by diluting the stock solutions with the extract from the peel
of untreated fruit.

Extraction ProcedureFive fruits per replication were weighed, and
their peel was removed. The peel was weighed and its percentage with
respect to the whole fruit was calculated. It was then minced with a
mincing knife and homogenized. The samples were stored in a freezer
at —20 °C until analysis. For IMZ extraction, a 2.5-g aliquot of peel
sample was weighed in a 40-mL screw-capped tube; 20 mL acetone/

The degradation trend of FLU has been investigated in grape hexane mixture (1/1, viv) ah6 g of NaCl were added. For FLU

after standard field treatmentk3) and in lettuce and table grape
under field conditions and during refrigeratid). Using model
systems, Garau et all§) elucidated the mechanism of disap-
pearance of FLU residues from tomatoes grown in a commercial
greenhouse.

The present study aimed at estimating (a) the influence of

fungicide concentration and temperature on the pattern of active-

extraction 5 g of homogenized sample was weighed in a 40-mL screw-
capped flask to which 10 mL of acetone/hexane (1/1) Gug of NaCl
were added. Then, the mixtures were agitated in a rotary shaker for 20
min. Subsequently, the phases were allowed to separate and the organic
layer was injected in GC for the analysis without any cleanup step.
Apparatus.A TQ Trace gas chromatograph, coupled with a NPD
80 detector, a split/splitless injector, and a AS200 autosampler (Termo
Quest, Milan, Italy) was used. The column was a fused silica capillary

ingredient uptake and persistence in oranges subjected topg 5 Ms (30 mx 0.25 mm i.d.; 0.25m, J & W Scientific, Folsom,

postharvest dip treatment with FLU; (b) the ultrastructural
changes of fruit epicuticular wax as a function of water dip

CA). The injector and detector temperatures were set at 200 and 300
°C, respectively. The sample (2.) was injected in splitless mode (30

temperature and the potential significance of these changes fors). The oven temperature was programmed as follows:°C1@ min),

fruit residue accumulation under FLU treatment; and (c) the
effectiveness of postharvest dip treatments with FLU in
comparison to the fungicide imazalil (IMZ), which is widely

raised to 310C (at 20°C/min). Helium was the carrier gas and tie
make up at 1.1 and 15 mL/min, respectively. NPD conditions were as
follows: source current, 2.8; polarization voltage, 3.5. Oxygen and H

used on a commercial scale to control green and blue molds off10Ws Were at 60 and 2.3 mL/min, respectively.

citrus fruit.

MATERIALS AND METHODS

Fruit. Oranges [Citrus sinensif..) Osbek] cvs. Salustiana and
Tarocco, lemonsitrus limon (L.) Burm.] cv. Eureka, grapefruits
[Citrus paradisi(Marcf.)] cv. Marsh Seedless, clementine mandarins
[Citrus reticulata(Blanco)] cv. Monreal and mandarins cv. Palazzelli
and Tardivo di Ciaculli were hand-harvested in the middle of the harvest

Recoery AssaysSamples of untreated citrus peel were fortified with
appropriate volumes of stock standard solutions to reach concentrations
of 0.1, 0.5, and 1 mg/kg. The samples were allowed to settle for 30
min prior to extraction and then processed according to the above
procedure. Average recovery from four replicates showed values of
FLU ranging from 84 to 96% with a RDS of 6% while IMZ ranged
between 87 and 102% with a RDS of 7%.

Storage Response to Fludioxonil and Imazalil TreatmentsAssays
with Wounded FruitTrials on wounded fruit were performed to favor

season from an experimental orchard located in central western Sardiniathe development of green and blue mold pathogens. Fruits were

(Italy), receiving standard horticultural practices. Fruits were placed
in plastic trays and delivered to the laboratory immediately after harvest.
Then, 40 fruits of medium size and free from rind defects were selected,
numbered, returned to each box and left overnight atQ0

Scanning Electron Microscopy (SEM) AnalysisSEM analysis was

wounded by four slits (3« 3 mm) equatorially, at the four opposite
sides, and kept at 20C for 24 h before treatments. To assess the
minimal concentration of fungicide for controlling decay, Monreal and
Palazzelli mandarins were subdivided into 10 treatment groups corre-
sponding to 3-min dipping treatment in water containing 0, 50, 100,

performed on oranges cv. Salustiana subjected to 3-min dipping in water 200, or 400 mg/L ai FLU at 20 or 560C. On the basis of results on

at 20, 30, 40, 50, 55, and 6@. Samples of five fruits per treatment
were used for SEM analysis. Two rind samples(2 cm) were excised
with a new razor blade from the equatorial zone of each fruit and
immediately fixed in a phosphate buffer (pH 7.4) containing 3%
gluteraldehyde. They were then kept &t@ until further preparation.
The fixed tissue was rinsed three times in phosphate buffer (pH 7.4)
and then three times in deionized wat€hey were dried by washing
with increasing concentrations of ethanol (20, 50, 70, 80, 95, ard 3

Monreal and Palazzelli mandarins, treatment groups for wounded
Tarocco oranges, Eureka lemons, Tardivo di Ciaculli mandarins, and
Marsh Seedless grapefruits were six, corresponding to the following
treatments: water treatment at 20 or at 50°C, FLU or IMZ at 400
mg/L and 20°C, FLU or IMZ at 100 mg/L and 50C. Following
treatments, fruit were left to dry at room temperature. Finally, the fruits
were moved to a storage room and kept af€0and ca. 90% relative
humidity (RH), and the percentage of rotten fruit was determined after
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1 week. Dip treatments were performed as described elsewhere in detailvax structure have been observed in “Fortune” mandarins

(16). Each treatment was performed on three replicates of 40 fruit. subjected to hot water dipping at temperatures ranging from 50
Assays with Sound FruiDranges cv. Tarocco were grouped into  to 54 °C, while higher temperatures (568 °C) caused an

six treatment groups (five fruit boxes per treatment, forty fruits per apparent removal of epicuticular wax (19).

box), corresponding to the following 3-min dip treatments: (}PHat Influence of Fungicide Concentration and Treatment

20 °C (control), (II) FLU at 400 mg/L and 20C, (lll) IMZ at 400 . .
mg/L and 20°C, (IV) H,0 at 50 °C, (V) FLU at 100 mg/L and 5T, Temperature on Residue Level and Persistencéfter FLU

(V) IMZ at 100 mg/L and 50°C. Fungicide concentrations refer to  treatment with 25 mg/L at 20C, the residue uptake was 0.17
active ingredient. Treatment groups for Salustiana oranges were fourmg/kg (ai, on a whole-fruit basisf{gure 3). A double fungicide
(two fruit boxes per treatment), not including water treatments at 20 concentration (50 mg/L FLU) did not produce a significant
or 50°C. Following treatment, fruit were left to dry at room temperature increase in residue uptake compared to the treatment with 25
for approximately 5 h. Salustiana oranges were used only for FLU mg/L FLU, whereas significant increases of residues were
residue analysis, carried out after treatment (time 0) and after 3 weeksrecorded when the application rate increased from 100 to 400
at 17°C. Each treatment group of Tarocco oranges was divided into mg/L. A nonlinear (cubic) relationship regression equati@h (
o ubgroup: Tce rplctetboses o e s suboup ere 0,550, < 0.0001) was foun between th resiue vl

! ’ " in the fruits and the amount of fungicide employed at°2D

treatment damage, and external fruit qualiys). The fruits of the . . . .
remaining group were used for FLU and IMZ residue analysis. Finally, Accordingly, residues of FLU in fruit treated at SC were

the fruits were moved to a ventilated room and kept at cold quarantine Significantly correlatedR? = 0.93654 P < 0.0001) to the doses
conditions at 1°C for 3 weeks, applied to comply with quarantine  Of fungicide applied and described a nonlinear (cubic) regression
regulations to prevent the spread of fruit flies within flesh frdit. equation, but residue levels were remarkably higher (from 2.6-
After quarantine, fruit were stored for 6 weeks at®. Fruits were to 4-fold) than those left by the treatments at°ZQ

then held at 20C for 2 weeks to simulate a 2-week marketing period It has been reported that following dip treatment with IMZ

(SMP). Relative humidity during quarantine, storage, and SMP Was o yniahendazole (TBZ) fungicides at temperatures ranging from

set at 90%. o . - . .
20 to 50°C residue levels in oranges is closely related to dip

In Vitro Assays.Monosporic isolates oP. digitatum (Saccardo: "

. - temperatures. (20). Treatment at 8D produced a deposition
F ded PD-8, PD-5, and PD-a) dndital Weh ded .

ries) (code an a) dndtalicumWehmer (code of IMZ and TBZ ca. 8- and 2.5-fold higher than that of

PI-4, PI-7, and PI-b) were obtained from rotten oranges cv. Tarocco :
harvested in an orchard located in central western Sardinia (ltaly) and treéatments performed at 2@ (20). Results of this study showed
cultured on potato dextrose agar (PDA, Merck) amended with strep- that no Slgnlflcant differences in residue levels were recorded
tomycin sulfate and oxytetracycline hydrochloride (#0Q00ug/mL) after FLU treatments at 20 and 4CQ (Figure 4). Conversely,
to prevent growth of bacterial contaminants. Sensitivity to FLU (Savior FLU treatment at 50 and 61 produced a deposition that was
Flowable 20, 20% ai, Syngenta) and IMZ (Deccozil 50, 44.66% ai, approximately 2.5- and 5-fold higher than deposition from
EIf Atochem, Janssen Pharmaceutica N. V., Beerse, Belgium) was testedreatment at 20°C. Residues of FLU were significantly
at the final concentration of 0.1, 1, 10, and 1a§/mL ai. Fungicides correlated (R = 0.90050,P =< 0.0001) with dip temperature
were added to molten PDA at 4, as 1000-fold concentrated aqueous 5 gegcribed a nonlinear (cubic) regression equation. It is
suspension. Plugs (8 mm diameter) of PDA were cut with a sterile . . . . .
possible that physiological and structural changes in the rind

cork borer from actively growing cultures of the different isolates and . . . . . .
transferred to fungicide-containing media (three plugs per plate). The May have contributed to the increase in FLU residues in fruit

radial growth of the fungus was counted after&ld of incubation at treated at 50 and 68C.

25°C. The results are expressed as 50 % effective dosage)(&m Marin et al. (L4) reported that when FLU is applied as a
minimum inhibitory concentration (MIC, minimum concentration of preharvest spray, dissipation rates in lettuce and grapes are
the antimicrobial agent in a given culture medium that completely notably higher in the field than under storage conditions at 4
inhibits microbial growth) values img/mL ai afte 8 d of growth at ¢ iy dark. Our results reveal that the dissipation rate of FLU

25°C. The experimentincluded three replicate plates for each isolate/ j, go;stiana oranges was dependent on treatment temperature
substrate combination and was repeated twice.

Statistical Analysis.Analysis of variance (ANOVA) was performed Iigﬁov:v?r?gnﬁ’?gr)r/]:aory:uiqr{ rzg; urgjgeltt?:dLE) gf gg:neanr;[ da';_%%
by Statgraphics (Manugistics, version 5 Professional, 2000) statistical o . . .
program, according to a single factor, randomized complete block mg/L FLU at 50°C, mean valugs of residue levels in fruit were
design. Percentages were subjected to arcsin-square-root or squarel-30 and _1-53 ”_‘Q/kgg respectively. After 3 weeks of storage at
root transformation before the ANOVA, depending on the range of 17 °C residues in fruit treated at 20 and 30 were about 38
variation of data 18). Mean comparisons of the effects of treatments and 57% of their initial concentrations, respectivelyiglire
were calculated, where applicable, by Tukey's tést< 0.05. To 5). Following treatment with 400 mg/L FLU at 2@, Tarocco
determine the pattern of ai accumulation in fruit, plots of residue uptake oranges had similar residue levels than fruit treated with 100
against dip temperature or fungicide concentration were computed for mg/L. FLU at 50°C (Table 1). Conversely, fruit treated with
each data set, and the maximum squares of correlation coefficients foundloo mg/L IMZ at 50°C resulted in significantly higher residues

were used to determine the equation of best fit curve. than in fruit treated with 400 mg/L IMZ at 20C. Both
fungicides had a greater persistence when they were applied at
RESULTS AND DISCUSSION 50 °C. The lower dissipation rate in fruit treated at 8D than
in fruit treated at 20°C may be ascribed to the better
Scanning Electron Microscopy (SEM) Analysis.The ul- encapsulation of the ai by epicuticular wax as a result of the
trastructure of the epicuticular wax of control fruit exhibited Mmelting of the wax platelets during treatment with heated
the typical wax layers in the form of rough plateleEgure fungicide, thereby providing better protection against the
2A). Fruit dipping in water at 30 or 40C did not cause  chemical.
noticeable differences in cuticular wax’s ultrastructUrey(re Storage Response to Fludioxonil and Imazalil Treatments.

2B,C). By contrast, treatment at 50, 55, or 80 caused the  Assays with Wounded Fruithe predominant fungal pathogen
complete disappearance of wax platelets as a result of partialresponsible for decay in wounded fruit was green mdtd (
“melting” of the wax and a skin surface that appeared relatively digitatum). Fruit infected byP. italicum were observed only
homogeneous (Figure 2D—F). Similar changes in epicuticular occasionally, and no decay due to other pathogens was detected
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Figure 2. Scanning electron microscopy of epicuticular wax: of Salustiana oranges following 3 min dipping in water at 20 °C (A), 30 °C (B), 40 °C (C),
50 °C (D), 55 °C (E), or 60 °C (F).

(data not shown) The effectiveness of FLU against decay in It has been reported ) that FLU, at a concentration of 100
wounded PalazzellRigure 6) and Monreal mandaringigure ug/mL ai, effectively controlled blue mold caused by TBZ-
7) increased with increasing fungicide concentrations. With sensitive and -resistant isolates Bf expansun{Link) in the
respect to fruit dipped in water at 2C, treatment with FLU at cotreatment and postinoculation treatment on “Empire” and
50 mg/L and 20C provided approximately 62 and 64% decay “Gala” apples. Later studies24) have proven that FLU
control in Monreal and Palazzelli, respectively. When higher treatments have both curative and protective activity against blue
concentrations of fungicide were supplied, the percentage of mold caused by. expansunon apples. A concentration of 300
rotten fruit decreased as the fungicide level increased: FLU mg/L completely suppressed TBZ-resistant and -sensitive strains
treatment at 400 mg/L and 2C resulted in approximately 93%  of P. expansunm Empire apples kept for 105 d under controlled
decay control in Palazzelli and in almost complete control of atmosphere at 2C or 42 d in standard storage conditions at 4
decay in Monreal mandarins. When equal fungicide concentra- °C, whereas 450 mg/L were required to achieve complete control
tions were used, treatments at 8D were more effective than  of blue mold during the further 6 d of simulated shelf-life
at 20°C. The increased efficacy of FLU treatment at 8D conditions at 20C (24). Results of this study on wounded citrus
compared to treatments at room temperature was related to thdruit confirmed those results and revealed that FLU and IMZ
synergistic effect of heat, enhanced active ingredient uptake, treatments similarly suppressed decay development upon ap-
and diffusion of ai in the cuticular wax20—23). The minimal plication of equal active ingredients and temperatures. In
concentration of 100 mg/ L ai FLU at 50 provided almost comparison with fruit dipped in water at 2GC, hot water
complete control of decay, i.e., 4-fold less than treatment at 20 treatment provided some measure of decay control, depending
°C. on species: it was nonsignificant in Palazzelli mandarins, but
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Figure 3. Influence of fludioxonil (FLU) concentration on residue levels
(mg/kg on a whole-fruit basis) in Salustiana oranges following treatment
with FLU-based commercially available fungicide mixture at 20 or 50 °C.
The fungicide concentrations refer to active ingredient (ai). Treatments
are 3-min dip followed by air-drying of dipped fruit. Vertical bars indicate
standard deviation (n = 4). Within each treatment temperature, different
letters indicate statistical differences as per Tukey's test, P < 0.05.
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Figure 4. Influence of dip temperature on fludioxonil (FLU) residues (mg/
kg on a whole-fruit basis) in Salustiana oranges, following treatment with
150 mg/L FLU-based commercially available fungicide mixture. The
fungicide concentrations refer to active ingredient (a.i.). Treatments are
3-min dip followed by air-drying of dipped fruit. Vertical bars indicate
standard deviation (n = 4). Different letters indicate statistical differences
as per Tukey's test, P < 0.05.
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Figure 5. Fludioxonil residues (on a whole-fruit basis) in Salustiana
oranges following 3-min dip treatment (time 0) and 3-week simulated
marketing period at 17 °C. Vertical bars indicate standard deviation (n =
4). Within each treatment, different letters indicate statistical differences
as per Tukey's test, P < 0.05.

it was effective in the other fruit sampleEigures 6 and 7,
Table 2).

Schirra et al.

Table 1. Fludioxonil and Imazalil Residues (on a whole fruit basis) in
Tarocco Oranges following 3-min Dip Treatment (time 0) and after
Cold Quarantine for 3 Weeks at 1 °C, Subsequent Standard Storage
for 6 Weeks at 8 °C, and a 2-Week Simulated Marketing Period
(SMP) at 20 °C

fungicide residues (mg/kg)®

treatments® time 0 SMP
400 mgl/L fludioxonil at 20 °C 0.57 a(a) 0.25 a(b)
100 mg/L fludioxonil at 50 °C 0.77 a(a) 0.49 a(b)
400 mg/L imazalil at 20 °C 0.76 a(a) 0.42 a(b)
100 mg/L imazalil at 50 °C 1.10 b(a) 0.75 b(b)

aTreatments are 3-min dips followed by air-drying of dipped fruit. #In each
row or column grouping, mean separation was by Tukey's test, P < 0.05. Letters
without parentheses relate to comparisons of the effects of treatments, within each
storage time. Letters in parentheses relate to comparisons of the influence of storage
time, within each treatment.
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Figure 6. Effect of postharvest treatment in water or FLU-based

commercially available fungicide mixture, at 20 or 50 °C, on decay
development in artificially wounded Palazzelli mandarins after 1 week of
storage at 20 °C. The fungicide concentrations refer to active ingredient
(ai). Treatments are 3-min dip followed by air-drying of dipped fruit. Vertical
bars indicate standard deviation (n = 4). Within each treatment
temperature, different letters indicate statistical differences as per Tukey's
test, P < 0.05.

50
I a s Dip 20 °C 1
40 r — Dip 50 °C
Kot
% 4
Q b
8 20 - bc
10t b-d
L bd 4 b-d _
N 0E & <.
0 : . '
0 50 100 200 400

Fludioxonil concentration (mg/L a.i.)

Figure 7. Effect of postharvest treatment in water or FLU-based
commercially available fungicide mixture, at 20 or 50 °C, on decay
development in artificially wounded Monreal clementines after 1 week of
storage at 20 °C. The fungicide concentrations refer to active ingredient
(ai). Treatments are 3-min dip followed by air-drying of dipped fruit. Vertical
bars indicate standard deviation (n = 3). Within each treatment
temperature, different letters indicate statistical differences as per Tukey's
test, P < 0.05.

Assays with Sound FruitNo decay development was with fungicides, respectively (data not shown). After the
observed during cold quarantine and there was very little rotting subsequent 1 and 2 weeks of SMP, the decay incidence in
at the end of storage, the percentage rates being 4.2, 2.5, andontrol fruit (mainly caused by. digitatun) was 10% and
0% in fruit subjected to treatment in water at 20 and°&0or 16.7%, respectivelyTable 3); after 1 week of SMP, there were
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Table 2. Influence of 3-min Dip Treatments with Water, Fludioxonil, or
Imazalil on Decay Incidence in Artificially Wounded Tarocco Oranges,
Eureka Lemons, Tardivo di Ciaculli Mandarins, and Marsh Seedless
Grapefruits after 7 d at 20 °C

decay (%)?
Tardivo di Marsh
Tarocco  Eureka Ciaculli Seedless
treatments? oranges lemons  mandarins  grapefruits
H,0 20 °C 80.5a 19.3a 99.3a 389a
H,0 50 °C 12.7b 125b 38.7b 13.2b
400 mgl/L fludioxonil 20 °C 0.0c 0.2c 40c 3.3bc
100 mg/L fludioxonil 50 °C 0.0c 02c 33¢c 04c
400 mg/L imazalil 20 °C 0.0c 10c 13c¢ 22¢
100 mg/L imazalil 50 °C 0.0c 0.0c 27¢ 04c

aTreatments are 3-minute dips followed by air-drying of dipped fruit. The
fungicide concentrations relate to active ingredient. © Different letters denote
significant differences within a column group at P < 0.05 by Tukey's test.

Table 3. Influence of 3-min Dip Treatments with Water, Fludioxonil, or
Imazalil at 20 or 50 °C on Decay Incidence in Tarocco Oranges
Subjected to Cold Quarantine for 3 Weeks at 1 °C, Subsequent
Standard Storage for 6 Weeks at 8 °C, and Simulated Marketing
Period at 20 °C for 1 Week (SMP1) or 2 Weeks (SMP2)

decay (%)°

treatments® SMP1 SMP2
H,0 20 °C 10.0a 16.7 a
H,0 50 °C 7.5ab 10.8a
400 mgl/L fludioxonil at 20 °C 7.5ab 10.0 ab
100 mg/L fludioxonil at 50 °C 0.8b 3.3bc
400 mg/L imazalil at 20 °C 0.8b 25¢
100 mg/L imazalil at 50 °C 0.8b 3.3bc

2 Treatments are 3-min dips followed by air-drying of dipped fruit. ® Within each
storage period different letters denote significant differences by Tukey's test, P <
0.05.

no significant differences between hot water dipping and
fungicide treatment. However, after the second week of SMP,
treatments with 400 mg/L IMZ at 26C or with heated FLU
and IMZ at 50°C were more effective, with only 2:53.3%
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Table 4. Effectiveness of Fludioxonil and Imazalil Fungicides against
Colony Growth of Three Isolates of Penicillium digitatum (PD) and
Three Isolates of Penicillium italicum (P1)2

fludioxonil imazalil
isolate EDso MIC EDso MIC
PD-8 1 >100 >0.1to<1 1
PD-5 1 100 >0.1to<1 1
PD-a 0.1 >100 >0.1to<1 1
PI-4 100 >100 0.1 1
PI-7 >1t0<10 >100 >0.1to<1 10
Pl-b >100 >100 >0.1to<1 10

@ Results are expressed as EDsy and MIC values («g/mL) after 8 d of incubation
at 25 °C on fungicide-amended potato dextrose agar.

ment or sporulation was not inhibited when mycelial fragments
or conidia were transferred to PDA containing 2@9mL FLU.
Moreover, 10 randomly chosen FLU-insensitive mutant® of
italicumandP. digitatum, respectively, did not exhibit reduced
aggressiveness toward artificially inoculated orange fruit (data
not shown). The in vitro selection of FLU-insensitive mutants
has been described in different fungi, such Aspergillus
nidulansand B. cinerea(25), and field isolates oflternaria
spp. exhibiting high levels of resistance to both dicarboximide
and phenylpyrrole fungicides were recently reporté&s)(
Further characterization dPenicillium spp. FLU-insensitive
mutants is now being carried out to ascertain the exact nature
of this feature and shall be published elsewhere.

The high effectiveness of IMZ was confirmed by in vitro
tests, where EB was 0.1—1ug/mL and MIC values were
included between 1 and 1L@/mL for the tested isolates of both
pathogens (Table 4).

Conclusions. The present study depicts the effect of FLU
concentration and temperature on the pattern of active-ingredient
uptake and persistence in citrus fruit subjected to postharvest
dip treatment and demonstrates that FLU applied atG0s
effective in controlling green and blue mold in citrus fruit. The
lowest threshold of FLU residue concentration in fruit capable
of achieving an effective control decay was ca. 0.8 mg/kg, which
is notably lower than the maximum residue limit (10 mg/kg)

decay incidence, than either hot water or FLU treatment at 20 fixeq in the United States for citrus frui27), and was achieved
°C. Thus, in agreement with the results observed on woundedpy treating with 400 mg/L FLU at 20C or with 100 mg/L

fruit, almost complete control of decay was achieved with 100
mg/L FLU at 50°C, with a residue level, following treatment,
of ca. 0.8 mg/kg Table 1).

After 2-week SMP, the percentage of fruit with slight,
moderate, and severe chilling injury (CI) in control fruit was
2.5, 4.2, and 15%, respectively (data not shown). FLU and IMZ
applied at 20°C did not significantly affect the expression of
Cl and were as effective as hot water when applied atG0

FLU at 50°C.

Given the favorable toxicological profile of FLU and the low
effective dose (and residues) needed to control green and blue
mold in citrus fruit, this natural mimetic compound may
represent a useful option in reducing postharvest losses of citrus
fruit when the use of previously registered fungicides such as
TBZ and IMZ is off-set by the selections of TBZ- and IMZ-
resistant strains. However, the frequent appearance of insensitive

(data not shown). No treatment-dependent effects were recordedytants of bottP. italicumandP. digitatumon FLU-amended
on fruit external appearance and organoleptic (flavor and taste)sypstrate suggests that care should be taken to avoid exclusive
acceptance during storage and SMP (data not shown). Thereforeapplication of FLU in a sustainable program for management

optimum FLU treatment conditions, 400 mg/L a.i. at 2D or
100 mg/L a.i. at 5CC, resulted in considerable decay control
without compromising fruit quality during storage and SMP.
In Vitro AssaysDespite the effectiveness demonstrated by
FLU under in vivo trials, all the teste®. digitatumand P.
italicum isolates presented a low sensitivity to this fungicide
when tested in vitro. MIC values determining complete inhibi-
tion of mycelium growth were-100ug/mL, while EDsg values
ranged from 0.1 to kg/mL for P. digitatumand from>1 to
>100ug/mL for P. italicum(Table 4). After 8 d ofincubation
on FLU-amended PDA, resistant sectors of mycelial growth

arose frequently from the colonized plugs, and fungal develop-

of fruit decay. Integrating fungicide application and hot water
dip may reduce the possibility of selecting fungicide-resistant
populations of the pathogen, by increasing the effectiveness of
the treatment.
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