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Two roads diverged in a yellow wood,
And sorry I could not travel both

And be one traveler, long I stood

And looked down one as far as I could
To where it bent in the undergrowth;

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there
Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.
Oh, I kept the first for another day!
Yet knowing how way leads on to way,
I doubted if I should ever come back.

I shall be telling this with a sigh
Somewhere ages and ages hence:

Two roads diverged in a wood, and I—
I took the one less traveled by,

And that has made all the difference.

Robert Frost
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Resumen

Los citricos Citrus spp. fam. Rutaceae) son la fruta mas consumida a
nivel mundial y se cultivan en mas de un centerapaises. Durante el
manejo en poscosecha, la mayor parte de las pérdidadeben a
enfermedades fungicas, que durante décadas seoh@alado mediante
tratamientos con fungicidas de sintesis. Sin enghasy uso esta
continuamente mas restringido por parte de losiloigtlores y cadenas
de supermercados, que reducen el Limite Maximoeteddos (LMR) a
un tercio del establecido o incluso prohiben el dsaiertos fungicidas.
Esto ha provocado la pérdida de eficacia de logrtigntos y el
desarrollo de cepas de patdgenos resistentes dutggcidas. Se
necesitan, pues, alternativas para sustituir o awanbcon el uso de
fungicidas de sintesis. El objetivo de este trahagoevaluar tratamientos
alternativos contra las podredumbres verde y araljsadas por
Penicillium digitatum(Pers.: Fr.) Sacc. Renicillium italicumWehmer,
respectivamente. Aditivos alimentarios y sustan@G&AS se probaron
en ensayodn vivo preliminares contra los mohos verde y azul. El
benzoato sddico (BS; Capitulo 1) y el sorbato podéa&SP; Capitulo 2)
fueron los mas eficaces. Bafios de 60 s en 3% @&®8v)sobre 50°C
redujeron en un 90% la incidencia de las podredamierde y azul en
naranjas ‘Valencia Late’ tras 7 dias a 20°C. Estammientos fueron
también efectivos en naranjas ‘Lanelate’, limoneiso’ y mandarinas
hibridas ‘Ortanique’, pero no en mandarinas ‘Clentesi. La
combinacion de barfios calientes de BS con dosis dajamazalil (IMZ)
fueron sinérgicas. Esta combinacion redujo la gl de las
podredumbres verde y azul en casi el 100% en rearaviplencia Late’
tras 8 semanas a 5°C y 7 dias a 20°C. Bafos de6@FCadurante 30 o
60 s, redujeron las dos podredumbres en un 205@580 o0 95% en
mandarinas ‘Clemenules’, ‘Nadorcott’, limones ‘Finanandarinas
‘Ortanique’ 0 naranjas ‘Valencia Late’, respectiveate. Tras 60 dias a
5°C, las podredumbres verde y azul en naranjaei\# Late’ tratadas
con SP a 62°C durante 60 s se redujeron en un 983%,
respectivamente. En ensayos semicomerciales codamaas ‘Marisol’,
la combinaciéon SP+IMZ a 20°C permitié una bajadmificativa de la
dosis de IMZ sin perder eficacia contra la podrebiaverde. Un nuevo
método colorimétrico que empled la extraccion d® & la fruta
macerada, seguido de una reaccion con acido Zkitdbiao (Capitulo 3)
mostré que en naranjas tratadas con SP almaceaddd€, los residuos



Resumen

descendieron rapidamente al inicio y lentamente tagde, hasta que
dejaron de descender tras 6 dias. Un doble acladgudo con agua
corriente inmediatamente después de la inmersiélindmes en SP al
2% (p/v), elimind mas del 90% del residuo de SPlaizhdo con agua a
presion (HPWW) un dia tras el tratamiento con $fiedb mas del 73%
del residuo de SP. Mandarinas ‘Nadorcott’, ‘Clemesuy ‘Ortanique’,
y naranjas ‘Valencia Late’ se inocularon artifion@nte, y se expusieron
24 h después a aire (control), 15, 30, 50 0 95&Ba 0 30 o0 45 kPa &

a 20 o 33°C durante 8, 24, o0 48 h, e incubadas@ @0rante 4, 7 o0 15
dias. Los choques gaseosos a 33°C y 15 kRal@@nte 24 h o 30 kPa
O, durante 48 h controlaron de manera eficaz las podnbres verde y
azul tras 7 dias de incubacion a 20°C, pero elralomte las dos
podredumbres descendi6 tras 15 dias (Capitulo &)dmbinaciéon de
bafios con SP y choques gaseosos mostré un efewoyiso, que
mantuvo la eficacia de los tratamientos combinatioante 15 dias. En
almacenamiento en frio, tras 14, 28 y 42 diasntadéencia de moho
verde en mandarinas ‘Clemenules’ y ‘Ortanique’atdats con bafios con
SP y 30kPa @durante 48h se redujo en un 100, 96 y 68%, y 900
79%, respectivamente. De nuevo, una fuerte sineg@bservé entre los
tratamientos (Capitulo 5). Las podredumbres verdewy se controlaron
eficazmente mediante la fumigacion de limones ymas durante 6 h a
22°C con dos dosis de 30QQ L™ amoniaco, inyectadas al inicio del
tratamiento y 2 h después (Capitulo 6). La fumi@aale limones con
6000pL L™ amoniaco aceleré ligeramente la transicion natlehtolor
de la corteza de verde a amarillo. La germinaciénedporas dé.
italicum fue mas sensible al amoniaco que la de |aB.ddigitatum El
tratamiento con amoniaco controlé una cep# ddigitatumresistente a
IMZ. Cuando la fruta se bafié en 10 o 30 mgiMZ (un 10% de la dosis
comercial) antes de la fumigacién con amoniaco,saha aplicacion con
1500 uL L™ amoniaco fue suficiente para controlar las dos
podredumbres, y el incremento en la eficacia fuiéivado sinérgico.
Todos estos tratamientos, a diferentes nivelesrigrodsustituir a los
fungicidas de sintesis 0 aumentar la eficacia dereddamientos con IMZ
en el manejo poscosecha de los citricos. El ddkarme las
podredumbres verde y azul en las especies y vaesdde citricos mas
importantes comercialmente se evalué durante cua@mpafas
consecutivas y se relaciond con los parametrosatidad de la fruta
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(Capitulo 7). La susceptibilidad de los cultivaegsorden creciente fue
‘Nova’, ‘Sanguinelli’, ‘Ortanique’, ‘Lanelate’, ‘Neelate’, ‘Fortune’,
‘Clemenules’, ‘Valencia Late’, ‘W. Navel’, ‘Oronug ‘Clemenpons’,
‘Marisol’, ‘Salustiana’, ‘Hernandina’ y ‘Nadorcott’Las caracteristicas
de la corteza fueron los parametros de calidadam#slacionados con la
susceptibilidad de los citricos a las podredumbres.



Resum

Els citrics Citrus spp. fam. Rutaceae) son la fruita més consumida a
nivell mundial i es cultiven en un centenar de @&isDurant la
postcollita, la major part de les pérdues es deuaralalties fungiques,
que durant décades s’han controlat mitjancant anaenhts amb
fungicides de sintesi. No obstant, I's d’aquespgactiques esta
continuament meés restringit per part dels distdotg y cadenes de
supermercats, que redueixen el Limit Maxim de Res{tiMR) a un terg
del permes per la legislacié o inclis prohibeixés t'alguns fungicides.
Ac¢O ha provocat la minora de l'eficacia dels trawats poscollita i el
desenvolupament de soques dels patogens resisientsngicides. Es
necessari, per tant, trobar i implementar alteveatiper substituir o
combinar I'ls de fungicides de sintesi. L’objectiaquest treball ha
sigut avaluar tractaments alternatius contra lesigores verda i blava,
causades pePenicillium digitatum (Pers.: Fr.) Sacc. Penicillium
italicum Wehmer, respectivament. Additius alimentaris i ssabcies
GRAS es provaren en proves vivo preliminars contra les podridures
verda i blava. El benzoat sodic (BS; Capitol 1) s@bat potasic (SP;
Capitol 2) foren els més eficacos. Banys de 60 8%rn(p/v) BS sobre
50°C reduiren en un 90% la incidencia de les padeslverda i blava en
taronges ‘Valencia Late’ després de 7 dies a 2®g€os tractaments
foren també efectius en taronges ‘Lanelate’, llis®tFino’ i mandarines
hibrides ‘Ortanique’, pero no en mandarines ‘Cleahesi. Solucions
calentes de BS combinades amb baixes dosis d’ithdidlZ) foren
sinérgiques. Esta combinacié va reduir la inciderd® les podridures
verda i blava en quasi el 100% en taronges ‘Vatehate’ després de 8
setmanes a 5°C i 7 dies a 20°C. Els tractamenitmeys de SP a 62°C
durant 30 o 60 s, reduiren les dos podridures e20u5, 50, 80 0 95%
en mandarines ‘Clemenules’ i ‘Nadorcott’, llimon&mno’, mandarines
‘Ortanique’ o taronges ‘Valencia Late’, respectivarn Després de 60
dies a 5°C, les podridures verda i blava en tamrgalencia Late’
tractades amb SP a 62°C durant 60 s se reduireane®6 i 83%,
respectivament. En assajos semicomercials amb maesiaMarisol’, la
combinacio SP+IMZ a 20°C va permetre una baixagaifstativa de la
dosis de IMZ sense perdre eficacia contra la padsicdrerda. Un nou
metode colorimetric que inclou I'extraccio del S®1d fruita macerada,
seguit d'una reaccié amb acid 2-tiobabituric (Galp®) mostra que en
taronges tractades amb SP conservades a 15°esalsig descendiren
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rapidament al inici i lentament mes tard, fins gieéxaren de descendir
després de 6 dies. Un doble rentat rapid amb aigogent
immediatament després de la immersié de llimoneSRral 2% (p/v),
elimina més del 90% del residu de SP. El llavatagna a pressio
(HPWW) un dia després del tractament amb SP elimiés del 73% del
residu de SP. Mandarines ‘Nadorcott’, ‘ClemenulesOrtanique’, i
taronges ‘Valencia Late’ s’inocularen artificialmens’exposaren 24 h
després a aire (control), 15, 30, 50 0 95 kPa,©@30 o 45 kPa a 20
0 33°C durant 8, 24, 0 48 h, i s'incubaren a 208€adt 4, 7 o 15 dies.
Els xocs gasosos a 33°C i 15 kPa,@@ant 24 h o 30 kPa @urant 48
h controlaren de manera efica¢ les podridures viebttava després de 7
dies d’'incubacio a 20°C, pero el control de les plodridures descendi
després de 15 dies (Capitol 4). La combinacid aiydamb SP i xocs
gasosos mostra un efecte sinergic, que mantingefcatia dels
tractaments combinats durant 15 dies. En consemsan fred, després
de 14, 28 i 42 dies, d’'incidencia de podridura gesh mandarines
‘Clemenules’ i ‘Ortanique’ tractades en banys arfbi SOkPa @ durant
48h es redui en un 100, 96 i 68%, i 100, 97 i 78%pectivament. De
nou, una forta sinergia s’observa entre els tragtdsn(Capitol 5). Les
podridures verda i blava es controlaren eficagmentjancant la
fumigacio de llimones i taronges durant 6 h a 2a#b dos dosis de
3000 uL L™ amoniac, injectades a linici del tractament i 2iésprés
(Capitol 6). La fumigaci6 de llimones amb 6Qd0L ‘amoniac accelera
lleugerament la transicié natural del color de ¢l de verd a groc. La
germinacio d’espores de. italicumva ser més sensible a 'amoniac que
la de les deP. digitatum El tractament amb amoniac controla una soca
de P. digitatumamb un alt nivell de resistencia a IMZ. Quan ldté es
banya en 10 o 30 mg'LIMZ (un 10% de la dosis comercial) abans de la
fumigaci6 amb amoniac, una sola aplicaci6 amb 180Q " amoniac
fou suficient per controlar les dos podriduresinckement de I'eficacia
fou additiu o sinergic. Tots estos tractamentsfexehts nivells, podrien
substituir als fungicides de sintesis o augmentafichcia dels
tractaments amb IMZ en el maneig postcollita delsics. El
desenvolupament de les podridures verda i blavdesnespécies i
varietats de citrics més importants comercialm&vatua durant quatre
campanyes consecutives i es relaciona amb els paesrde qualitat de
la fruita (Capitol 7). La susceptibilitat dels ¢h¢s cultivars en ordre
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creixent fou ‘Nova’, ‘Sanguinelli’, ‘Ortanique’, ‘anelate’, ‘Navelate’,
‘Fortune’, ‘Clemenules’, ‘Valencia Late’, ‘W. Navel ‘Oronules’,

‘Clemenpons’, ‘Marisol’, ‘Salustiana’, ‘Hernandina’‘Nadorcott’. Les
caracteristiques de la pell foren els parametregudéitat més influents
en la susceptibilitat dels citrics a les podridures



Summary

Citrus spp. (Rutaceae) are the most widely producedsfand they are
grown in over a hundred countries. During posthstrveajor losses are
caused by fungal diseases, which for decades hese ¢ontrolled with
synthetic fungicides. However, their use is inciegly restricted by
distributors and supermarket chains, which can fothe Maximum
Residue Level (MRL) to one third of the authoridedels or even ban
the use of certain fungicides. This has led to tdssfficacy of treatments
and development of resistant strains of the patimgAlternatives are
necessary to substitute or combine the use of syantfungicides. The
objective of the present work was to evaluate adtive treatments
against green and blue molds, causedPbyicillium digitatum(Pers.:
Fr.) Sacc. anéenicillium italicumWehmer, respectively. Food additives
and GRAS substances were testednirvivo preliminary tests against
green and blue molds. Sodium benzoate (SB) (Chaptend potassium
sorbate (PS) (Chapter 2) were the most effectivgy-Second dips in
3% (w/v) SB above 50°C reduced green and blue meidence by 90%
on ‘Valencia’ oranges after 7 days at 20°C. Theattment was also
effective on ‘Lanelate’ oranges, ‘Fino’ lemons ari@rtanique’
mandarins, but not on ‘Clemenules’ mandarins. Heaselutions
combining SB with low doses of imazalil (IMZ) wesgnergistic. This
combination reduced the incidence of green and bio&ls almost by
100% on ‘Valencia’ oranges after 8 weeks at 5°C andys at 20°C. PS
applications at 62°C for 30 or 60 s, reduced bethigllium molds by up
to 20, 25, 50, 80, or 95 % on ‘Clemenules’ and ‘dladtt’ mandarins,
‘Fino’ lemons, ‘Ortanique’ mandarins, and ‘Valericiaoranges,
respectively. After 60 days storage at 5°C, greed bBlue molds on
‘Valencia’ oranges treated with PS at 62°C for 60ese reduced by 96
and 83%, respectively. In semi-commercial trialsthwi'Marisol’
clementine mandarins, the combination PS+IMZ atCG@fllowed a
significant reduction of IMZ doses without losinffeetiveness on the
control of green mold. A new colorimetric methodatthemployed
extraction of PS from macerated fruit, followed Baction with 2-
thiobarbituric acid (Chapter 3) showed that in gestreated with PS
and stored at 15°C, residues declined initiallyidigpand later more
slowly, until residues stopped declining after sdaA brief double-dip
rinse in tap water, immediately after immersiorashons in a 2% (w/v)
PS solution, removed more than 90% of PS residigh pressure water



washing (HPWW) 1 day after PS treatment, removecdentiman 73% of
the PS residue. ‘Nadorcott’, ‘Clemenules’ and ‘@rtge’ mandarins,
and ‘Valencia’ oranges were artificially inoculateckposed 24 h later to
air (control), 15, 30, 50, or 95 kPa g@r 30 or 45 kPa ©at 20 or 33°C
for 8, 24, or 48 h, and incubated at 20°C for 4r715 days. Exposure at
33°C with 15 kPa C®for 24 h or 30 kPa ©Ofor 48 h effectively
controlled both green and blue molds after 7 ddyscubation at 20°C,
but control of both diseases was lower after 15sdé&ghapter 4).
Combining PS dip treatments with gas exposure stosveynergistic
effect that maintained the efficacy of combinedatmeents during 15
days. After 14, 28, and 42 days of cold storageergmold incidence on
‘Clemenules’ and ‘Ortanique’ mandarins treated vidth dips and 30kPa
O, for 48h was reduced by 100, 96 and 68%, and 1@0ar@l 79%,
respectively. Again, a synergistic effect betweeatiments was observed
(Chapter 5). Postharvest green and blue molds wedfectively
controlled by fumigation of lemons and orangestdr at 22°C with two
applied dosages of 30QfL L™ of ammonia that was injected initially
and again 2 h later (Chapter 6). Fumigation of lesnavith 6000uL Lt
of ammonia slightly accelerated the natural tramsiof rind color from
green to yellow. The germination of sporesRof italicum was more
sensitive to ammonia than that of sporesPofdigitatum Ammonia
fumigation controlled an IMZ-resistant isolate Bf digitatum When
fruit were first immersed in 10 or 30 mg-UMZ (about 10% of typical
commercial rates) before ammonia fumigation, alsifigmigation with
1500uL L™ of ammonia was adequate to control both diseaseshe
increase in effectiveness was additive or synecgidtl these treatments,
at different degrees, could replace synthetic faidgs or augment IMZ
performance in citrus postharvest decay manageniéet.development
of green and blue molds on the most commerciallportant citrus
species and cultivars was assessed for four colgedarvest seasons
and associated with fruit quality parameters (Chiap?). Fruit
susceptibility of the cultivars to green mold incieasing order was
‘Nova’, ‘Sanguinelli’, ‘Ortanique’, ‘Lanelate’, ‘Neelate’, ‘Fortune’,
‘Clemenules’, ‘Valencia’, ‘W. Navel’, ‘Oronules’, Clemenpons’,
‘Marisol’,  ‘Salustiana’, ‘Hernandina®” and ‘Nadordbt Peel
characteristics were the most influencing qualigrgmeters on the
susceptibility of citrus fruit to green and blue ld®
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Introduction

Abstract

Purpose of the review:Numerous physical and low-toxicity chemical
treatments and their combinations have been ewlutt replace the
common synthetic fungicides used to control gresh ldue moulds and
sour rot, the most economically important posthsiriseases of citrus
fruit. Although general or more specific researdhtlus subject has been
reviewed, new findings are reported every day beeai the increasing
interest and the large volume of research work tloto the
establishment of suitable integrated disease mamage (IDM)
programs. The present review summarises the kngwléa this topic,
giving emphasis to the most recent research resattconclusions.
Findings: Extensive research abotwmbined physical and low-toxicity
chemical treatments shows that the substitutiosyothetic fungicides,
or an important reduction in their required doséy, alternative
treatments is currently feasible. In order to achi@n efficacy level
commercially acceptable, these postharvest nondpay alternative
treatments need to be incorporated into IDM progrémat also consider
a variety of good practices to be followed from fieéd to the market.
Limitations: Even when combined, physical and low-toxicity cheahi
treatments may lack the persistence and preventiedon of
conventional fungicides and their effectivenesdreggastablished fungal
infections highly depends on the species, cultavad fruit physical and
physiological condition. High costs, excessive tara or other
technological application problems are drawbackssome effective
alternative treatments when compared to the usderical fungicides.
These handicaps difficult the broad commercialae@ment of common
fungicides by non-toxic alternatives in citrus p@st/est management.
Directions for future research: Ongoing research about host-pathogen
interactions, new and more effective alternativeatments and the
effects of these treatments on biochemical and cutde responses of
fruits and pathogens is improving the efficacy tiémative treatments
and their commercial applicability. In order to qaetely rely on
alternative methods, there is a need to estabpiskific and optimised
non-polluting IDM programs.
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Keywords: Penicillium digitatum, P. italicumGeotrichum citri-aurantij
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Introduction

Citrus fruit are the highest value fruit crop imnes of international trade.
Over 123 million tones are produced annually in td0ntries, of which
Spain is the leading producing country for fresmstonption (FAO,
2013). Postharvest decay of citrus fruit limits tegth of time fruit can
be stored, compromises marketing acceptability, @gses substantial
produce losses. The most economically importanthaogest diseases
that affect citrus fruit from arid climates are gmeand blue moulds and
sour rot, caused bRenicillium digitatum(Pers.:Fr.) SaccPRenicillium
italicum Wehmer, andseotrichum citri-aurantii(Ferraris) E.E. Butler,
respectively. Among these wound pathogens, greehbdume moulds
account for most of the citrus decay, while souraan rapidly spread
and be disastrous on fruit stored at temperatubevea 10°C. Fresh
produce losses due to disease vary between citoveirgy regions and
are often 10-20%; however, under favourable diseaselitions, losses
up to 50% can occur during marketing (Abd-El-AzimdaMansour,
2006). For many years, citrus postharvest disehaes been primarily
controlled worldwide by the application of convem@al synthetic
fungicides such as sodium ortho-phenyl phenate B§0OtfRiabendazole
(TBZ), or imazalil (IMZ) (Smilanick et al., 2006; albu, 2014).
Geotrichum citri-aurantij however, is resistant to TBZ and IMZ
(Schachnai and Barash, 1982) and can only be dimutim some extent
by applications of SOPP or guazatine, which useestricted in many
countries (Brown, 1979; Kitagawa and Kawada, 1984nningham and
Taverner, 2007). The application of conventionaigicides may reduce
the losses due to decay to 2-4% (Naqvi, 2004; Snmchkaet al., 2006).
However, the continuous use of a reduced numbehearicals has led to
the development of resistant strains of the path®g:d a consequent
loss of effectiveness of the fungicides (Kinaylet2007). New synthetic
fungicides such as azoxystrobin (AZX), fludioxo(fLU), pyrimethanil
(PYR), or trifloxystrobin (TFX), have been testeddurope and the USA
(Schirra et al., 2004; Kanetis et al., 2007; D’Azuiet al., 2013b) and
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some of them are already in use in commercial patiouses.
Nevertheless, there are growing health and enviemtah concerns over
pesticide disposal and fruit residue levels andmiany of the citrus
importing countries, legislations, distribution aretail companies, and
consumer associations are more restrictive every reégarding the
amount of toxic residues present in the fruit. hise, the world market
for certified organic citrus (fresh fruit and jujcéemanding sustainable,
environmentally friendly, ecological, or green agitural produce is
expected to rise steadily in developed countrigsyiding interesting
export opportunities for producers in these higheue markets (FAO,
2003). There is, therefore, an increasing neethtbdlternative strategies
to control postharvest diseases that maintain dagimifficacy to that of
synthetic fungicides but pose no risk to humantheahd environment.
In order to become successful, strategies should itdo consideration
preharvest factors, harvest and transport conditicand especially
postharvest procedures as part of an integrateglsiks management
(IDM) program (Narayanasamy, 2006; Palou et alQ80Some of the
actions to take during postharvest handling inclimeulum reduction
through sanitation of the packinghouses and exatusi decayed fruit
(Bancroft et al., 1984), the use of suitable nohdgtiag antifungal
treatments, and appropriate practices during fratdling and storage to
maintain or induce fruit resistance to fungal ini@c (Smilanick et al.,
2006). Good practices in the packinghouses includpene and use of
chemical sanitizers in dip tanks or re-circulatingshes to destroy
accumulated pathogenic spores and prevent them vvashing on the
otherwise healthy fruit tissue. However, sanitizéi@ve no residual
effects and wounded fruit may rot during transidl @torage, resulting in
a new focus of disease to adjacent fruit (Brown &utert, 2000a;
Brown and Eckert, 2000b). The most important rexugnt of
alternative antifungal postharvest treatments & they must be cost-
effective and provide consistent disease controfleuncommercial
conditions. During decades, the purpose of manyietuhas been to find
physical, chemical, or biological treatments capabl replace synthetic
fungicides in citrus postharvest applications. $a&veomprehensive
reviews and compilations have covered general aempecific aspects
of this subject (Smilanick et al., 2006; Mari et &007; Troncoso-Rojas
et al., 2007; Palou et al., 2008; Bertolini, 208&jou, 2009, 2014), but
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new findings are being reported every day becadsthe increasing
interest and the large volume of research devatdbe establishment of
suitable IDM programs. The present review do notecobiological

control strategies and focuses on general and reesearch work on
physical and low-toxicity chemical methods and thmmbinations as
alternatives to conventional fungicides for the toolnof postharvest
green and blue moulds and sour rot of citrus fruit.

Individually applied physical or low-toxicity chemical treatments

Physical treatments include the application of hieatdiation, or storage
strategies at low temperatures or in modified apheses, among others.
The main advantages of physical treatments are tthe&t leave no
residues on fruit and their impact on the environirie negligible and
only referred to the use of energy. The exposumtafs fruit to various
physical stresses such as injury (Brown et al.,7}9Beat (Kim et al.,
1991; Ben-Yehoshua et al., 1992) gamma radiaticeddhiya et al.,
2003) or far ultraviolet light (UV-C) (Ben-Yehosheaal., 1992, Kuniga
et al., 2006) may result in induction of antifungampounds in the fruit
peel that have been associated with the developaieasistance against
fungal pathogens. For instance, the coumarins scopaand 4-(3-
methyl-2-butenoxy)isonitrosoacetophenone were tsdldrom gamma-
irradiated orange and grapefruit peel (Riov, 1990ibery et al., 1988),
while scoparone was not found in non-irradiatedt.fiiccumulation of
scoparone to fungitoxic levels in lemon peel wa® akported following
exposure to UV-C (Kuniga et al., 2006). Exposurgmaipefruit to UV-C
illumination resulted in induced resistancePtodigitatum(Droby et al.,
1993), but some effective doses caused fruit infigay et al., 2005). It
has been recently reported that blue light at wengths from 390 to 500
nm and intensity of 40 pmol/s reduced decay caused Pydigitatum
in tangerines (Alférez et al., 2012). Further weHowed that blue light
significantly reduced the activity of polygalactoese inP. digitatum
andP. italicumand induced the accumulation of octanal in theeit
(Liao et al., 2013). Treatments with gaseous ozmnezonated water,
which leave no residue in fruit, have been testeditro with good
results againstP. digitatum and G. citri-aurantii; however, these
treatments failed to control infections alreadyabBshed in the fruit
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before ozone treatment (Karaca and Sedat Veli&§)07; Palou et al.,
2007). Cold storage is one of the most widely usetinologies to slow
respiration and other metabolic processes in dadpreserve postharvest
life of horticultural products (Wang, 1994). It isherefore a
complementary decay control method that has a $taigg activity but
not a curative effect.

Special reference is due to heat treatments, imdutot-water dips,
vapour heat and forced hot air, which have beed tmemany years as
non-chemical methods to control fungal decay iniows fruits and
vegetables (Barkai-Golan and Phillips, 1991; Luri®98). In the
particular case of citrus fruit, the heat appliocas evaluated more often
for fungal decay control have been curing, hot wdips, and hot water
rinsing and brushing. Thermal curing of citrus fraonsists of holding
fruit for 2-3 days after harvest at temperaturgghér that 30°C and above
90% relative humidity (RH). These conditions elitie biosynthesis of
antifungal compounds, phytoalexins and lignin-likeaterials in the
flavedo of the fruit, enhancing the natural mechkars of fruit resistance
to fungal infections, while at the same time, tmeatment directly
reduces the growth of the pathogen (Rodov et 8B5]1 Schirra et al.,
2000). In some studies, very high or complete pkioim decay control
was achieved by curing (Erkan et al., 2005), bbeotitrus postharvest
diseases like sour rot were not effectively cotehl Holding mandarins
at 40°C during the first 24 hours of degreeningiced by more that 95%
the incidence of green and blue moulds on botlyeart! late harvested
fruit, but sour rot incidence reduction was onlgrsfiicant on late
harvested mandarins. In general, curing delayedddggeening process
and reduced the quality of the fruit (Plaza et 2004). Curing remains
difficult to couple with standard management piEgi in citrus
packinghouses. Too prolonged fruit treatments awe atonomically
feasible and could induce unacceptable weight $psgkich are directly
responsible for the reduction of the fruit posttestvlife. Reducing the
duration and slightly increasing the temperaturehef treatments is an
approach that has been tested to increase the abitifya with
commercial practices (Nunes et al., 2007). Hot wdies of citrus fruit
to control decay were first reported in 1922 (Fatyc&922). This
technology was presented as easier, cheaper, amdreaalily applicable
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by the industry than curing, since water is mofeieht in heat-transfer
than air (Wang et al., 2001), which allowed to ltreatment duration.
From the initial studies, the trend in tested tresits was to reduce the
dip duration and increase the temperature of tterw@herefore, studies
have subsequently tested treatment conditions f6@¥C for 5 min
(Spalding and Reeder, 1985) to 50-60°C for 20-19&chirra et al.,
1998; Palou et al., 2001; Hong et al., 2007). Gahgr lower
temperatures were inefficient, while higher tempees were phytotoxic
(Schirra et al.,, 2000; Palou et al., 2001). Howeussth treatment
efficacy and phytotoxicity depended on citrus spe@nd cultivar (Palou
et al., 2001) and fruit maturity at harvest (Schiet al., 1998). The low
persistence and curative activity against existimjections and
technological issues related to the required di taize and energy costs
have greatly limited the use of hot water dips tand-alone treatments.
A new technology based on hot water rinsing anghing introduced an
improvement to the method (Fallik, 2004). Treataitgus fruit with hot
water rinsing and brushing at temperatures of 5608C for 20 or 10 s,
respectively, reduced postharvest diseases witlguting the fruit
(Porat et al., 2000a; Rodov et al., 2000) and irduesistance t®.
digitatumin grapefruits (Porat et al., 2000b). Nevertheledthough the
method satisfactorily controlled green and blue moulds,fatled to
control sour rot (Smilanick et al., 2003). Althougtommercially
available in some countries, the usehot water rinsing and brushing
without any fungicide is limited to small fruit Ekkumquat, whose peel
is also eaten, or some organically-grown fruit (&mick et al., 2005).

Alternative chemical treatments to substitute sgtithfungicides include
the use of food additives, substances listed asrghy regarded as safe
(GRAS) by the United States Food and Drug Admiatgtn (FDA), and
other natural compounds that pose no risk of toxito consumers or
environment. Carbonates have been the most comonohpireservatives
used in solutions to treat oranges and lemons ickipghouses in
California, with no use restrictions even for orgaragriculture
(Smilanick et al., 1995, 1999; Dore et al., 2010}her low-toxicity
chemicals tested included aqueous solutions ofusogtiropionate (SP),
sodium benzoate (SB), potassium sorbate (PS) (Petloal., 2002a;
Smilanick et al., 2008; Montesinos-Herrero et &Q09a,b), orp-
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aminobutyric acid (Tavallali et al., 2008), and taceacid applied as
fumigant (D’Aquino et al., 2008). Recently, the useaqueous solutions
of potassium silicate (Moscoso-Ramirez and Pal@i4p or sodium
paraben salts (Moscoso-Ramirez et al., 2013a,b})304 the control of
both green and blue molds has been investigatesl mMdde of action of
these substances was not completely explainedyuglthpH alterations
in rind wounds, the presence of sodium cations,farttier factors such
as the induction of resistance mechanisms appeabetoinvolved
(Smilanick et al., 1999; Venditti et al., 2005). @eally, treatments by
dipping the fruit in aqueous solutions of food ddes were more
effective when the solutions were heated, and titduagal effect of
these treatments lacked persistence (Palou et2@D]; Montesinos-
Herrero et al., 2009a; Lesar, 2008; Smilanick gt24108). A large list of
essential oils obtained from plants and other peeiponents presented
in vitro antifungal activity against citrus postharvestpaens (Caccioni
et al., 1998; Ben-Yehoshua and Rodov, 2006; Yaldetzat al., 2008;
Linde et al., 2010). Furthermorg vivo tests confirmed the antifungal
activity of some of these compounds by significastippressing fungal
pathogen development on treated citrus fruit (Diel &d Ortuiio, 2004;
Salamone et al., 2008; Liu et al., 2009). Sometpdtracts, especially
from some Asian or African countries, presentedgaificant activity
againstP. digitatum P. italicum,or G. citri-aurantii; for instance, this is
the case ofAloe Vera(Saks and Barkai-Golan, 1995), garlic (Obagwu
and Korsten, 2003), Huamuchil (Barrera-Necha e28I03), Thymussp.,
Eucaliptus sp., Cistus sp., Juglans sp., Myrtus sp. (Ameziane et al.,
2007),Accaciasp., Whitaniasp., (Mekbib et al., 2007, 2009), bippia
sp. (Combrinck et al., 2009; Shikanga et al., 20@®d many others
(Palou et al., 2008; Tayel et al., 2009; Askarnalet2013; Zapata et al.,
2013). Although inn vitro studies the direct toxic effects of these natural
compounds against the pathogens have been repeatedirved, results
from in vivo research sometimes showed inefficacy or phytotiyxic
(Plaza et al., 2004; Tripathi et al., 2004; Ameeiaet al., 2007;
Szczerbanik et al., 2007; Palou et al., 2011).dntr@ast, good inhibition
of blue mold was obtained with the GRAS-registezedential oil MO-1
applied for 24 h in a gas phase (Ben-Arie et &113. Some peptides
and small proteins produced by plants or animale lieeen characterised
and tested for the control of green and blue mouwlith promising
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results (Mufioz and Marcos, 2006; Mufioz et al.,, 20@Zhitosan
derivates from chitin present in crustacean shdtisect cuticles and
fungal cell walls have been also tested for itsfamgal activity against
citrus postharvest pathogens (Wu et al., 2005; riaget al., 2008).

Combination of physical and low-toxicity chemical teatments

For general acceptance by the industry, the efficat alternative
treatments needs to be comparable to the levebuotra provided by
conventional fungicides. Although different altetima approaches have
been shown to reduce postharvest rots to some cextery exhibit
limitations that can affect their commercial apabdity as stand-alone
treatments. Therefore, the use of an integratederathan a single
approach is advocated in order to offer a condiséael of cost-effective
disease control. In this regard, every day mordissuare focusing on the
combination of two or more existing alternativeatraents to augment
their individual performance. In general, threefatént objectives may
be pursued by the combination of treatments: addibor synergistic
effects to increase the efficacy and/or the pemst# of individual
treatments, complementary effects to combine ptexerand curative
modes of action, and commercial application of&fie treatments that
are too impractical, costly or risky as single tneants.

The most common combinations of alternative treatméhat have been
assayed to control citrus postharvest decay inchekt as one of the
components, combined with either other physicahttnents or some
alternative chemical treatments. Some heat tredsmeare cheap and
easy to apply and often provided synergistic effeetith other
complementary postharvest decay control treatmebésveral studies
combined heat with different ionising irradiatioechnologies, GRAS
compounds or low doses of synthetic fungicides eOittork assessed the
integration of other physical or non-polluting chieah methods with the
application of low-toxicity antifungal chemicals.e¥y recently, interest
has risen for the development of antifungal editdatings for citrus
fruit. These different approaches are describedthe following
subsections, where their main advantages and tiontaare discussed.
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Combination of heat with other physical treatments

Heat has been a common tool in the decay contsehal of citrus fruit.
However, the required conditions to control fungaihogens with heated
air treatments like curing applied alone are uguiatipractical, difficult
to adopt and dangerous because of the risk of flahage caused by
high temperatures. Attempts to reduce curing tiargl consequently
costs and risks, led to test citrus fruit brief expre to carbon dioxide
(CO,) and/or oxygen (@ at curing temperatures (Palou et al., 2008;
Montesinos-Herrero et al., 2010). After incubat@n20°C for 7 days,
green mould incidence was reduced by about 70% nbificially
inoculated ‘Ortanique’ mandarins treated at 33°C24 hours with 15
kPa of CQ. However, the reduction effect was lower as treuliation
time was prolonged (Palou et al., 2008). Treatmaertis 30 kPa Q@ at
33°C for 48 hours completely controlled green ahak moulds after 3
days of incubation, and reduced their incidence9byand 90% after 7
days, but only by 25 and 10%, respectively, aftedays. Therefore, the
effect of such short COor G, treatments at 33°C was mainly fungistatic
and lacked persistence (Palou et al., 2008; MamesHerrero et al.,
2010). Moreover, we observed that mandarins treaidd15 kPa CQat
33°C for 48 hours or ‘Valencia’ oranges expose®@oKPa Q for 48
hours lost less weight than control fruit kept in (@®lontesinos-Herrero
et al., 2012).

Heat treatments have been applied to citrus cordbivéh plastic
packaging to maintain fruit quality. Individual $eg of citrus fruit in
plastic films reduced the desiccation of fruit doethe curing treatment
by reducing fruit transpiration and maintaining dirfiirmness (Ben-
Yehoshua et al., 1987). Benefits from these contioing, however, did
not compensate their elevated costs. Both hot trénagshing at 60°C
and hot water dip at 52°C delayed fruit softennegluced the abscission
of buttons, and preserved rind colour during cumpglications (Rodov
et al., 2000). Combined heat and UV-C treatmentsiced decay and
maintained quality of mandarins (Ben-Yehoshua, 20R8mquats and
‘Washington Navel' oranges better than either tresit alone (Ben-
Yehoshua et al., 2005). These researchers found himat treatment
followed by UV-C illumination was the most effea@ivcombination to
control postharvest decay. Hot water dips or hotaring significantly
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reduced the damage induced by subsequent sever€ tigatments.

When UV-C light was applied before heat, the aibitn of phytoalexins

was inhibited.

It was reported in early work that dipping fruithiot water at 52°C for 5
min combined with low doses of gamma radiation l@adynergistic

effect against the development Bf digitatumin vitro and in stored

citrus fruit (Barkai-Golan et al., 1969). Theseenmrated treatments
delayed the appearance of green mould by abouay€ @& similar effect

was observed when hot water dips and exposure dctreh beam

radiation were combined (Barkai-Golan and Pado@&1). In contrast,

no benefit from the combination of hot water wittngma radiation was
observed for the reduction of green mould on grajteivhen compared
to the effectiveness of each treatment alone (8pakhd Reeder, 1985).

Combination of heat with low-toxicity chemical tré@ents

Numerous studies have reported that heating aqusmusons of GRAS
compounds or chemical fungicides greatly improvidirt antifungal
performance. Smilanick and co-workers (1997) testedveral
combinations of sodium carbonate (SC) concentratamd temperatures
and found that 4 or 6% SC applied at 40.6 or 43\8R€ were the most
effective treatments to control green mould on gesn Later, Palou and
co-workers (2001, 2002a) observed that immersion2i8% SC or
sodium bicarbonate (SBC) aqueous solutions at rdemperature
(around 20°C) for 150 s reduced blue mould incidemg 50-70%, and
solutions at 45°C resulted in an additional 20-3@duction without
causing any rind damage on oranges and mandanmsaddulated fruit
treated and then stored at 3°C, green and bluednowtre effectively
controlled for the first 21 days of storage, bunbtcol, specially of blue
mould, declined after more prolonged storage psribtbated carbonate
solutions were generally more effective on oran@sou et al., 2001)
than on mandarins (Palou et al., 2002b; Venditil 2005).

After testing several concentrations of about 4flecént mineral or
organic acid salts other than SC or SBC, Paloucandorkers (Palou et
al., 2002a) found that immersion in 0.2 M PS or&pBieous solutions at
40°C and natural pH for 120 s reduced by 70% tk&lémce of green
mould on artificially inoculated oranges. On lemodsease reduction
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was higher than 80%. Immersion in 1.0 mM ammoniuolybydate or
24.2 mM sodium molybdate aqueous solutions at 48%C 150 s
effectively controlled both green and blue moulds artificially
inoculated oranges. At higher concentrations, thes@pounds were
phytotoxic and stained the fruit peel (Palou et2002a).

Control of sour rot (Kitagawa and Kawada, 1984y@en mould (Smoot
and McCornack, 1978) was accomplished by immergioheated PS
solutions for about 2 min, but some fruit were weradd and shorter
treatments were advisable for potential commemilaiption. Treatments
with aqueous solutions of 3% PS at 62°C for 30 Ors6reduced
penicillium moulds by up to 20, 25, 50, 80, or 96% 1-week incubated
‘Clemenules’ clementines, ‘Nadorcott’ mandarins,ind lemons,
‘Ortanique’ mandarins, and ‘Valencia’ oranges, sxdpely, clearly
showing the important effect of the species andtivarl on the
effectiveness of these treatments (Montesinos-iHemee al., 2009a). In
the control of green mould on inoculated fruit, W& compatible with
the fungicides IMZ, TBZ, PYR, and FLU and consiskeimproved their
performance. Solutions of PS alone or combined Witigicides were
more effective when they were applied at high teraijpee. Green mould
caused by an isolate &?. digitatumresistant to IMZ and TBZ was
effectively controlled when PS was added to heatddtions containing
IMZ or TBZ at very low doses (Smilanick et al., 3)0Sour rot, which
is not controlled by IMZ or TBZ (Schachnai and Bdra1982) was
reduced from 94.5% in control ‘Eureka’ lemons tol48nd 37.0% by 30
s immersion in PS at 1% at 25 and 50°C, respegti&hilanick et al.,
2008). A brief double-dip rinse in tap water applienmediately after
immersion of lemons in a 2% PS removed more thé¥ @D the PS
residue without decreasing the treatment efficd&insing avoided the
presence of apparent sediments on the fruit rirdl @otected it from
excessive water loss (Montesinos-Herrero et alQ9ap At equal
effectiveness level, advantages of the use of R$aced with that of SC
or SBC are related to the reduction of disposalasswhich include the
high salinity, sodium content and pH of the carliersalutions.
Combinations of non-restricted fungicides, gibderelacid, GRAS
compounds and elevated temperatures have beed tedlienit sour rot
and green mould infections, an important issue wpoe fruit from
Australia. The most efficacious postharvest treatmeas a combination
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of IMZ and SC either heated or not. Less effecbue still satisfactory
was the use of IMZ and mineral oil at ambient ayhleir temperatures,
SC alone, or heated solutions of IMZ and carbemdg@iunningham and
Taverner, 2007). Solutions of sulphur dioxide draeil heated to 45°C
controlled postharvest green mould on lemons a&val lcomparable to
that achieved with SC and IMZ treatments (Smilanatkal., 1995).
Heating aqueous solutions of low-toxicity altermatchemicals such as
food additives or GRAS substances (e.g. SC, SBC, 3B ethanol,
sulphur dioxide, etc.), molybdate salts (Cunningh2610) or phosphite
salts (Cerioni et al.,, 2013) significantly enhandbeir effectiveness
against penicillium molds. Accordingly, heating aqus solutions of
synthetic fungicides such as IMZ (Dore et al., 2008BZ (Schirra et al.,
2008; D’Aquino et al.,, 2013a), FLU (Schirra et aR005), PYR
(D’Aquino et al., 2006), SOPP (Barkai-Golan and Wpem, 1991),
liquid lime-sulphur containing 0.75% calcium polifge (Smilanick and
Sorenson, 2001) or cyprodinil (Schirra et al., 20@0creased the
effectiveness and the persistence of the treatmdiémt probably
facilitated the uptake of these compounds through fruit cuticle
(Schirra et al., 2000), allowing the use of loweses of fungicides and
thus, reducing costs and environmental risks. Thestnappropriate
solution temperature should be specifically detasdi for each
combination of active ingredient and fruit spe@es cultivar.

Curing of citrus following the application of lowodes of synthetic
fungicides effectively controlled citrus posthanveathogens (Kinay et
al., 2005; Zhang and Swingle, 2005). The combimatb curing with
GRAS compounds like SC (Lanza et al., 2004; Ahntead.e2007a,b;) or
ethanol (Lanza et al., 2004) also improved thefamgal action of the
individually applied treatments. Curing of mandarirfiollowed by
fumigations with 50 and 7%L/L acetic acid for 15 min effectively
controlled green mould on early and late harvested, respectively.
Furthermore, these combinations were not phytot@id some rind
damage (pitting) was only observed on fruit treatatth 10QuL/L acetic
acid alone (Venditti et al., 2009). Venditti andworkers observed that
curing caused melting and remodelling of the epaldar wax on the
surface of the mandarin, allowing non-phytotoxice® of acetic acid to
exert its efficacy against the pathogen.
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As stated by Mulas and Schirra (2007), heat iskahfito totally control
fruit decay as a stand-alone method; however,stamimportant role as
a synergistic practice, together with the use e@fditronal or new
fungicides, as well as a way to enhance the effe®RAS products.

Combination of low doses of ionising radiation witBRAS compounds
or reduced levels of conventional fungicides

Gamma radiation was applied in combination withhdipyl (Barkai-
Golan and Kahan, 1967) or SOPP (Barkai-Golan anelbsum, 1991)
to reduce penicillum moulds on citrus fruit. In thostudies, the
combination of the chemical fungicides with iongsiradiation allowed
to reduce both the radiation dose and the cheroaradentration required
to control the diseases. More recently, X-irradiati applied to
clementine mandarins previously dipped in SC sohdi significantly
reduced the incidence and severity of green an@ bhoulds and
prevented sporulation without injuring the fruita{Bu et al., 2007).
Nevertheless, these beneficial effects were noth hepough for
commercial decay control standards and it was coed that the
combined treatments could not be a substituteh®use of conventional
chemical fungicides.

Combination of GRAS compounds with reduced levels fo
conventional fungicides

The combinations of peracetic acid with FLU (Laretaal., 2008) or
hydrogen peroxide with calcium chloride (CgQir chitosan (EI-Mougy
et al., 2008) were synergistic and reduced greeunldnincidence more
than each substance alone. The addition of SC o€ &Batments
improved the performance of treatments with IMZ {@mck et al.,
1999; Smilanick et al., 2005), TBZ (Smilanick et, &005; Lesar, 2008;
Schirra et al., 2008) or PYR (Smilanick et al., @0@&gainst citrus
postharvest pathogens. Likewise, PS presented ergigtic antifungal
effect when combined with IMZ (Smilanick et al.,d) Montesinos-
Herrero et al., 2009a), increased the efficacy resgjagreen mould of
TBZ, PYR and FLU (Smilanick et al., 2008; D’Aquiebal., 2013a), and
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improved the performance of benzimidazoles agdinggicide-resistant
strains ofP. digitatum(Nelson et al., 1981). One factor that may account
for the considerable improvement of the efficacyfwigicides such as
IMZ against green mould, even against fungicidéstast strains, when
applied together with SC, PS or other buffers thatease wound pH, is
an increase of either the pathogen membrane peiliheabthe mobility
and toxicity of the fungicidal active ingredient e in its neutral
molecular form (Smilanick et al., 2005, 2008; Maw®s-Herrero et al.,
2009a). A standardised sequential treatment waentigc tested to
control citrus postharvest pathogens by combinixigining compounds
widely used in food sanitation such as sodium higfmde (NaClO) and
hydrogen peroxide (¥D,) with cupric sulphate (CuS{p The combined
application of these compounds was synergisticgedtly reduced the
dose of the oxidizing compounds normally required exert their
antimicrobial effect. Results fromm vitro experiments showed a strong
inhibition of the growth of. digitatum G. citri-aurantii and, to a lower
extentP. italicum On lemons, a significantly delay in fungal infecton
treated fruit was observed (Cerioni et al., 2009).

Edible coatings amended with low-toxicity chemicals

For certain citrus fruit handling conditions andper markets, an
important component of IDM programs may be the aepient of
conventional postharvest waxes, often amended Wwighh doses of
synthetic fungicides, by natural edible coatingsibke films and coatings
have been used in the food industry to increaseshiadf-life of many
commodities, including fruits and vegetables. lashr fruit, adequate
edible coatings create a semi-permeable barriega exchangend
water vapour that reduces respiration rate and toreisloss and
consequently delays fruit senescence (Navarro-ageazt al., 2007,
Olivas et al., 2008). Among other ingredients, Bdiboatings may
incorporate non-polluting antimicrobials such agamic acids and theirs
salts, parabens, chitosan, essential oils or athéural compounds to
inhibit or delay the growth of contaminating micrganisms during
storage or distributiorof fresh or minimally processed horticultural
products (Valencia-Chamorro et al., 2011). Chitobas been used in
recent studies as a carrier of additional antiflriganpounds such as
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essential oils (Wang et al.,, 2011; Chéafer et aQ12) or synthetic
fungicides (EI-Mougy et al., 2012) to enhance thvdy against citrus
green and blue molds. Recamtvitro studies have shown that, cornstarch
edible films formulated with 0.5% Mexican oregahdgppia berlandier)
essential oil inhibited the growth &fenicillium spp. (Avila-Sosa et al.,
2009). In the case of citrus fruit, the antifungeativity of Mentha spicata
andLippia scaberrimaessential oils as ingredients of citrus coatings w
assessedin vitro, and in semicommercial and commercial trials
(Combrinck et al., 2009; Du Plooy et al., 2009)c#&nauba wax-based
commercial coating amended with scaberrima,spray applied on
‘Valencia’ oranges before or after inoculation with. digitatum
completely reduced green mould development aftedags at 23°C.
Disease control and prevention were slightly highlean on oranges
sprayed with commercial doses of TBZ or IMZ and zaime. In
addition, moisture loss significantly decreased finit treated with
essential oil enriched coatings. The strong inbilitactivity of the
terpenoid R-carvone agairfdt digitatumwas found to be responsible for
the effectiveness of the amended coatings (Du P&iogl., 2009). In
similar studies, Valencia-Chamorro and co-work@B0@) testedh vitro

a wide variety of hydroxypropyl methylcellulose (MRE)-lipid
composite films containing food additives with &migal properties
againstP. digitatumandP. italicum. They selected coatings containing
either some organic acid salts or parabens andrtiigiures to be tested
in vivo on several commercially important citrus fruit totdrs. HPMC-
lipid edible composite coatings containing PS, SB, or some mixtures
of these food additives were the most effectiveirejagreen and blue
moulds on artificially inoculated ‘Clemenules’ antOrtanique’
mandarins, and ‘Valencia’ oranges treated and ia@dat 20°C for 7
days (Valencia-Chamorro et al., 2009a). On ‘Valah@ranges and
Clemenules’ and ‘Ortanique’ mandarins stored at 8 Clong periods,
edible coatings containing PS, SB, SP, or mixtgresitly reduced green
and blue moulds, reduced weight loss and maintaiinei quality
(Valencia-Chamorro et al., 2009b, 2010, 2011). Gahe edible
coatings with GRAS ingredients were fungistatidhestthan fungicidal
and showed a curative, but not preventive, effgeirest green and blue
moulds. The development of edible coatings withfangal properties to
control citrus postharvest diseases is a relatinely field of study and
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the promising results justify further research ¢velop new formulations
or assess the compatibility of edible coatings wither strategies as part
of IDM programs.

Conclusions

The development of postharvest diseases of fresichibural produce
including citrus fruit requires the conjunction thiree different factors:
presence of infective pathogenic inoculum, susbéptiruit host, and
adequate environmental conditions. The infecticth @&cay process may
be hindered by artificially manipulating any theébese factors. The use
of conventional synthetic fungicides is very effeet to directly
inactivate or kill the pathogen if the populatiohresistant strains in the
packinghouse are kept under control. Moreover, ehesmpounds
provide long-term protection due to their typicdfigh persistence. It is
possible that alternative treatments that are eeigolluting to the
environment, nor toxic to humans or wildlife, nojurious to fruit, might
not show similar direct effects against the patimggand reach similar
levels of efficacy. Therefore, the implementatidnatternative control
methods increasingly requested by consumers amsldtgs requires the
adoption of control strategies that devote muchemaitention to the
other two vertexes of the disease triangle: hodd anvironment.
Accordingly, in the context of citrus IDM prograngood practices are
required during the fruit growing season, harvest postharvest life that
contribute to improve the performance of posthanaternative non-
polluting treatments and favour their efficacy. $@epractices include
cultural actions in the field and appropriate saion of packinghouses
to reduce the load of pathogenic inoculum, corregt-injurious harvest
and adequate packingline procedures to avoid riadngds and damage,
and processing, storage and distribution of thé& &t proper handling
and environmental conditions to preserve their r@hlefences.
Combinations of physical and low-toxicity chemidaéatments have
proved to be efficient in reducing the amountsnofculum present on the
surface of the fruit, controlling to some extentabtished infections
and/or maintaining or inducing fruit resistance ftomgal infections.
Although the integration of treatments typically hances the
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performance of stand-alone treatments, its efficaay persistence still
considerably depends on the fruit-pathogen intema@nd consequently
on different citrus species and -cultivars and frpihysical and

physiological condition. Studies to find new andreneffective control

methods and combination systems are still in psxréds advances in
the knowledge about the mechanisms underlying pbattegen

interactions and the effect of the treatments or {Fhysiology,

biochemistry, and molecular biology of fruit arehewved, we will be

closer to tailor the application of specific IDMraegies for each
commodity and market circumstance.
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OBJECTIVES

General objective of the thesis is to evaluatermdittves to synthetic
fungicides to be used alone or in combination fam-polluting control of
citrus postharvest green and blue molds, causedhby pathogens
Penicillium digitatumandP. italicum respectively.

Specific objectives

1. To test the efficacy of postharvest treatments watjueous
solutions of several food additives against greet lslue molds
of citrus fruit, and to assess the feasibility loé tapplication of
selected compounds, viz. sodium benzoate (SB),aasqgb the
commercial handling procedures followed in the ugtr
packinghouses for decay control.

2. To assess the effectiveness of brief postharvgsttréatments

with aqueous solutions of potassium sorbate (PSinag
postharvest penicillium molds of citrus fruit andtermine the
best application conditions (concentration, temjeeq
immersion time). To evaluate the performance oftfe&tments
on long-term cold-stored fruit, commercially impant citrus
species and cultivars, and in combination with ldeses of the
fungicide imazalil (IMZ).

3. To develop a simple colorimetric method for theedeiination of
PS residues in citrus fruit based on the reactiorth w
thiobarbituric acid. To apply this method to evadutne influence
of PS concentration on residue levels, determineetfectiveness
of water rinse and high pressure water wash to vem@S
residues, and assess the evolution of PS resigets I treated
fruit during storage.

4. To evaluate short exposure of several citrus frultivars to high
CO, or O, controlled atmospheres at curing temperature as a
method to either control established infection® ofligitatumand
P. italicumor induce physical and/or biochemical changedé t
fruit that could maintain or increase their resis&@to infection.
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General objectives

5. To determine the potential synergy of the combaomatiof
postharvest dip treatments with PS and brief ex@ssto high
CO, or O, atmospheres at curing temperature for green mold
control. Comparison with individual treatments.

6. To assess botin vitro and in vivo the effectiveness of brief
ammonia fumigations to control citrus green ancebtwlds and
determine their influence on fruit quality, espdgian rind color
of lemon fruit. To explore the interaction of ammefumigation
with IMZ treatments.

7. To investigate the relative susceptibility of conmoialy
important citrus species and cultivars to green bio@ molds,
and evaluate the relationship between this sudmbiytiand fruit
quality attributes.
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ABSTRACT

The curative activity of the food additives dehyalretic acid,
dimethyl dicarbonate, ethylene diamine tetraceticl,asodium acetate,
and sodium benzoate (SB) was testedhiwivo preliminary screenings
against green and blue molds on citrus fruit artfly inoculated 24 h
before withPenicillium digitatumandP. italicum respectively. SB was
the most effective compound and it was furthereest trials simulating
postharvest industrial applications. Dip treatmdot<0 s with 3% (w/v)
SB heated above 50°C resulted in about 90% reduofigreen and blue
mold incidence on ‘Valencia’ oranges inoculatedated, and incubated
at 20 °C and 90% RH for 7 days. This treatment alss effective on
‘Lanelate’ oranges, ‘Fino’ lemons and ‘Ortaniqueamaarins, but not on
‘Clemenules’ mandarins. Heated solutions combir8igwith low doses
(25 or 50 pL %) of the fungicide imazalil (IMZ) were synergistind
greatly improved the efficacy of stand-alone treatts. On ‘Valencia’
oranges stored for 8 weeks at 5 °C followed by ysd# shelf-life at 20
°C, this combination reduced the incidence of greed blue molds
almost by 100%. It was found in additional triadstest the preventive
activity that 3% SB dips at 50°C for 60 s did netluce green mold on
‘Valencia’ oranges treated, inoculated wih digitatum24 h later, and
incubated at 20 °C for 7 days. It can be concluienh this work that
heated SB aqueous solutions might be in the fuameinteresting
nonpolluting disease control alternative for thenowercialization of
citrus in markets with zero tolerance to fungiaidsidues.

1. Introduction

The most common citrus postharvest diseases initéfegthean
climate regions are green and blue molds, causedPdyicillium
digitatum and P. italicum respectively (Eckert and Eaks, 1989; Palou,
2014). Economic losses due to these diseases heem teduced to
commercially acceptable levels by the use of syitliengicides such as
imazalil (IMZ), thiabendazole (TBZ), sodium-o-phdpiyenate, or others
for more than 30 years (Brown, 1985; Erasmus e28l3; D’Aquino et
al., 2013). Deeper knowledge about residue leveldruit and the
toxicology of these fungicides and, on the othardhaonsumers trends
to eat more natural food, are favoring a continuceduction in the
amount of these substances allowed by authoriide tpresent on fruit.
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Furthermore, at present, large citrus distributord major supermarket
chains are even demanding particular and moreigestr fungicide
usage. In addition, rising populations of resistatriins of disease-
causing pathogens to these fungicides are an iangottiread, which is
compromising the efficacy of the treatments (Buslgt1991; Eckert et
al., 1994; Holmes and Eckert, 1995; Zhu et al.,&®lnay et al., 2007;
Sanchez-Torres and Tuset, 2011). Consequently,cifnes industry
worldwide is increasing demanding for alternativies conventional
fungicides to control postharvest diseases. Inldlse few years, many
studies have been published and reviewed on alieesato synthetic
fungicides for the control of postharvest decayfrelsh horticultural
produce (Palou et al.,, 2008; Cunningham, 2010; siamicz and
Conway, 2010; Montesinos-Herrero and Palou, 20ddn&hazzi et al.,
2012; Bautista-Bafos, 2014). Among them, dip treatis with low
toxicity substances with antimicrobial properties lbeen one of the first
approaches (Hall, 1988), since the substitutiogyathetic fungicides by
these products would not require substantial chengethe industrial
procedures followed in the packinghouses. Theszrative compounds
should be natural or synthetic substances withcityxto humans and
wildlife extensively evaluated and proven to beperv. Food additives,
especially preservatives, and generally regardedsaf® (GRAS)
compounds, which are allowed with very few resm$ for many
industrial and agricultural applications by regidas worldwide meet
these conditions. A number of food additives haeerbsuccessfully
tested for this purpose against citrus posthamtssiases. These include
carbonates and bicarbonates (Smilanick et al., 1$@®enson et al.,
1999; Palou et al., 2001, 2002; Zhang and Swirg@®3; Plaza et al.,
2004; Venditti et al., 2005; Youssef et al.,, 201@dtassium sorbate
(Smilanick et al., 2008; Montesinos-Herrero et 2009), or sodium
parabens (Moscoso-Ramirez et al., 2013a,b, 201her@ood additives
with antimicrobial activity, commonly used as pmesdives, may have
similar control ability when applied as postharvegtatments against
citrus pathogens, but they have not been extensiesisayed in
postharvest applications. This is the case of sndienzoate (SB; EU
food additive number E-211), which was first idéatl as a potential
citrus postharvest antifungal agent by Hall (1988)is worker found
that the efficacy of treatments with 2% (w/v) SBtle control of green
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mold was similar to that of TBZ commercial treatriserMore recently,
Palou et al. (2009) testeth vivo several food additives against
postharvest pathogens of stone fruit sucMasilinia fructicola, Botrytis
cinerea, Geotrichum candidum, Alternaria alternatar, Penicillium
expansumand found that treatments with 200 mM SB were amibieg
most effective in the control of diseases causedhlege pathogengn
vitro assays with ethylendiaminetetraacetic acid (EDEA85) showed
complete inhibition oP. italicumgrowth and sporulation (Askarne et al.,
2011). Dehydroacetic acid sodium salt (NaDHA, EJ)26@as
successfully tested in dip treatments to reducdhpogest spoilage of
different fruit and vegetables (Smith, 1962). Ielpninary tests, sodium
acetate salts (NaAc, E-262) reduced by 70% thelémge of gray mold
causedB. cinereaon sweet cherries compared to the water control
treatment (Ippolito et al., 2005). Postharvesttmeats with 200 mg t
of dimethyl dicarbonate (DMDC, E-242) significantlgduced the total
mold count of the leaf and stalk of Chinesse cablayl this substance
was suggested as an alternative sanitation treat(Géen et al., 2013).
Likewise, count of total yeasts and molds in fresh€arrots treated with
DMDC were significantly reduced by 3.01 and 3.48 lefu ¢,
respectively, in comparison with water-treated oust (Wang et al.,
2012). Therefore, according to such previous repdine objective of the
present work was to test the efficacy of posthadrtrestments with SB,
EDTA, NaDHA, NaAc, and DMDC against green and bhaelds of
citrus fruit, and to assess the feasibility of @yaplication of selected
compounds, viz. SB, as part of the commercial hagdprocedures
followed in the packinghouses for decay control.

2. Materials and methods
2.1.  Fruit

Fruit used in the experiments were ‘Valencia’ ahdnelate’
oranges Citrus sinensigL.) Osbeck), ‘Clemenules’ (synonyms: ‘Nules’,
‘Clementina de Nules’) clementine mandari@ti(us clementinaHort.
ex Tanaka), ‘Ortanique’(itrus reticulataBlanco x C. sinensisx C.
reticulata); synonym: ‘Topaz’] hybrid mandarins, and ‘Fine@nhons
(Citrus limon (L.) Burm.). Fruit were collected from commercial
orchards in the Valencia area (Spain) and usedahee day or stored up
to 1 week at 3C and 90% relative humidity (RH) before use. Fusiéd
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in the study were free from previous postharvestiments or coatings.
Before each experiment, fruit were selected, randed) washed with
tap water and allowed to air-dry at room tempegatur

2.2.  Fungal inoculation

Penicillium digitatumandP. italicum isolates NAV-7 and MAV-
1, respectively, from the fungal culture collectiointhe IVIA CTP, were
cultured on potato dextrose agar (PDA, Sigma-Ald@hemical Co., St.
Louis, MA, USA) plates at 25 °C. Conidia of eachdus from 7 to 14-
day-old cultures were taken from the agar surfaitk @ sterile rod and
transferred to a sterile aqueous solution of 0.0B%erf 80 (Panreac,
S.A.U., Barcelona, Spain). Conidial suspensionsewidtered through
two layers of cheesecloth to separate hyphal fraggnend adjusted to a
concentration of 10or 10 spores mL* using a haemocytometer. The tip
of a stainless steel rod, 1 mm wide and 2 mm igtlgnvas immersed in
the conidial suspension and inserted in the fiod afterwards. Except
for in vivo primary screening tests, fruit were inoculatedat opposite
points in the fruit equatorial zone, one wkh digitatumand the other
with P. italicum. Inoculated fruit were kept in a temperature-cdigrb
room at 20 °C and 90% RH for 24 h, until treatmémtthe case oin
Vivo primary screenings, each pathogen was inoculatetiffierent sets
of fruit.

2.3. Invivoprimary screenings

Several substances, previously selected for thatenpial
antifungal properties, were tested at differentcemtrations to assess
their control ability of citrus postharvest greemdablue molds on fruit
previously inoculated with the pathogens. Thesecentrations and
substances were 100 and 200 mM SB (M&Bla0,; Guinama S.L.,
Alboraia, Valéncia, Spain); 0.1, 1, 10, 20, 40, B0, and 100 mM EDTA
(C10H16N20g); 0.1, 1, 4, 7, 10, 20, 30, 40, 70, and 100 mM NAD
(CgHsOy); 1, 10, 40, 70, 100, 140, 170, 200, 300, 400, 500, 800, and
1000 mM NaAc (NagH30,); and 0.07, 0.75, 7.5, 75, 150, 300, 450, and
600 mM DMDC (GHgOs) (all purchased to Sigma-Aldrich Chemie
Gmbh, Steinheim, Germany). Inoculation with. digitatum or P.
italicum was carried out following the procedure descriabdve, with
an inoculum concentration of 1@pores mL*. About 24 h after fungal
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inoculation, 30 pL of the solution to be tested the specified
concentration were placed, using a micropipetteghésame inoculation
rind wound. Control fruit were treated with 30 pE sterile distilled
water. For each combination of pathogen, substarzeconcentration, 4
replicates of 5 ‘Valencia’ oranges each were uJedated fruit were
incubated at 20 °C and 90% RH for 3 and 6 dayshath time disease
incidence (% of infected fruit) was determined. alsi were repeated
three times, and average values were calculated.

2.4. Dip treatment conditions

Since SB at 200 mM (29 g*t. 2.9% wi/v) was selected as the best
among all treatments assayed in the previaugvo primary screening
tests, trials with 3% SB were conducted using ‘Ylala’ oranges to
establish the best dip conditions for this treatmEruit were inoculated
with P. digitatumandP. italicumat a concentration of $Gpores mL*
following the procedure mentioned above, and thgntréated using
stainless steel buckets containing 10 L aqueousisolof 3% SB. When
needed, solutions were heated by placing the bsidhet 250-L stainless
steel water tank fitted with two electrical resistas (4.5 kW each), a
thermostat, and an automatic water-recirculatingtesy. Fruit were
placed into 18 L multi-perforated wall stainlessedtcontainers, exactly
fitting in the above mentioned buckets, and congbyeimmersed in the
treatment solution for 5, 15, 30, 60, or 150 s@t3D, 53, 58, 62, 65, or
68 °C, although not all time-temperature combinatiomsertested. After
treatment, the fruit were rinsed for 5 s with tagtev at low pressure in
order to eliminate SB salt residues. Control fruére treated with water
alone at 20C for 60 s. Each treatment was applied to 3 rej@ecaf 25
fruit, which were arranged in plastic cavity socken cardboard trays.
Treated fruit were incubated at 2G and 90% RH for 7 days, at which
time disease incidence was assessed. Three daystraftment, fruit
were inspected for potential rind injuries causgdhe treatments.

The same procedure was followed in further expemnméeo test
the treatments on ‘Clemenules’ mandarins, ‘Finomdas, and
‘Ortanique’ hybrid mandarins. Treatment conditiotested on these
cultivars were chosen according to results preWowbtained with
‘Valencia’ oranges.
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2.5. Combination with low doses of imazalil

Following the same procedure previously described dip
treatments, ‘Valencia’ oranges were inoculated \iigh spores mL P.
digitatumor P. italicum held for 24 h at 20 °C and 90% RH, and treated
for 60 s dips in deionized water (control), 3% S&, uL L™ active
ingredient (a.i.) of IMZ (IMZ 25; (%)-1-(2-(2,4-didorophenyl)-2-(2-
propenyloxy) ethyl)-1H-imidazole; Fecundal 7.5% H&@mesa Fruitech
S.L., Valencia, Spain), 50L L™ a.i. IMZ (IMZ 50), or the combination
of SB with each of the two concentrations of IM&rEhe combinations,
aqueous solutions of both chemicals were mixed 1ftd- buckets and
manually stirred with a clean plastic rod. IMZ wased at two doses
considerably lower than those recommended for caialeapplications
(500-1000pL L™ a.i.). Tested temperatures were 20 °C (excepthir
combination treatments) and 50 °C. Fruit treateth B were rinsed
with tap water and left to dry before incubation28t°C and 90% RH.
Each treatment was applied to 3 replicates of 2@ fach. Disease
incidence was determined after 7 days of incubatonit phytotoxicities
were assessed after 3 days at 20 °C. The experiwastperformed
twice.

2.5.1. Effectiveness on major citrus species and cultiv@ime and
temperature conditions selected from the previoasstwith ‘Valencia’
oranges were tested on other commercially importénis species and
cultivars. On the one hand, ‘Clemenules’ and ‘Ggae’ mandarins
were treated with water or 3% SB for 60 s at 2Q,38o0r 62°C, and at
20 or 60°C, respectively. Likewise, ‘Fino’ lemons were teghtwith
water at 20 °C for 30 s (control treatment) or 3B6a 20 or 62°C, both
for 15 or 30 s. On the other hand, in order to st compatibility with
common postharvest treatments, ‘Lanelate’ oranga$ ‘®rtanique’
mandarins were treated for 60 s with water opR3.™* IMZ at 20°C, or
25puL L™ IMZ, 3% SB, or 3% SB followed by 25L L™ IMZ at 50°C.
Only fruit treated with SB alone was rinsed withp tavater after
treatment. Green and blue mold incidence was asdexter 7 days of
incubation at 20 °C and 90% RH.

2.5.2. Effectiveness of treatments during cold storagéalencia’
oranges were artificially inoculated wikh digitatumandP. italicumand
then dip-treated for 60 s with water or aqueousitsmis of 25uL L™
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IMZ at 20°C, or 25uL L™ IMZ, 3% SB, or 3% SB followed by 25L L

1 IMZ at 50 °C. Only fruit treated with SB alone was rinsed wigp
water after treatment. Treated fruit were storad8&aveeks at 5 °C and
90% RH, then moved to a chamber at 20 °C and 70BRand further
held there for 7 days, simulating shelf-life. Greand blue mold
incidence was assessed after 2, 4, 6, and 8 wedk¥aand at the end of
shelf-life.

2.6. Preventive activity

The efficacy of treatments with SB in the preventiof green
mold was assessed on ‘Valencia’ oranges. Fruit \fiese dip treated
with 3% SB at 50 °C for 60 s, and then inoculaédtbr 24 h, with the tip
of a stainless steel rod, 1 mm wide and 2 mm igtlerthat had been
immersed in a T0spores ml* conidial suspension @. digitatum Each
treatment consisted of 3 replicates of 20 fruithea&fter inoculation,
treated fruit were incubated at 20 °C and 90% RH7falays and then
disease incidence was evaluated. The trial waspeed twice.

2.7. Statistical analysis

Data on disease incidence (%) were transformebld@tcsine of
the square root of the proportion of infected frat assure the
homogeneity of variances. In some cases, reductiatis respect to
control treatments were calculated as percentagesisformed data
were analyzed by analysis of variance (ANOVA) witatgraphics
software (v. 5.1, Statpoint Technologies Inc., \WWaton, VA, USA). The
level of significance was established Rit= 0.05. When appropriate,
Fisher's Protected Least Significant Difference [)Sest was used for
means separation. Values displayed in graphs aretransformed
means. The term synergy was applied as defineddheR(1987), where
the effectiveness of a combination of treatmenteeds the prediction of
the effectiveness of their additive action estirdatg Limpel's formula
(Ee = X +Y = (XY/100)).

3. Results
3.1. Invivoprimary screenings

Among the variety of food additives and concentradi tested in
primary screenings, NaDHA at concentrations abd¥erd and SB at
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concentrations of 100 or 200 mM were the most &ffedreatments to
reduce the incidence of both green and blue mdies hoth 3 and 6
days (Fig. 1) of incubation at 20 °C and 90% RHeaiments with NaAc
were slightly effective, even at very high doses66D to 1000 mM.
Treatments with DMDC showed very poor efficacy agai both

pathogens, with disease reductions lower than 40&bracentrations as
high as 600 mM. Similarly, treatments with EDTA wanot generally
effective, except when applied at 100 mM againsegmold, which was
reduced by over 90% (Fig. 1). Rind phytotoxicityaill blemishes or
pitting on the rind area surrounding the inoculatisite) was not
observed for any of these treatments.

3.2. Dip treatment conditions

In accordance to the previous results, SB at 320¢~-mM) was
selected to test the efficacy of this treatmenfunther dip applications.
In tests with ‘Valencia’ oranges, treatments witB Bere always more
effective against green and blue molds than thogk water alone
applied at the same temperature for the same thkge @). SB dip
treatment for only 5 s required very high applicattemperatures to be
effective. Treatments with water applied for longjeain 5 s reduced the
incidence of green and blue molds proportionallyhi dip temperature.
This trend, although less marked, was also obseradduit treated with
SB. Thus, decay was strongly reduced on fruit écatith SB for 15 or
30 s, even at dip temperatures of 20°C, and rigimg treatment
temperature to 62°C only increased the efficacytlud treatments
slightly. The lowest green and blue mold incidemes observed on fruit
treated with SB at 62°C for 60 s, with incidencéuea as low as 6 and
1%, respectively, at the end of the incubation querilncreasing the
duration of SB treatments at this temperature t® ¥5 did not
substantially improve their efficacy. In generaB 8fficacy was highly
influenced by treatment temperature, showing a rgystc effect
between these two factors (see asterisks on FigViégh the exception of
slight blemishes on the rind of ‘Valencia’ orange=ated at 62°C for 150
S, no rind phytotoxicities were observed in thesdst
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Fig. 1. Reduction of the incidence of green and blue maldsValencia’ oranges
wound inoculated withP. digitatumandP. italicum respectively, treated 24 h later by
placing in the wound 30 pL of aqueous solutioniffexent concentrations of sodium
benzoate (SB), ethylendiaminetetraacetic acid (EpTi&hydroacetic acid sodium salt
(NaDHA), sodium acetate (NaAc), or dimethyl dicanbte (DMDC), and incubated at
20 °C for 6 days. Each combination of pathogenstsuitze, and concentration was
applied to 4 replicates of 5 oranges and repeatieg {n=12).

61



Chapter 1

GMBM
L a L a ]
100 @ b Water [] [ m b 60s
80 m T SB 3% (wiv) Fd 7 | n
. c ]
m i . 30s 0
L L c |
60 C7d
n *
40 |- 3 * 4
no «f s no dl |p p
20 |- d d p % no «x * J
R e el |P e a
& 0 a m I I a I I N
100 | J
H T ab ab 15s m 150s
T n _lTJ_ T
E’\i 80 no i
& 60 ? b ]
o o no -
2 c b op
o 40 + * . 5 T p
Y— p * *
© cd x| [P
) 20 b d * p (o3
2 7 d a
g v d
= . - -
E 20 53 58 62 20 50 62
w0} & O ab a o b mss
80 |
cl |7 g
60 | * *
no d *
* d *
40 | op p
20 |
0 .
20 62 65 68

Treatment temperature (°C)

Fig. 2. Incidence of green (GM) and blue (BM) molds on I&f&ia’ oranges
wound inoculated withPenicillium digitatumand P. italicum respectively,
immersed 24 h later for different time periods ¥ 3w/v) sodium benzoate
(SB) at different temperatures, and stored forysad 20 °C and 90% RH. For
each immersion time and pathogen, columns withkanlketters §-d for GM
and m-p for BM) differ significantly according to Fisherigrotected LSD test
(P<0.05) applied after an ANOVA to arcsine-transformediues. Non-
transformed means are shown. Each treatment wéiscpp 3 replicates of 25
fruit (n=3). (*) Synergistic effect between tempera and SB according to
Limpel’s formula
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Fig. 3. Incidence of green (GM) and blue (BM) molds on I&f&cia’ oranges
wound inoculated withPenicillium digitatumand P. italicum respectively,
immersed 24 h later in water (control), 3% (w/vilison benzoate (SB), 25 or
50 uL L™ imazalil (IMZ), or SB combined with IMZ at the iiwhted
temperature, and stored for 7 days at 20 °C and RB6PoFor each pathogen,
columns with unlike letters differ significantly @arding to Fisher’s protected
LSD test P<0.05) applied after an ANOVA to arcsine-transformexues.
Non-transformed means are shown. Each treatmenapiged to 3 replicates
of 20 fruit and repeated once (n=6). (*) Synergistifect between SB and IMZ
according to Limpel’s formula.
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Fig. 4.Incidence of green (GM) and blue (BM) molds on f@&nules’ and ‘Ortanique’ mandarins and ‘Fino’ lemon
inoculated withPenicillium digitatumandP. italicum respectively, immersed in water (control), or @&8v) sodium
benzoate (SB), at the indicated temperature foirttieated time, and stored for 7 days at 20 °C 30 RH. For
each cultivar and pathogen, columns with unlikeetst@-d for GM andm-pfor BM) differ significantly according to
Fisher's protected LSD ted?<£0.05) applied after an ANOVA to arcsine-transformatlies. Non-transformed means
are shown. Each treatment was applied to 3 repBcat 25 fruit (n=3). (*) Synergistic effect betwetemperature
and SB according to Limpel's formula
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3.3.  Combination with low doses of imazalil

Dip treatments with 3% (w/v) SB at 20°C for 60 dueed green and
blue mold incidence from 100% on control fruit &s$ than 50 and 60%,
respectively (Fig. 3). Treatments with IMZ at conirations of 25 or 50
uL L™ were not more effective than SB treatments appiiethe same
temperature for the same time. Heating dip solstitm50°C generally
improved the efficacy of all treatments, includimgter alone, against
both target diseases, although the differences wmoe always
statistically significant. The incidence of bothegn and blue molds was
greatly reduced on ‘Valencia’ oranges treated v@d#h SB combined
with 25 or 50pL L™ IMZ, with no significant differences between
treatments. In all cases, the efficacy of combitredtments was higher
than the expected by the mere addition of individiiicacies, showing
a synergistic effect according to Limpel’'s formkg. 3). None of the
tested treatments at any temperature was visibfyopdxic to ‘Valencia’
oranges.
3.3.1. Effectiveness on major citrus species and cultiva@®n
‘Clemenules’ mandarins, treatments with 3% SB fér $ were not
effective for the control of green and blue moldsew applied at 20 °C
(Fig. 4). Regardless of treatment temperaturetradtments with water
were ineffective to control green and blue moldsng disease incidence
always close to 100%. Heating solutions to 53°Ceiased the efficacy of
the dips for blue mold, but not for green mold. dise incidence was
also significantly lower on fruit treated at 586#°C, but with reductions
of both molds of only around 30%. On ‘Fino’ lemotise incidence of
green and blue molds was not highly reduced afeatrents with 3%
SB at 20°C irrespective of dip duration, and mesit showed disease
incidence of around 75%, while decay on fruit oé thnique control
treatment performed with this citrus species (wate20°C for 30 s) was
close to 100%. Increasing the temperature of SBe@us solutions to
62°C reduced green and blue mold incidence onetlelgmons to
approximately 30 and 50%, respectively, with respgecthe control
treatment of water at 20°C. For these SB solutimested to 62°C, no
significant differences were observed between rimeat durations of 15
and 30 s. Likewise, on ‘Ortanique’ mandarins, teaits with SB at
20°C for 60 s reduced green and blue molds inceldryyc40 and 30%,
respectively. The efficacy of the treatments inseghwhen applied at
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62°C, reducing the incidence of green and blue smtdd20 and 30%,
respectively. According to Limpel's formula, the dw factors,
temperature and SB concentration, were synergistimandarins (Fig.
4). Synergy was not analyzed in lemons since treatsnwith heated
water alone were not performed. The tested dip itond did not cause
any visible phytotoxicity on the fruit rind.

SB at 3% in combination with low doses of IMZ (@56 L™) was
studied on ‘Lanelate’ oranges and ‘Ortanique’ maimda Incidence of
both green and blue molds on ‘Lanelate’ orangestece with water at
20°C for 60 s (control) was 100% after 7 days alubation (Fig. 5).
Incidence of green and blue molds was reduced dwynar 80 and 70%,
respectively, on oranges treated with either IM@nal at 20 or 50°C or
SB at 50°C. Decay incidence on oranges treatedthtltombination of
SB and IMZ at 50°C was as low as 5%, showing argystec effect
between these two treatments, according to Limgetisiula. The same
pattern was observed when ‘Ortanique’ mandarins ewéeated
following identical procedures. In this case, tneants with either IMZ
or SB alone were less effective than on ‘Lanelatanges, although the
combined treatment reduced disease incidence taver lextent (2 and
4% incidence of green and blue molds, respectiyelypwing a stronger
synergism between SB and IMZ (Fig. 5).

3.3.2. Effectiveness of treatments during cold storagéalencia’

oranges inoculated witl. digitatumor P. italicum and treated with
water at 20°C (control) showed high levels of deatigr the first two
weeks of storage at 5°C, being the incidence oérg@nd blue molds
around 96 and 88%, respectively (Fig. 6). At timset the incidence of
both green and blue molds was around 10% on featéd with 25uL L~

1Mz at 20°C, and close to zero on oranges treaiéu 26 L L™ IMZ,

3% SB, or the combination of both chemicals at GO0®n fruit treated
with IMZ or SB alone, the incidence of green andebimolds gradually
increased along storage time and even more aftetditional week at
room temperature, when final incidence of green hhug¢ molds was
respectively 45 and 55% for IMZ at 20 °C, 27 an&o4fdr SB at 50°C,
and both 28% for IMZ at 50 °C. Nevertheless, thadence of both
diseases remained close to zero on oranges tredtethe combination
of SB and IMZ at 50 °C at the end of the cold gierperiod and shelf-
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life. Again, this latter treatment showed a hignexgism between IMZ
and SB according to Limpel’'s formula (Fig. 6).

a Lanelate
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7
40 1 b
H b b b
8 b b
(] L
) 20 *
[} cC C
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60 | 1] 1]
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Treatments

Fig. 5. Incidence of green (GM) and blue (BM) molds on tabique’
mandarins and ‘Lanelate’ oranges inoculated witRa@ficillium digitatumand

P. italicum respectively, immersed for 60 s in water (contr@d (w/v) sodium
benzoate (SB), 2fL L™ imazalil (IMZ), or SB combined with IMZ at the
indicated temperature, and stored for 7 days at@@nd 90% RH. For each
pathogen, columns with unlike letters differ sigeahtly according to Fisher's
protected LSD testP<0.05) applied after an ANOVA to arcsine-transformed
values. Non-transformed means are shown. Eachntesatwas applied to 3
replicates of 20 fruit (n=3). (*) Synergistic effebetween SB and IMZ
according to Limpel's formula.
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Fig. 6. Incidence of green (GM) and blue (BM) molds on [&f&ia’ oranges
inoculated withPenicillium digitatumandP. italicum respectively, immersed
for 60 s in water (control) or 28L L™ imazalil (IMZ) at 20°C, or 3% (w/v)
sodium benzoate (SB), 26 L™ IMZ, or the mixture of SB and IMZ at 5,
and stored for 8 weeks at 5 °C and 90% RH follolwed days of shelf-life at
20 °C and 70-80% RH. For each pathogen, columns witike letters differ
significantly according to Fisher’s protected LS#3tt<0.05) applied after an
ANOVA to arcsine-transformed values. Non-transfodnmaeans are shown.
Each treatment was applied to 3 replicates of 2@t {n=3). (*) Synergistic
effect between SB and IMZ according to Limpel'storta.
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3.4. Preventive activity

SB treatments were not effective in reducing gneetd incidence when
applied about 24 h before wound inoculation vRthdigitatum(data not
shown).

4. Discussion

In this study, the antifungal properties of fivefbadditives were tested
at a wide range of concentrations in primary sdregrnests on fruit
inoculated withP. digitatumor P. italicum It has been reported that, as a
pathogenicity mechanism, the secretion of orgacidsaby the pathogens
varies when it is producenh vitro andin vivo (Prusky et al., 2004),
which could presumably alter the toxicity of antifal treatments with
food additives or other compounds. For instanceéabie differences in
efficacy betweenin vivo and in vitro tests have been observed in
experiments with carbonates against citrus greeld if®milanick et al.,
1999). Thereforen vivo primary screenings with citrus fruit insteadirof
vitro assays were selected in this study to prelimiaasess the efficacy
of different food additives and concentrations. Amothe tested
substances (SB, NaDHA, NaAc, DMDC, and EDTA), SB@® and 200
mM, NaDHA at 70 and 100 mM, and NaAc at 800 and(01®oM
reduced green and blue molds by 80% or higher. iRejuNaAc
concentrations were too high and unpractical, aah éess effective than
lower concentrations of SB or NaDHA. SB parentatroital benzoic
acid and the related compound benzyl benzoate egistered by US
EPA as insecticides and fungicides. Moreover, wBileis approved in
the EU for use in foods, the status of NaDHA hasnbeevisited due to
its more toxic profile (Kegley et al., 2014). Thdaets accounted for the
choice of SB to be used in subsequent trials tesasthe efficacy of dip
treatments. Although the differences between 1@D200 mM SB were
not significant, SB at 200 mM was slightly moreeetive against blue
mold than at 100 mM. Further, previous studies sgtbthat SB at 200
mM was an effective treatment against postharvatitqgens of stone
fruit (Palou et al., 2009). For these reasons, ttoscentration of
approximately 3% SB was selected to be testedrthdutrials.

In general in the present study, SB dip treatmeaotdrolled green and
blue molds more effectively on oranges than on raand after identical
treatments applied at the same conditions. Inealisi decay on control
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fruit was high and similar on both oranges and naand, so differences
in efficacy were not caused by mere differenceluit susceptibility to
decay. Disease development results from complexdantions between
fruit, pathogen and environment. Efficacy of amijal food additives
depends on the amount of salt residue presentnmtioiund infection
courts occupied by the fungus and on interacticetsvéen this residue
and rind constituents. Apparently, such interactiomy be different in
oranges and mandarins as a consequence of difiémentharacteristics
or composition. In prior research, the efficacytatments with hot
water, sodium carbonate, sodium bicarbonate (Petl@al., 2001, 2002),
potassium sorbate (Montesinos-Herrero et al., 200%pdium parabens
(Moscoso-Ramirez et al., 2013a,b, 2014) againsgtngesnd blue molds
was also lower on mandarins than oranges. On ther diand, the
effectiveness of 3% SB applied as aqueous dipscoasiderably lower
than that obtained im vivo primary screenings (incidence reductions of
100%; Fig. 1). This was possibly due to the incedasontact time of the
SB drop with the rind wound inoculated wih digitatumor P. italicum
with respect to the contact time of dip treatmelmtdact, contact time or
dip duration was an influencing factor on the eifemess of SB
treatments applied on ‘Valencia’ oranges (Fig. 2).

The antimicrobial effect of SB has been widely esweéd and, in
particular, several studies showed its efficacyaasfungal postharvest
treatment on citrus (Hall, 1988), stone fruits (Rialet al., 2009), or
longan fruit (Yahia, 2011). In the present workifetent dip conditions
(duration and temperature) were tested in orderopdimize dip
applications of SB. High temperatures tested rarfgeut 50 to 62 °C
because synergistic effects between these tempesatund alternative
chemicals such as sodium carbonate or potassiutmatsohad been
previously observed; lower temperatures were |ffestere and higher
temperatures led to visible phytotoxicities on that rind (Smilanick et
al., 1999; Montesinos-Herrero et al., 2009). Thelgmation of SB with
heat was synergistic and SB treatments at higingpeeatures were more
effective against green and blue molds in all eats tested (Figs. 2, 4).
This was observed in previous studies with othedfaditives such as
carbonates (Palou et al., 2001) or potassium soKbMxntesinos-Herrero
et al., 2009), but not with other compounds suclp@sssium silicate
(Moscoso-Ramirez and Palou, 2014) or sodium metliMlescoso-
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Ramirez et al., 2013a), ethyl- (Moscoso-Ramiresd.e2013b) or propyl-
(Moscoso-Ramirez et al., 2014) parabens. It wasladad in these cases
that the potential benefits from heating the sohagidid not compensate
for the potential commercial costs. Synergistieceff between SB and
heat were also dependent on the citrus cultivae. &ificacy of heated SB
solutions was not as high on ‘Clemenules’ mandatiaga on other citrus
species and cultivars, probably due to a highesitteity of this cultivar
to hot water dips, which may adversely affect thim ©f the fruit and
made it more susceptible to fungal developmenis Hctually found in
the literature that hot water dip treatments weess| effective as
antifungal treatments on mandarins than on ora(esirra et al., 1998;
Palou et al., 2001, 2002). Immersion time is an artgnt factor
influencing efficacy, with higher control achieveg longer treatments.
However, commercial conditions during fruit mangion in citrus
packinghouses do not allow prolonged treatmentdimwed thus, times
from 5 to 150 s were chosen. As expected, longeatrirents yielded
higher efficacies against green and blue molds. (£)g However, the
efficacy of SB treatments applied for 60 or 150 aswnot different
enough to select the longest immersion time. Iclear that, at the
commercial level, longer dip treatments lead toirmrease in energy
costs and risks of phytotoxicity in sensitive ottis.

Dip treatments with 3% SB reduced green and blukel imgidence to a
similar extent than dip treatments with low dosels IBZ. The
combinations of SB with IMZ consistently improvéuetefficacy of these
treatments and always showed a synergistic effags( 3, 5, 6). This
effect was particularly marked when treated frugrev stored at low
temperatures (Fig. 6). The observed synergism legtv&B and IMZ is
presumably due to the different modes of actionthafse chemicals,
which are more lethal when acting together. In @aldj both substances
were more effective when applied at higher tempeest which favored
their synergism. It is known that IMZ, like the rexd fungicides in the
imidazole family, inhibits ergosterol synthesisfumgi by blocking C-14
demethylation (Van den Bossche et al., 1978; SiagelRagsdale, 1978;
Henry and Sisler, 1979). This results in accumatatf C-14 methyl
sterol intermediates, such as lanosterol, and eedse in ergosterol, with
the subsequent deterioration of the cell membraviereover, heat
increases the level of IMZ residues in the fruitdii probably due to
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partial melting and remodeling of the wax layerH®at, resulting in the
disappearance of cracks in this layer and in trappf the active
ingredient (Schirra et al., 1997). On the other dhait has been
demonstrated that in acidic medium such as the dedimind of citrus
fruit, the undissociated form of the benzoic ac¢a Which the yeast cell
membrane is permeable) enters the cell until theceatration equals
inside and outside the cell (Restaino et al., 198&bs et al., 1983). The
neutralization of the undissociated form by cellffbis causes an
acidification inside the cell that ultimately inft® cell growth. The fall
in intracellular pH caused by the accumulation ehioic acid at low
external pH inhibits glycolysis at the stage of gplwofructokinase, thus
depleting the cell of ATP and in consequence mEsig its growth
(Krebs et al., 1983). The observed synergism betwessat and SB
treatments seems to indicate that high temperaiomaove the mode of
action of SB by increasing the permeability of thembrane, facilitating
the entrance of SB, a pH reduction and the formatib benzoic acid
(Rushing and Senn, 1963). Different and complenmgmtedes of action
of IMZ and SB may account for their synergism wlagaplied together
against green and blue molds.

The use of SB in postharvest applications for friesticultural produce
may have the same level of allowance by authorities potassium
sorbate, since SB is also a food additive authdrizg EU and USA
regulations. Potassium sorbate is currently acdemte postharvest
treatment for citrus fruit, with an MRL of 20 mg kgEC, 2010). At
present, SB, benzoic acid, potassium benzoate @odim benzoate are
authorized food additives in the EU. They can bedusp to 150 mg Ky
in traditional Swedish and Finnish fruit syrups afia@vored drinks
excluding dairy-based drinks; up to 200 mg‘kg Danish juice sweet,
alcohol-free wine and beer, and aspic; up to 500kgiyin olives and
olive-based preparations, seaweed preparationsslgar and similar
low calorie or sugar-free marmalades and othet-brased spreads; up to
1000 mg kg quince paste and cooked crustaceans and mollupks u
1500 mg kg in cooked shrimps in brine, and up to 2000 md ky
cooked red beet (EC, 2015). In the USA, SB and dienacid are
included in the Food and Drug Administration (FDAgt of GRAS
substances. Both may be used as antimicrobial sigiaworing agents,
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and as adjuvants with a current maximum level a®®.n food (US
FDA, 2001).

In the present research, SB alone or combined Mithdoses of IMZ
showed very high efficacy for the control of citgieen and blue molds.
This kind of treatments with low or no use of sttt fungicides is very
demanded by general consumers and especially byfraggdistributors
in the EU and worldwide. In addition, the differenbde of action of SB
could be an important additional tool to hinder greliferation of IMZ
resistant strains dP. digitatumand P. italicum which is at present a
common important issue in most citrus packinghausethis sense, the
use of SB would allow the fight against resistaneélout the addition
of other synthetic fungicides in the packinghoussease management
program. Treatments tested in this study, includingse using high
temperatures, are currently feasible to be apgltettie commercial level
in many modern Spanish and worldwide citrus padkiuges. Heated
solutions of SB alone satisfactorily controlled egreand blue mold on
oranges, even when treated fruit were cold-storddwever, on
mandarins and lemons, the combination of SB with éoses of IMZ
was necessary to reduce disease incidence to caiathemlcceptable
levels. In this case, combinations with control moels other than
synthetic fungicides should be tested in ordentprove SB efficacy and
offer alternative treatments for markets with z@lerance to fungicide
residues. After these laboratory and small-scalstiwith artificially
inoculated, large-scale trials in citrus packingtesi with naturally
infected fruit should be conducted to confirm thetgmtial of SB
treatments against green and blue molds and jugtdyregistration of
this compound for postharvest commercial use.
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ABSTRACT

Several commercially important citrus species andtivars were
artificially inoculated with Penicillium digitatum or P. italicum
immersed 24 h later for 5, 15, 30, or 60 s in w&tentrol) or aqueous
solutions of 3 % (wt/vol) potassium sorbate (PSI@t53, 58, 62, 65, or
68 °C, depending on the experiment, rinsed withatater, and incubated
at 20 °C for 7 d. The most effective treatmentsewR® applications at 62
°C for 30 or 60 s, which reduced both penicilliuralds by up to 20, 25,
50, 80, or 95 % on ‘Clemenules’ and ‘Nadorcott’ marnns, ‘Fino’
lemons, ‘Ortanique’ mandarins, and ‘Valencia’ oresgrespectively.
After 60 d storage at 5 °C, green mold and bluednayl ‘Valencia’
oranges treated with PS at 62 °C for 60 s werecemtliby 96 and 83 %,
respectively. Treatments applied to nonwounded frafore inoculation
did not induce disease resistance. In semicomnetcials with
‘Valencia’ oranges, treatments with heated PS al&% combined with
the fungicide imazalil (1Z), and 1Z alone were aefjually effective. On
‘Marisol’ clementine mandarins, the combination BS+at room
temperature allowed a significant reduction of thedoses needed for
effective control of green mold.

Keywords: Penicillium digitatum P. italicum green mold, blue mold,
alternatives to postharvest fungicides, GRAS comgsu integrated
disease management

Introduction

In countries with Mediterranean climate the posthar diseases that
cause more losses are green mold, causedPdnyjcillium digitatum
(Pers.:Fr.) Sacc., and blue mold, causedPbytalicum Wehmer (Tuset,
1987). For many years, these wound pathogens heem ¢ontrolled by
using synthetic fungicides like imazalil (1Z), sadch ortho-phenylphenate
(SOPP), or thiabendazole (TBZ) (Eckert and Eak891%milanick et
al., 2006). Concerns about their impact on humaalttheand the
environment (Dezman et al.,, 1986) and the riseuoicide-resistant
biotypes ofP. digitatumandP. italicum (Bus et al., 1991; Holmes and
Eckert, 1999; Kinay et al., 2007) have encouradeddevelopment of
alternatives to traditional control means.
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Post-inoculation treatments with hot water (Schatal., 2000; Palou et
al., 2001, 2002a) or with aqueous solutions coiriginery low toxicity
substances, generally regarded as safe (GRAS)ebyritied States Food
and Drug Administration (US FDA) (Smilanick et a999; Palou et al.,
2001, 2002a), have been some of the tested alteraatCompounds
included in the GRAS classification can be usedainvariety of
applications with no restrictions from regulatianghe European Union
(EU) or the USA (Lindsay, 1996). Sodium carbonated asodium
bicarbonate are effective components of alternativategies to replace
postharvest fungicides in citrus (Smilanick et 4B97, 1999; Palou et
al., 2001, 2002a). However, disposal of used swistis a problem due
to the content of sodium and the high pH and cotntic of the
solutions of sodium carbonates (Smilanick et a008). Palou et al.
(2002b) studied the antifungal activity of a widmge of food additives
and GRAS substances agaifstdigitatumand P. italicum and found
that potassium sorbate (PS) was among the mostigéen oranges and
lemons.

Sorbic acid and some sorbic acid salts have bedelywused for years as
preservatives in processed food (Chichester andhéranl972). PS
(CeH7O:K; EU E-Number list: E-202) is a wide spectrum amdrobial
food additive with effect against molds and yeastsstly within the pH
range of 3 to 6.5 (Bandelin, 1958). PS is more wsdéuble than sorbic
acid, thus it is more appropriate for applicatis aqueous solutions.
Moreover PS has been recently classified by thetedniStates
Environmental Protection Agency as a minimal riskve ingredient and
exempt from residue tolerances (US EPA, 2005).

PS has been tested alone or in combination withnoertial fungicides
against the major postharvest pathogens of citrugsf Recently,
Smilanick et al. (2008) combined low concentratioh®S with 1Z, TBZ,
pyrimethanil (PYR), and fludioxonil (FLU), and fodrthat PS was not
only compatible with these fungicides but also ioyad their
performance againsP. digitatum and Geotrichum citri-aurantii, the
causal pathogen of sour rot. In other studies tutrob either sour rot
(Kitagawa and Kawada, 1984) or green mold (Smoot licCornack,
1978; Wild, 1987; Hall, 1988; Palou et al., 2002B§ solutions applied
at room temperature or moderately heated for watilong immersion
times (2-3 min) resulted in a relatively effectiwentrol of the diseases.
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However, from a commercial point of view, shorteeatments are
desirable. In order not to lose effectiveness,ue of solutions at higher
temperature is likely to be needed. Several stuthee already shown an
improvement in effectiveness, when the treatmanetivas very brief,
when PS solutions were heated (Wild, 1987; Smikaatal., 2008).

Few studies have been done to elucidate the abfligRAS compounds
to induce resistance in citrus fruits; howevehas been recognized as an
important and manageable form of controlling postest diseases (El
Ghaouth, 1994; Venditti et al., 2005). It is knotat the curative or
preventive activity of alternative GRAS compounds controlling
postharvest diseases is more dependent on thacdtiter with the host
than that of conventional chemical fungicides, @oudh interaction is
highly dependent on fruit physical and physiologmandition as well as
on fruit species and cultivar (Palou et al., 208002a, b, 2008; Venditti
et al., 2005).

The objective of this work was to assess the eaffecess of brief PS
treatments at several temperatures against posttgrenicillium molds
on citrus fruits. Different treatment durations atemperatures were
tested on several commercially important citruscegseand cultivars to
elucidate which conditions were more effective atle case. Individual
influence of treatment temperature and length an dfficacy of the
treatments was also studied. Treatments were tdsteoth disease
control ability and induction of disease resistantéhe fruit. In some
cases, the effectiveness of PS treatments wasaddoated during long-
term cold storage. Both laboratory and semicomrakrekperiments
were conducted. In semicommercial experiments, dffect of PS
treatments was compared to that of low doses of civentional
fungicide 1Z, and the effect of combination of laeses of PS and 1Z
was also assessed.

Materials and methods

Fruit

Fruit used in the experiments were ‘Valencia’ oes@itrus sinensis
(L.) Osbeck), ‘Fino’ lemons . limon (L.) Burm.), ‘Marisol and
‘Clemenules’ (synonyms: ‘Nules’, ‘Clementina de Bii) clementine
mandarins €. reticulata Blanco), or ‘Ortanique’ €. reticulata x (C.
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sinensis x C. reticulatg; synonym: ‘Topaz’]l] and ‘Nadorcott’ Q.

reticulata x C. sinensis synonyms: ‘Afourer’, ‘W. Murcott’) hybrid
mandarins. Fruit were collected from commercialhards in Valéncia
province (Spain) and stored at 5°C and 90 % redtiumidity (RH) up to
2 weeks. Fruits used in the study were free froevipus postharvest
treatments or coating. Before each treatment, fiudre selected,
randomized, rinsed with tap water, and let to ayrat room temperature.

Fungal inoculum

The strains ofP. digitatum (NAV-7) and P. italicum (MAV-1) were
isolated from decayed oranges or mandarins cotlecte®rchards in the
province of Valéncia. These fungi were cultivated;cultured from
single conidia, identified, selected for their V&mice, and included in the
fungal culture collection of the Centre de Tecn@oBostcollita of the
IVIA. Fungi were multiplied by inoculation of conalin 90 mm petri
dishes of potato dextrose agar (PDA) and incubadtazb °C for 7 to 14
d. For each pathogen, a quantity of conidia wasrtdkom the mycelium
surface and suspended in a sterile aqueous solatiG05 % (wt/vol)
Tween 80. The conidial suspension was filteredefzagate conidia from
parts of mycelium and conidial concentration wasetmined using a
haemocytometer. The suspension of conidia was edilwith sterile
distilled water to a final concentration of 16onidia L*. This is the
concentration of conidia recommended in the evalnabf postharvest
treatments for the control of green and blue mgktkert and Brown,
1986). The tip of a stainless steel rod, 1 mm vadd 2 mm in length,
was immersed in a conidial suspension of the cpomding pathogen
and inserted in the fruit rind afterwards. Fruitswiaoculated in two
opposite points in the equatorial zone, one VRthdigitatumand the
opposite withP. italicum Inoculated fruit was maintained at 20 °C until
treatment, 24 h later. When the potential inductanresistance was
tested, the fruit was treated, held for 1, 2 or &td20 °C, and then
inoculated following the above mentioned procedim& using a
suspension of pathogenic fungi of tnidia L.

Laboratory experiments for assessment of diseaserdool ability

Stainless steel buckets containing 10 L of 3 %W e}/ PS (Guinama
S.L., Alboraia, Valéncia, Spain) in deionized wakare used in all tests.
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The solutions were kept at the natural pH of 7.8.ewneeded, solutions
were heated by placing the buckets in a 250-L sgnsteel water tank
fitted with two electrical resistances (4.5 kW eaehthermostat, and an
automatic water-recirculating system. Fruit weracpd into 18 L multi-
perforated-wall stainless steel containers, exafitiyng in the above-
mentioned buckets, and completely immersed in tba&trnent solution.
Control fruit were dipped in water alone at 20°CheTtested citrus
cultivars, treatment conditions, and incubatiordcstbrage conditions for
this set of laboratory experiments are summarizedrable 1. After
treatment, PS-treated fruit was rinsed with lowsgteetap water for 5 s
running 20-30 cm above the fruit, left to air-drgdaplaced in plastic
cavity sockets on cardboard trays. For each tre#tn3ereplicates of 25
fruit each were used. Treated fruit were incubatedalk-in chambers at
20 °C and 90 % RH for 7 or 14 d or, in some expenis, stored at 5 °C
for 60 d. Disease incidence was counted every & tha number of
decayed fruit. Three days after treatment, fruitrevénspected for
potential rind injures caused by the treatmentbihAd experiments were
conducted twice.

Fruit Treatments Incubation/storage

Time Time

Substance T (°C) (s) T (°C) (d)

‘Valencia’ Water 20, 62, 65, 68 5 20 7

oranges PS 20, 62, 65, 68 5 20 7

Water 20,53,58,62 15,30 20 7

PS 20,53,58,62 15,30 20 7

Water 20 60 20 14

PS 62 60 5 60

‘Fino’ lemons  water 20 15,30 20 7

PS 20,62 15,30 20 7

‘Clemenules’  water 20, 53, 58, 62 60 20 7

mandarins PS 20, 53, 58, 62 60 20 7

‘Nadorcott’  water 20 30 20 7

mandarins PS 20, 53, 58, 62 30 20 7

‘Ortanique’ Water 20, 62 60 20 14
mandarins

PS 20, 62 60 5 60

Table 1. Summary of treatments applied in laboya¢aperiments.
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Laboratory experiments for assessment of induced sgéstance
Following the same procedure of disease controts tggeviously
mentioned, ‘Valencia’ oranges or ‘Ortanique’ mamasrwere treated
with deionized water at 20 °C (control) or aquesotutions of 3 %
(wt/vol) PS at 62 °C for 60 s and then held foR1or 5 d at 20 °C. After
each one of these time periods, fruit were inoedlaat two opposite
points of the equatorial zone with a suspensio@@fconidia L* of P.
digitatum After inoculation, fruit were incubated at 20 %hd the
number of infected lesions and the diameter of dasion (disease
severity) was measured after 3 and 7 d of incubatio

Semicommercial experiments

‘Valencia’ oranges were commercially harvested aadsported to our
laboratory where they were selected, randomized jrmoculated withP.
digitatumandP. italicumas described above. One day after inoculation,
fruit were transported to the facilities of the quany Decco Ibérica Post
Cosecha S.A.U. in Paterna (Valéncia), where treatsneere applied
using a 125-L stainless steel tank with an autaraiating system and
thermostat. Treatments consisted of 30 s dips teve 20°C (control), 1
% (wt/vol) PS (Nantong Acetic Acid Chemical Co Ltdlangzha,
Nantong City, Jiangshu Province, China), 0.05 mt &.i. 1Z EC
(imazalil emulsifiable concentrate, Deccozil®50Decco Ibérica Post
Cosecha S.A.U., Paterna, Valencia, Spain), and »durei of a final
concentration of 1% PS and 0.05 mt h.i. 1Z EC (Deccozil 58). PS,
IZ, and mixture solutions were heated to 45°C. feedruit were not
rinsed with tap water. For each one of these foreatents, 3 replicates
consisting of 20 kg plastic boxes each were usbduta80-90 oranges
per box; 240-270 oranges per treatment). Treatetiviiere left to air-dry
and then taken back to the IVIA where they werallrated at 20 °C and
90 % RH. After 2 d, the rind of the fruit was obsst to check for any
treatment-induced damage. Disease incidence wasseshs after 7 and
14 d of incubation.

‘Marisol’ clementine mandarins were collected fromn commercial
orchard and brought to a local packinghouse in laéf€alencia) where
they were checked for injuries, selected, and ramzed. Fruit were not
artificially inoculated in this trial (natural iné&ion). Tested solutions
were water alone (control), 2% (wt/vol) PS (NantoAgetic Acid
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Chemical Co Ltd.), 525 mgta.i. 1Z (imazalil sulfate, Deccozil S-#5
Decco Ibérica Post Cosecha S.A.U.), and a mixtirBe® and 1Z at a
final concentration of 1% (wt/vol) PS and 0.2 ml' la.i. 1Z EC
(Deccozil 50). All treatments were applied at room tempera(d@ +
2°C) for 30 s. Twelve 20-kg field boxes containigny average of 222
mandarins each were used for each treatment (avefag,664 fruit per
treatment). Solutions were renewed after treatingbexes. Nonrinsed
treated fruit were degreened in a commercial degmgeroom with 1-2
uL L™ ethylene at atmospheric pressure and 19 to 2bP@ fi. Once
degreened, the fruit were transported to the Vil &ept in a chamber
at 20 °C and 90 % RH. Decay incidence was ass&s&fdand 30 d after
the application of the treatments.

Statistical analysis

The experiments were designed to sequentially hater effective PS
treatment conditions for each of the different édstitrus species and
cultivars, not to establish general effects of quative variables such as
treatment temperature or time on disease incidefiterefore, the
independent variables in each test were consider®dqualitative
variables. Values recording percentage of diseagdance were arcsine-
transformed and two- or three-way analyses of magg ANOVA) were
performed using Statgraphics Plus 4.1 (Manugistios, Rockville,
Maryland, USA). Since differences between experisiewere not
significant, presented means for laboratory testsaserage values from
two experiments. Means were separated by Fishex$e@®ed Least
Significant Difference (LSD) testP(< 0.05). Values shown are non-
transformed data.

Results

Laboratory experiments to assess disease control

On ‘Nadorcott’ mandarins, the incidence of greed blue molds on fruit
treated with PS at the highest tested temperatagssignificantly lower
than that on control fruit (water at 20 °C for 30 bklowever, the
magnitude of the reduction was small (up to 25 %hm case of green
mold; Fig. 1). On ‘Clemenules’ clementine mandarir@though
treatment time was increased to 60 s, none ofdbied treatments was
effective against green and blue molds (Fig. 1).
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Fig. 1. Incidence of green (GM) and blue (BM) molds on deims artificially
inoculated, dipped 24 h later in water or 3% (W)\vmotassium sorbate (PS)
and incubated for 7 d at 20 °C and 90% RH. ‘Nadtr@md ‘Clemenules’
mandarins were treated for 30 and 60 s, respegtiWhter treatments on
‘Nadorcott’ mandarins were only at 20°C. For eadkeakse and cultivar,
columns with unlike letters are significantly diéet according to Fisher's
Protected LSD test P( < 0.05) applied to arcsine-transformed data.
Nontransformed means * standard error (SE) arershow

In contrast, on ‘Ortanique’ mandarins, PS treatmet62 °C for 60 s
reduced the incidence of green and blue molds wsipect to control
fruit (treated with water at 20 °C for 60 s) by &@d 65 %, respectively,
after incubation at 20 °C for 7 d. PS treatment2@t°C and water
treatments at 62 °C scarcely reduced decay inogdenchese trials (Fig.
2). When stored at 5 °C for 15 d, green and bluéd nmecidence on
‘Ortanique’ mandarins treated with PS was 92 and®lbwer than on
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control fruit, respectively. However, control of thodiseases was
transitory and these reductions gradually decceasenly 36 and 10 %
after 60 d storage (Fig. 3)lo peel injures caused by the treatments were
observed.

. lOO*GM a a a BM a a ZZA Water
. PS
n ? a
+
S 80 %
3
g 60 -
3 b
(8]
£ 40 -
)
@
2 20 - b
° A
0
20 62 20 62

Dip temperature (°C)

Fig. 2. Incidence of green (GM) and blue (BM) molda ‘Ortanique’
mandarins artificially inoculated, dipped 24 h fdatewater or aqueous solutions
of 3% (wt/vol) potassium sorbate (PS) at 20 or@2dr 60 s, and incubated for
7 d at 20 °C and 90% RH. For each disease, columthsunlike letters are
significantly different according to Fisher's Protied LSD test B < 0.05)
applied to arcsine-transformed data. Nontransformea@ns + standard error
(SE) are shown.

On ‘Fino’ lemons, the interaction between dip tiare treatment (water
or PS at 20 or 62 °C) was significant. Treatmenith WS at 62 °C
slightly controlled both green and blue molds. Aage decay incidence
after treatments with PS at 62 °C for 15 s wasr8D40 % lower than
that recorded on control lemons f&. digitatum and P. italicum
respectively (Fig. 4)When treatment duration was increased to 30 s,
green mold and blue mold were reduced by 45 arfib S®spectively.
Treatments at lower temperatures were less effeclivie rind of the
lemons was not damaged by any treatment.Combiredtefof the type
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of substance (PS or water), treatment temperatune,dip duration (5,
15, or 30 s) were evaluated on ‘Valencia’ oran@dge mold incidence
on fruit dipped for 5 s in PS was about 50% lowamnt after treatments
with water at the same temperature, and 70 and 90wér on fruit
dipped for 15 and 30 s, respectively (Fig. 5). Anifar trend was
observed for green mold, although the differencetsvéen 15 and 30 s
treatments were small. On ‘Valencia’ oranges, teatpee had greater
influence on the efficacy of water treatments tham that of PS
treatments. Control of both diseases by 5 or 1lBmsarsions in water
was not improved by increasing the temperaturéneftteatments. Only
treatments with water for 30 s were more effectivieen applied at
higher temperatures (Fig. 5). Generally, treatméont$, 15, or 30 s were
slightly more effective againg®. italicum than against. digitatum
Green mold incidence was 90 % on control fruit 2@do on fruit treated
with PS at 62 °C for 15 s (89 % incidence redugtiddlue mold
incidence was 78 % on control fruit while it wasabt or very low (1.6
%) on fruit treated with PS for 30 s at any of tested temperatures (98
% incidence reduction) (Fig. 5). None of the treatits caused visible
injuries to the rind of the oranges.

PS treatments at 62 °C for 60 s were further teste®alencia’ oranges
that were evaluated after 7 and 14 d of incubasib@0 °C. While the
incidence of decay caused by bé&thdigitatumandP. italicumafter 7 d
was 100 % on control fruit, it was 2.6 and 5.3 % tosated fruit,
respectively. After 14 d, the incidence of both dsolon treated fruit
increased to 12 % (Fig. 6). The same PS treatmedticed both
penicillium molds by more than 98 % on fruit stor&d5 °C for 15 d.
After a cold storage period of 60 d, reduction ey and blue molds on
PS-treated fruit was 96 and 83 %, respectively.(B)gNo damage was
observed in the skin of the oranges.
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Fig. 3. Incidence of green (GM) and blue (BM) molafs ‘Valencia’ oranges
and ‘Ortanique’ mandarins artificially inoculatedipped 24 h later in water at
20 °C or aqueous solutions of 3% (wt/vol) potassaarbate (PS) at 62 °C for
60 s, and stored for 60 d at 5 °C and 90% RH. Boh elisease and cultivar,
columns with unlike letters are significantly diéat according to Fisher’s
Protected LSD test P( < 0.05) applied to arcsine-transformed data.
Nontransformed means * standard error (SE) arershow
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Fig. 4. Incidence of green (GM) and blue (BM) molds ‘Fino’ lemons
artificially inoculated, dipped 24 h later in watat 20 °C or agueous solutions
of 3% (wt/vol) potassium sorbate (PS) at 20 or 62f6r 15 or 30 s, and
incubated for 7 d at 20 °C and 90% RH. For eackadis, columns with unlike
letters are significantly different according tesitér's Protected LSD tedP €
0.05) applied to arcsine-transformed data. Nonfomeed means * standard
error (SE) are shown.

Laboratory experiments to assess induced resistance

Treatments with aqueous solutions of 3 % PS pooartificial fungal
inoculation did not significantly affect the sevgrof the lesions caused
by P. digitatumor P. italicumon ‘Ortanique’ mandarins and ‘Valencia’
oranges (data not shown).

Semicommercial experiments

After 7 d incubation at 20 °C, the incidence ofegrand blue molds on
artificially inoculated ‘Valencia’ oranges treateath water (control) was
77 and 44 %, respectively. The incidence of bothdsion fruit treated
with PS was reduced by approximately 95%, with ngniBcant
differences between treatments. There was onlyn@mmncrease on fruit
decay at 14 d of incubation. The high effectivene$sPS or 1Z
treatments when applied alone did not allow obsgrnany possible
synergistic effect of the combined treatment (K. No rind damage
was observed after any treatment.
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Fig. 5. Incidence of green (GM) and blue (BM) molafs ‘Valencia’ oranges
artificially inoculated, dipped 24 h later in water aqueous solutions of 3%
(wt/vol) potassium sorbate (PS) at different terapges for 5, 15, or 30 s, and
incubated for 7 d at 20 °C and 90% RH. For eacbades and treatment time,
columns with unlike letters are significantly diéat according to Fisher’s
Protected LSD test P( < 0.05) applied to arcsine-transformed data.
Nontransformed means * standard error (SE) arershow
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Fig. 6. Incidence of green (GM) and blue (BM) mofas ‘Valencia’ oranges
artificially inoculated, dipped 24 h later in watsr 20 °C or aqueous solutions
of 3% (wt/vol) potassium sorbate (PS) at 62 °C6ldrs, and incubated for 14 d
at 20 °C and 90% RH. For each disease, columns withke letters are
significantly different according to Fisher’'s Proted LSD test R < 0.05)
applied to arcsine-transformed data. Nontransformme@ns + standard error
(SE) are shown.

Decay on naturally infected ‘Marisol’ mandarinseafB0 d incubation
period at 20°C reached 41% of nontreated (confinai) and was mainly
caused byPenicillium spp. (62 % of rotten fruit). Other pathogens
causing decay wer€olletotrichum gloeosporioides, Alternaria Ccitri
Geotrichum citri-aurantij or Phytophtora citrophthorgdata not shown).
The incidence of green mold was about eight timgkdr (25% of total
control fruit) than that of blue mold (3.2% of tbteontrol fruit).
Mandarins infected withP. digitatumwere 18, 0.8, and 0.7% on fruit
treated with PS, PS+IZ, and 1Z, respectively (Big.
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Fig. 7. Incidence of green (GM) and blue (BM) motafsartificially inoculated
‘Valencia’ oranges after 30 s dips in water at 2q¥oOntrol) or aqueous
solutions at 45°C of 1% (wt/vol) potassium sorb@s), 0.05 mL [* imazalil
EC (12), or a mixture of 1% (wt/vol) potassium sam® and 0.05 mL L
imazalil EC (PS + 1Z), and incubated for 7 or 14tc20 °C and 90% RH. For
each disease and incubation time, values with enékters (‘a-b’ for 7 d and
‘X' for 14 d) are significantly different accordirtg Fisher's Protected LSD test
(P < 0.05) applied to arcsine-transformed data. Nosfaamed means *
standard error (SE) are shown.
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Fig. 8. Incidence of green (GM) and blue (BM) molas naturally infected
mandarins cv. Marisol after 30 s dips at 19°C irtewdcontrol) or aqueous
solutions of 2% (wt/vol) potassium sorbate (PS)% B2y L' imazalil sulfate
(12), or a mixture of 1% (wt/vol) potassium sorbated 0.2 mL [} imazalil EC
(PS + 12), and incubated for 9, 20, or 30 d at 20ahd 90% RH. For each
disease and incubation time, values with unlikeetset(‘a-b’ for 9 d, ‘m-o’ for
20 d, and ‘x-z’ for 30 d) are significantly differe according to Fisher's
Protected LSD test P( < 0.05) applied to arcsine-transformed data.
Nontransformed means * standard error (SE) arershow
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Discussion

Citrus green and blue molds were controlled eféetyiin some tests by
short treatments with heated PS aqueous soluthmtarding to previous
results (Palou et al., 2002b), a concentration %f @vt/vol) PS was
selected to be used in every test. The efficadh®treatments depended
on the one hand on the fruit species and cultimdran theother hand on
treatment temperature and duration. Combined affeftthe type of
substance (PS or water), treatment temperaturedi@anduration (5, 15,
or 30 s) were evaluated on ‘Valencia' oranges. tAtee factors were
found to significantly influence the control of bagreen and blue molds.
Irrespective of treatment temperature and lengthnges that had been
treated with PS developed much less decay thargesathat had been
treated with water. Prolonging the treatment fronto530 s greatly
reduced the percentage of decayed fruit, in spitethe higher
temperatures used for the 5 s treatments (68 v8Ch2In general, the
difference in decay control effectiveness betweeatew and PS
treatments increased as treatment time was praforigemost of the
experiments, treatments with hot water alone atstmae temperatures
were used to assess the effects of PS and heatiseasd control
separately. In agreement with numerous previousrtegSchirra et al.,
2000; Porat et al., 2000, 2002; Palou et al., 2@@0N2a), hot water
treatments were only slightly effective againsthbabholds and their
efficacy improved as the temperature of the watereased. Heated
water may cause a decreased elongation of fungaliggtion tubes or
even a complete destruction of the germinating dianiresulting in a
reduced volume of effective fungal inoculum (Schiret al., 2000).
Treatments with PS aqueous solutions were alwaye reffective than
treatments with water alone at the same temperandedip duration
and, in some cases, PS treatments satisfactonlyaild green and blue
molds. When PS is used, the undissociated acid wiach the
cytoplasmic membranes of many microorganisms aremgeble)
diffuses into the cell until the concentration desiand outside is
balanced. Sorbic acid seems to inhibit several resy (fumarase,
espartase and succinic dehydrogenase) involved igroanganisms
growth (York and Vaughn, 1964). Previous studiesehahown the
antifungal properties of PS agaiistdigitatumor P. italicumand/or the
effect of heat on enhancing the efficacy of PS tsmhs (Smoot and
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McCornack, 1978; Wild, 1987; Hall, 1988; Palou dt, &002b;
Smilanick et al., 2008).

In the present study, very brief treatments wei@uated with a variety
of citrus species and cultivars. In general, PSeosffeness after
treatments at 62 °C for 15 to 30 s was comparablhat observed in
previous studies where longer treatments (120 t6 &B at lower
temperatures were employed (Smoot and McCornadig; \ild, 1987;
Hall, 1988; Palou et al., 2002b). Similar resulerevobtained when brief
dips with heated solutions of sodium carbonateseweraluated
(Montesinos-Herrero et al., 2007). Furthermore,ilaimemperature and
treatment time combinations were also selecteddsgtfet al. (2000) and
Smilanick et al. (2003) as the optimum conditiomsdffective control of
green mold on fruit sprayed or drenched with hotewaver rotating
brushes. Temperatures used in the present stuadyasdrigh as 62 °C for
60 s treatments or 68 °C for 5 s treatments. Thesperatures were
regarded as phytotoxic in some studies in whichlehgth of treatment
was about 150 s (Palou et al., 2001; Smilanick.eP803). In this work,
however, these high temperatures did not damagenith@f treated fruit,
probably due to the brief exposure time and the waper rinse that
followed PS dips and instantaneously lowered theptrature of the
fruit. On the other hand, immediate rinsing of tegafruit may have
reduced PS effectiveness in some tests reporteeinheompared to
similar works with nonrinsed citrus fruit (Smilakicet al., 2008).
Similarly, rinsing of clementines treated with atl@RAS salts such as
sodium carbonate resulted in a significant losgedtment effectiveness
against green mold (Larrigaudiere et al., 2002;0fPakt al., 2007).
Nevertheless, we decided to rinse the fruit aftertféatment in order to
simulate a hypothetical commercial application ihiak rinsing would
be necessary to minimize the risk of injury to that. Although the risk
of PS injury to citrus fruit has not been rigorgusivaluated, research
work with sodium carbonate showed that rinsingfthé after treatment
was an effective method to avoid treatment nega#iffects (loss of
weight and firmness during cold storage) on theliguaf clementine
mandarins (Larrigaudiére et al., 2002).

The effectiveness of PS treatments was greathuentted by citrus
species and cultivar. On ‘Nadorcott’ and ‘Clemesulmandarins, PS
treatments did not control penicillium decay afted incubation at 20 °C.
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In contrast, the same PS treatment applied to Adjtee’ mandarins,
‘Fino’ lemons, and ‘Valencia’ oranges, reduced theidence of green
and blue molds by 80, 50, and more than 95 %, otispéy. Moreover,
while PS treatments at 62 °C for 60 s similarlytoafed green and blue
molds on ‘Ortanique’ mandarins and ‘Valencia’ orasfter 15 d of
storage at 5 °C, the effectiveness of the treanars significantly
lower on mandarins than on oranges after longeagétimes. It was
also observed in these cold storage tests thate@8rents were slightly
more effective in controlling green mold than blmeld, which can be
explained by the fact tha®. italicum grows faster tharP. digitatum
below 10°C (Brown and Eckert, 2000). In the expents in which PS-
treated fruit was incubated at 20 °C, similar @ff@mness against both
fungi or slightly better control of blue mold wabserved. The varietal
dependence of PS efficacy was further observetiansemicommercial
experiments, where PS was used alone or combintédlew doses of
IZ. When applied to ‘Valencia’ oranges, a 1 % Pitsan at 45 °C was
as effective as 1Z and the combination of the tweatments did not
improve their effectiveness as stand-alone treasne®S alone
effectively controlled both green and blue moldereafter two weeks of
incubation at 20 °C. In contrast, the incidencgreien mold after 9, 20,
or 30 d of incubation at 20 °C on naturally infect®larisol’ clementine
mandarins treated with PS at room temperature \ugsshightly lower
than that on control fruit, even though higher antcations of PS were
used (2 %). In this trial, however, green mold wseisfactorily
controlled by the mixture of PS and IZ or 1Z aloAdl. these differences
on treatment effectiveness clearly show the stiofigence that intrinsic
fruit characteristics may have on either fruit pibility to infection by
P. digitatumandP. italicumor on fruit response to PS activity. In fact,
the influence of the type of fruit on the performanof other food
additives or GRAS substances was also reportedremiqus studies.
Palou et al. (2001, 2002a) found that treatmentk agueous solutions
of sodium bicarbonate or sodium carbonate for 15@e significantly
less effective against green and blue molds on araml than on
oranges. Moreover, differences in the effectivenesghese salts on
different citrus cultivars were also found when s&oimmersion times
were used (Montesinos-Herrero et al., 2007). Esiilglies clarified the
general mode of action of PS as a fungicide. Adagx¢d by Eklund
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(1983), the fungicidal activity of undissociatedtso acid is 10 to 600
times more effective than the dissociated form.sThiie highest efficacy
is achieved at the highest concentration of theissodiated form of
sorbic acid in the solution, that occur when thegithe medium where
PS is dissolved is as low as 4.77, which is theoplPS (Bandelin, 1958).
The toxicity of PS aqueous solutions at its natpialof 7.8 is low, but
when applied to citrus fruit they become more actmwthin the wounds
in the albedo tissue because of the relatively p#vin these wounds.
Rind pH of citrus fruit ranges from 4 to 6 depengon the species and
cultivar (Smilanick et al., 1999, 2005; Prusky ket 2004) and, according
to this, PS would be more effective agaiRstligitatumor P. italicumon
fruit with lower rind pH. However, such rind pH flifences cannot
explain alone the different effectiveness of theatments among
different citrus species and cultivars. In genettad, inhibitory ability of
low toxicity antifungal compounds such as PS oreottood additives
depends on the presence of residues of the compaitinich the wound
infection courts occupied by the fungus and onradtons between this
residue and constituents of the rind (Palou e8l01, 2002b; Smilanick
et al., 1999). Apparently, the nature of such extons would be
different according to the citrus species and caitas a consequence of
different flavedo and albedo characteristics orsenee of different
constituents (preformed antifungal compounds) enrthd. Additionally,
such constituents and their concentration in the would be determined
by not only the genotype but also the fruit physiad physiological
condition. On the one hand, these factors deterrtlieenatural fruit
susceptibility to decay; mature citrus fruits aypit¢ally more susceptible
to decay than immature ones because, among otksibj®causes, their
level of preformed antifungal compounds is lowen. tBe other hand, the
biosynthesis and/or accumulation of antifungal coomuls as a response
to different postharvest treatments is also lowemiature fruit (Ben-
Yehoshua et al.,, 1992; Del Rio and Ortufio, 2004)-Behoshua and
Porat, 2005). It is known that an indirect mechandg action of certain
postharvest treatments such as heat (Ben-Yehoshud.,e1992) or
solutions of some GRAS compounds (Venditti et apO5) is the
induction in the treated fruit tissues of diseasgistance. According to
these considerations and taking also into accobat the inoculum
density used for artificial inoculation was higt0{Zonidia L) and the
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same for all species and cultivars, the relatiyegr performance of the
tested treatments on ‘Nadorcott’, ‘Clemenules’,'Marisol’ mandarins
could be explained by the weak physical conditidntheir rind and
perhaps a reduced ability to synthesize antifungampounds. At
commercial maturity, the rind of these mandarirticais is typically soft
and thin and they can ripen to an overmature slageg the postharvest
phase easier and faster than other citrus speatesudtivars. In contrast,
‘Ortanique’ is a mandarin hybrid especially valusetause of the high
level of firmness of its rind, its good tolerance fong-term cold storage,
and its great resistance to injury during posthstrweanipulation (Cohen
et al.,, 1990). It appears clear, therefore, tha& timd properties of
‘Valencia’ oranges or ‘Ortanique’ mandarins playkey role in their
natural susceptibility to penicillium molds and seguently on the
superior effectiveness of PS treatments. The infltae of solution
temperature on PS efficacy has been discussed,tbedan also be
concluded from this work that, besides other fagtahis influence is
lower than that of the characteristics of the tdafruit. Increasing
solution temperature scarcely increased PS effaotiss on those
cultivars in which it was either very low (‘Nadot€mr ‘Clemenules’) or
very high (‘Valencia’). In fact, on ‘Valencia’ orges, PS treatments
were highly effective against both green and blu@ds) even at room
temperature. The effectiveness of PS treatmentshese fruit was
maintained after either 14 d of incubation at 2®?®0 d of cold storage
at 5 °C. After different days of storage, dependingthe citrus species
and cultivar and the treatment conditions, thedtd®s resumed. This
result confirmed that the antifungal activity of R§ainstPenicillium
spp. in citrus fruit is more fungistatic than fucigal, as it has been also
reported in other studies and for other food adesti or GRAS
compounds (Wild, 1987; Smilanick et al., 1999, 20P8lou et al., 2001,
2002a,b). In general, the effect of factors likdtiear or fruit condition
on treatment effectiveness is more important whew ltoxicity
compounds such as food additives are intended taskd instead of
stronger synthetic fungicides as postharvest treatsn to control
postharvest diseases. A thorough knowledge offfieeteof these factors
would give managers the option to discriminate he packinghouse
different lots of harvested fruit as a function afailable postharvest
treatments.
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Previous studies showed that some alternative skseantrol agents
induced resistance to postharvest pathogens when vilere treated
before inoculation (EI Ghaouth, 1994; Venditti & 2005). Venditti et
al. (2005) treated wounded ‘Fairchild’ mandarinshmgodium carbonate
and found an accumulation of the phytoalexin scoparin the albedo
that associated with a decrease in disease sev&dihen wounded
‘Biondo’ oranges were treated and then inoculatéera3 d, the
incidence of green and blue molds was reduced bg 8id 93.9 %,
respectively. In the present study, no differerinedisease severity were
observed when nonwounded ‘Ortanique’ mandarins ‘dalencia’
oranges were treated with PS 1, 2, or 5 d priomngzulation withP.
digitatum As reported by Venditti et al. (2005), the eftigaof the
treatment in inducing resistance was related tanisraction with the
albedo tissue. Thus, when the treatment was ap@eda film on
unwounded flavedo there was no effect in preventomgact infection by
P. digitatum Although such consideration could explain whyimduced
resistance was observed under the experimentaitmorgdof the present
work, additional research should be conducteddafglif PS treatments
can induce resistance to penicillium molds in sitinuit.

In agreement with other studies in which a synéigeffect between PS
and IZ treatments was found when they were appbedoranges
previously inoculated withP. digitatum (Smilanick et al., 2008), the
compatibility and benefits from the integration$® and 1Z treatments
were also observed in our semicommercial trialshworanges and
clementines. Although the high level of effectivemeof stand-alone
treatments did not make the nature of the intevactevident, the
combination of low concentrations of PS with IZoaled a considerable
reduction of the concentration of the latter withlmsing effectiveness in
controlling green mold on naturally infected ‘Manlfis clementine
mandarins. The natural occurrence of blue moldweag low in this trial
and no conclusive results were obtained.

Treatment conditions of 62 °C and 30 or 60 s wdaddappropriate for
satisfactory control of both green and blue moltisitous fruit with 3 %
PS solutions as part of an alternative integratesihfarvest decay control
program. These non-phytotoxic conditions wouldwlbreduction in the
immersion time to at least half that required amperatures of
approximately 40 °C and make PS treatments morsibleafor the
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industry, specifically by allowing the use of snealitanks that would

save time, material costs, and space in the pac&imes. These PS
treatments are new tools that could be includedniagrated disease
management programs especially suitable for pabkinges with high

levels of fungicide-resistant strains Bénicillium spp. or working with

certain citrus cultivars destined to internatiomarkets with low or zero
pesticide residue tolerances.
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ABSTRACT

A colorimetric method that employed extraction loé tmacerated fruit,
followed by reaction with 2-thiobarbituric acid, svaised to quantify
potassium sorbate residues in citrus fruit. A recgwof more than 90%
in oranges and lemons was obtained. Potassium teontesidues
determined by this method and a standard HPLC rdetvere similar.
Residues were proportionate to the potassium sorb@bcentration in
the treatment solution. In oranges stored at 1®RG@wing the potassium
sorbate treatments, residues declined initiallyidigpand later more
slowly, until residues stopped declining after laA brief double-dip
rinse in tap water applied immediately after imnrof lemons in a 2%
(wt/vol) potassium sorbate removed more than 90%hef potassium
sorbate residue. The influence of high pressuremwaashing (HPWW)
on potassium sorbate residues in potassium sontmsteed fruit was
determined. Potassium sorbate residues were mieatieély reduced by
rinsing oranges than lemons.

Keywords: alternative antifungal postharvest treatments; GRASoOnN;
orange; spectrophotometric method; penicillium geca

INTRODUCTION

Sorbic acid and its water-soluble salts, especptifassium sorbate, are
common food preservatives. Sorbates are the besaderized of all
food antimicrobials as to their broad-spectrumaiica. They effectively
inhibit certain bacteria and food-borne yeast amidnspecies). Their
use for the control of postharvest diseases olgitiruit was first
evaluated by Smoot and McCormacR).( Later, Nelson et al.3}
combined potassium sorbate with benzimidazoles #mohd some
improvement in the control of resistant straindPehicillium digitatum
Kitagawa and Kawadal) found that potassium sorbate was as effective
as sodium o-phenylphenate to control sour rot amles, and Wild §)
showed that potassium sorbate was approximately ak/5active as
sodium o-phenylphenate against green mold on N&@éde oranges.
Potassium sorbate was used commercially to reténdscpostharvest
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decay, but its use did not become popular becaissefiicacy was
sometimes low, and it was reported to delay, rattien stop, green mold
infections 6, 7). However, the rise in fungicide-resistant stsaiof
pathogenic fungi, together with the increasing eonc about
environmental and health risks, has elicited irgeréen finding
alternatives to conventional synthetic fungicidesr fpostharvest
treatment of fresh fruit. The use of potassium atwbalone, heated
and/or combined with fungicides has been recentigied with citrus
fruit (8, 9). Dip treatments with potassium sorbate solutgigsificantly
reduced sour rot incidence on lemons and its e¥leoess was improved
by heat 9). When used against green and blue molds, potasswbate
effectiveness strongly depended on citrus cultimad species, being
generally more effective on oranges than on mansgg8). The use of
potassium sorbate as an alternative to synthetigi¢fides has also been
studied on other fruits like table grapé§)(and cherriesi(l).

Although the performance of potassium sorbate rireats to control
decay on citrus fruit has been rigorously studigite is known about the
level of potassium sorbate residues remainingdatéd fruit. Potassium
sorbate residues that remain after treatment magrbéssue to some
buyers. At one time registered as a fungicide iea WS, potassium
sorbate was more recently listed as a “minimum pesticide” by the US
EPA and exempt from residue tolerance requiremg®s However,
regulations in other countries are not clear alibet level of residue
permitted in citrus fruit, and the use of potassiorbate is prohibited for
use under most ‘organic’ crop production rules. b8tes leave a
persistent antimicrobial residue in food produbisytprotect 13), and it
is possible they provide a persistent residue tirugifruit. An accurate
assessment of the fungicidal activity of potasssomrbate requires the
development of a method for analysis of potassiarbate in whole fruit
so that experimental application, storage, and pshgp tests can be
evaluated.

Methods for determination of potassium sorbate a@wodf products
traditionally included distillation and subsequedéetermination by
ultraviolet absorption and titration technique$4,(15). The initial
Association of Official Analytical Chemists (AOACinethods 15)
required extensive sample preparation and relgtiloglg analysis times,
and did not give accurate results at low levelsk Rand Nelson X7)
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described a method for determining sorbic aciditirug fruit by reverse
phase HPLC. The method involved extraction of teel pvith methanol,
cleanup of the extract by solvent partitioning antblumn
chromatography, and quantitative determination byL& using
ultraviolet detection. Distillation, or extractiomith methanol, is time-
consuming, and HPLC methods are not adaptable $er hy small
processors, because they lack technical persomiekegquipment costs
are high. Nury and Bolin1@) described a simple, direct colorimetric
method requiring no distillation for the determioat of potassium
sorbate in dried fruits. The method made use efakidation of sorbic
acid to malonaldehyde, which reacts with thiobaipit acid to form a
red pigment that was measured photometrically.eéifit adaptations of
this method, using the same basic reaction, hawen heed in the
determination of sorbic acid in winekdj.

This study investigated a simple colorimetric methdor the
determination of potassium sorbate in citrus foaised on the previously
mentioned reaction with thiobarbituric acid. Thigthod was applied in
this study to: (a) evaluate the influence of patass sorbate
concentration on the residue level in treated ;fr(li) determine the
effectiveness of water rinse and high pressure assh in removing
potassium sorbate residues from treated fruit;(@hdssess the evolution
of potassium sorbate residue level in treated €uitng storage.

MATERIALS AND METHODS

Fruit. ‘Eureka’ lemons or ‘Atwood’ navel oranges were usedthis
study. Lemons were collected from field bins ineghinghouse in Tulare
County (California, USA) one day after harvest. Tdianges originated
from a grove of the University of California, Linole Research and
Extension Center in Exeter (California). No postiest treatments had
been applied. Before use, fruits were stored atQ5or less than two
weeks. Fruits were randomized before the experisnent
Spectrophotometric method for the analysis of potasum sorbate
residues in citrus. A colorimetric assay for potassium sorbate in dried
fruits (18) was adapted for its use in the analysis of patassorbate
residues in citrus fruit.

Reagents.All reagents used were analytical-reagent gradeubBo
deionized water (18 K&) was used. A potassium sorbate working
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solution (0.1% wt/vol) was prepared from potassisedt of sorbic acid
(min. 99%) (Sigma-Aldrich, St. Louis, Missouri, URAA 1:1 mixture of
0.01 N KCr,0O; and 0.3 N was prepared from potassium dichromate
(min. 99.5%) (Sigma-Aldrich) and sulfuric acid (9%%) (A.C.S.
reagent, Sigma-Aldrich). For the preparation oh®arbituric acid, 0.5
g of 2-thiobarbituric acid (min. 98%) (Sigma-Aldnijcwas dissolved in
20 mL water and 10 mL of 1IN NaOH in a 100-mL volaneeflask.
After dissolving, 11 mL of 1IN HCI were added anc tholution was
made to 100-mL volume. The 2-thiobarbituric aciduson was made
fresh daily. The reagent remains relatively uncleanfpr about 6 h, but
after that time absorbance values are lower, liegulh erroneous results
(18).

Standard curveThe standard curve was prepared from non-treated fr
One whole fruit was weighed, cut into pieces, alethdbed with 0.95 mL
water per 1 g of fruit for 1 min. Ten grams of @larry were poured in
each of five 250-mL volumetric flasks and fortifiedth O, 0.25, 0.5,
0.75, or 1.0 mL volume of the standard sorbatetswu(0.1% wt/vol).
Each flask was filled till 250-mL volume with watdo reach the
concentration of 0, 1, 2, 3, or 4 mg/L of potassisonbate in solution,
respectively. A volume of 30 mL were transferrec¢éntrifuge tubes and
centrifuged at 14,500 x g for 7 min. A 2 mL voluroé each of the
supernatants was added to each of five test tubetioing 2 mL of
potassium dichromate-sulfuric acid solution. Thigtore was heated for
5 min at approximately 100 °C in a water bath. TlRemL of the
thiobarbituric acid solution were added to eachthed tubes and they
remained in the bath for an additional 10 min tiffilee tubes were then
removed and quickly cooled in running tap water.sédbance was
measured at 530 nm in a spectrophotometer (UV-yg&etsophotometer,
UV Mini 1240, Shimadzu, China). Water was used a®lank. A
standard curve was obtained by plotting absorbarmreus mg/L of
potassium sorbate. Two standard curves, one foorlenand one for
oranges, were prepared.

Sample preparationPotassium sorbate residues in lemons within each
replicate of 27 pieces of fruit were determinedtaking three lemons
and following the protocol described previously. &dhoranges were
analyzed, two pieces of fruit were used for eagicate of 20 oranges.
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Calculations. Optical absorbance was applied to the regression
describing the slope of the standard curve to tatleuthe potassium
sorbate concentration of this value. This value wajusted by
multiplying it by 48.78 (conversion factor to reftethe dilution and
express the final value in mg of potassium sorpatekg of fruit).
RecoveryResidue recovery was determined in ten replicayespiking
fresh samples of lemons and oranges with 200 mggditgssium sorbate
in fruit before blending the fruit. They were anadg as previously
described to estimate the recovery of the colomimetethod.

Effect of a water rinse on removal of potassium sdate residues in
lemons. Lemons were immersed for 1 min in 15-L volume otevaat
25 °C (control) or 2% (wt/vol) potassium sorbat%t 40, 50 or 62 °C.
The temperature of the solutions did not changeertfzain 0.5 °C during
treatment. Immediately after the immersion, lemaese rinsed by two
immersions of 1 s each in tap water, left to drgin and stored at 15 °C
for 24 h. At that time, the colorimetric analysisr fthe detection of
potassium sorbate as previously described was tssatetermine the
residues in fruit.

Effect of a high pressure water wash (HPWW) on renmwal of
potassium sorbate residues in citrus fruitThe effectiveness of HPWW
to remove potassium sorbate residues in citrust frortgated with
potassium sorbate was assessed before and aftiestochge for 25 days
at 15 °C. In order to compare removal of residves ffruit from the two
HPWW times, two sets of fruit (three replicates26f oranges or three
replicates of 27 lemons) were immersed for 1minwiater at 25 °C
(control treatment) or in aqueous solutions comgin2% (wt/vol)
potassium sorbate at 25 °C. After immersion, thié fvere left to dry
and then stored at 15 °C. Samples from each treatiteen one of the
sets were analyzed for potassium sorbate residigeesame day of the
treatment. The next day, one set of fruit was agailyzed for residues
and the other set was rinsed by HPWW and then aed/yBoth sets of
fruit were then stored at 15 °C for 25 days. At #mel of the storage
period, both sets of fruit were again analyzed fotassium sorbate
residues. HPWW was applied to the set of fruit tieed not been rinsed
and these fruit were analyzed for potassium sontesieues. All HPWW
treatments were applied at the Fruit Evaluationt@eRackline of the
University of California Lindcove Research and Esdien Center, in
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Exeter, California, USA. A pressure washer (Food cMaery
Corporation, Lindsay, California, USA) delivered0Q) kPa high
pressure, room temperature water over rotating hesisThe Tufted
Polycor pressure water brushes (Industrial Brush., G&éomona,
California, USA) were 61 cm wide and 11.43 cm irardeter. The
filaments of the brush were 38 mm in diameter wab tufts per
circumference. The brushes rotated at 80 rpm. kvag moved across
the spraying area at a 6.35 cm/s speed, with deneseé time of about 30
s inside the washer. The openings of the watevelglinozzles were 24
cm above the top of the brushes. The water cordabeut 30 uL/L total
chlorine (12.5% sodium hypochlorite) (Brogdex CoRBomona,
California, USA) with a 6.5 pH was applied over theishes through a
single 1.9-m-long row of solid-cone nozzles at 9c&8 intervals, on a
2.54-cm inside diameter pipe down the center oflithesh bed. Each
nozzle delivered 306 L/s of water at 2,000 kPa.s€htests were repeated
twice with both lemons and oranges.

Assessment of the decline in potassium sorbate rége concentration
in oranges.In order to measure the concentration of potassarbate
during storage, oranges were treated by immersiowater at 25 °C
(control) or in aqueous solutions containing 0.5),12.0 or 3.0 g/L
potassium sorbate, left to dry in air, and storédl@ °C. Potassium
sorbate residues were analyzed the day of tharterdtand after 1, 2, 3,
4,5, 6, 12, 19, and 26 days of cold storage. @mymeasurements at
days 1, 12, 19 and 26 were repeated in anotherieng®.

Statistical analysis.All treatments to oranges or lemons were applied to
three replicates of 20 or 27 fruit each, respebtiwithin each replicate,
three lemons or two oranges were used for eaclysigabf potassium
sorbate residues. Experiments were repeated twidedata shown are
means of two experiments (unless otherwise statBeésults were
compared using analysis of variance (ANOVA), andanse were
separated by Fisher’s least significant differetest (LSD;P = 0.05). In
order to estimate the correlation between absogband potassium
sorbate concentration on the standard curves, étearsorrelation index
was used. Statistics were analyzed using SPSS aeft(6PSS version
16; SPSS Inc., Chicago, lllinois, USA).
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RESULTS AND DISCUSSION

Spectrophotometric method for the analysis of potasum sorbate
residues in citrus. The method we employed is based on the conversion
of potassium sorbate to sorbic acid and its sulegqoxidation by
potassium dichromate-sulfuric acid to malonaldehydeich reacts with
2-thiobarbituric acid to form a reddish-pink produwith a single
absorption maximum at 530 nm. The amount of thioibaric acid lost is
about 40% after 14 days and 100% after 30 daymhtemt temperature
(18). Because the reaction proceeds slowly at roonpéeature, it must
be performed at 100 °C, but before measuring tlsorbance of the
reaction mixture, it must be cooled in running tagter. The colored
solution, after cooling, is stable for at least-twadf hour.

Two standard curves, one for lemons and a secondrémges, were
obtained from solutions prepared to equal conceatrs of 0 to 4 mg/L
potassium sorbate. Pearson’s correlation coefficitan the linear
standard curves for lemons and oranges was 1.0@&®tim cases. The
correlation equations and their correspondirfguRre: y = 0.0899x +
0.1004 and 0.9998 for oranges and y = 0.0717x 622@&nd 0.9999 for
lemons (data not shown). The relative standardatievi of ten replicate
determinations of 200 mg/kg of potassium sorbatienmons was 3.18%.
Recovery of 200 mg/kg potassium sorbate, addedchéofiuit in the
blender before mixing with water, recovered an agerof 93.45% with a
standard deviation of 3.4%.

While potassium sorbate contents (z SD) determinveith this
spectrophotometric method in four orange samplest thad been
immersed in 2% (wt/vol) potassium sorbate were @5:94.01 mg/kg,
they were 16.90 + 3.15 mg/kg in the same samplésrdened with a
standard HPLC method, conducted by the Dried Fhsgociation of
California laboratory (Fresno, California). Diffeiges in extraction
efficiency may account for these slightly differeasults.

Effect of a water rinse on removal of potassium sbate residues in
lemons. This set of experiments was designed to assessffiet of a
water rinse applied right after the immersion o fiuit in potassium
sorbate solutions, which is a routine that maydiewed in some cases
to avoid potential adverse effects on fruit qua(By. A brief double-dip
rinse with tap water, applied immediately afteatneent of lemons with
2% (wt/vol) potassium sorbate for 1 min at 25, 80,or 62 °C, almost
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completely removed the residues of potassium serimatthe fruit. In
lemons treated at 25°C, removal of potassium serbasidues
approached 99% compared with the amount of resioigsent in
similarly treated, non-rinsed lemons. As treatmtthperatures were
increased, the amount of potassium sorbate remdngd the fruit
decreased to 92% in lemons treated at 62 °C (FiglrePotassium
sorbate is a highly water soluble salt that waslyeasmoved from the
surface of fruit when a simple water rinse was gopimmediately after
treatment. However, the effect of potassium sorlisatments on the
control of decay caused B digitatumandP. italicumis still important
even after rinsing7, 8). This could be explained by the fact that these
pathogens can only infect through wounds in thd, niwhere presumably
a portion of the potassium sorbate may be trappeiag treatments, not
eliminated by the water rinse, and thus still acti@milanick et at.20)
found that immersion treatments in sodium carborateéicarbonate
followed by water spray onto fruit did not influenthe effectiveness of
the treatments to control green mold. It was disedshat since spores
survive the treatments of 1 or 2 min in duratioattbontrol green mold
on fruit (21), it was probable that a residue of carbonateicarbonate
remained in the fruit, or at least within the woumdection courts
occupied by the pathogen, so the treatment inkililte infection. This
study shows that potassium sorbate residues wigtglglmore difficult
to remove when potassium sorbate was applied &ehiggmperatures.
Presumably, the absorption rates of potassium sonvare higher at
high temperature because of increased metabolig®s. ra

In studies evaluating hot water treatments to rechastharvest decay on
citrus fruit, some rind injury was observed at tne@nt temperatures of
53 °C or higher, and severe rind damage at 6@2{ iacluding melting
and/or removal of epicuticular waxe83( 24). The influence of dip
temperature on the residue level of fludioxonil va#so studiedd4), and
it was found that there was no difference in thelitbxonil residue level
between fungicide solution temperatures of 20 a@dP@, but residue
levels proportionally increased with temperatureomanges dipped at
temperatures of 50 and 60 °C. Higher depositionsnaialil at higher
dip temperatures were also found in other studiBs2).
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Figure 1. Effectiveness of double-dip rinse, agplramediately after treatment,
on removal of potassium sorbate residues in leni@aed with 2% (wt/vol)
potassium sorbate for 1 min at different tempeestuColumns with the same
letter are not significantly different accordingRsher’'s Protected LSD ted® (
< 0.05).
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Oranges HPWW 1 day post HPWW 25 days post
sorbate treatment sorbate treatment

50

V77 Before HPWW
[ Aiter HPWW

Potassium sorbate re
(on
o
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0 days 1 day 25 days 1day 25 days

Storage time at 15°C

Figure 2. Influence of high pressure water wasi{HBWW), applied 1 or 25
days after treatment, on potassium sorbate resiouéslit treated with 2%

(wt/vol) potassium sorbate at 25 °C for 1 min. Afieatment, fruit was stored
at 15 °C. For each type of fruit, columns with thame letter are not
significantly different according to Fisher’s Protied LSD testR < 0.05).
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Effect of a high pressure water wash (HPWW) on renmwval of
potassium sorbate residues in citrus fruit. HPWW is another
procedure that may be used in some cases to dleainuit and remove
superficial chemical residues. Washing fruit withter at high pressure
significantly removed the amount of residues presenthe surface of
lemons and oranges. However, the amount of potassiubate removed
depended on the type of fruit and the time elagsettveen treatment
application and HPWW (Figure 2). The concentratmin potassium
sorbate residue in oranges and lemons decreasedlafay of storage at
15°C by 5 and 19%, respectively. When HPWW wasiegpbne day
after potassium sorbate treatment, on either osargelemons, the
removal of residue was similar (75 and 73%, respelg). During the
25-days cold storage period, potassium sorbatduesiremaining in the
HPWW-treated fruit continuously decreased. In oemgresidues
decreased by 96% of the initial concentration whilelemons they
decreased by 86%. In non-rinsed oranges and lestored at 15 °C for
25 days, potassium sorbate residues decreased dyd283% during that
period, respectively. When the fruit were rinsedHBWW at the end of
the 25-days storage period, 87% of the previouguescontent in stored
oranges was removed (to a 93% less of the potassarbate initial
content), while in lemons this percentage was 39284). The fact that
the potassium sorbate content in the fruit wasedestng during storage
probably is a consequence of potassium sorbatduesion the surface of
the fruit progressively migrating into the rind wheapparently, some of
the potassium sorbate is metabolized and transtbriméo other
substances no longer detectable as potassium sasbaorbic acid by
the colorimetric method. As shown in this studypréef water rinse
removes most of the potassium sorbate residudseosurface of the fruit
when applied immediately after treatment, when maofstpotassium
sorbate is supposed to be found on the surfaceunf Emilanick et al.
(20) washed ‘Atwood’ navel oranges treated with sodezarbonate with
a 1,380 kPa pressure water wash and found thatingasignificantly
reduced the control of green mold by carbonatetrtreat compared to
non-washed oranges or those rinsed briefly withewathey suggested
that salt residues were probably removed from tifase of fruit. In our
study, the pressure used in the HPWW was 2,000 &Pach rigorous
and much longer procedure than a brief water rindech should have
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been able to remove the potassium sorbate resittoes the fruit
surface. However, when applied after storage fatay, some of the
residues had already migrated into the rind anewerlonger eliminated
by the wash, but remained in the fruit and coulddb&ected when we
macerated the fruit to release them before theyaisalFruit that were
HPWW rinsed and then stored for 25 days preserterl potassium
sorbate content than they did just after the HPVWe;, again probably
due to some migration and degradation of the po@ssorbate. When
the fruit were first stored and then HPWW rinsedlyathe remaining
potassium sorbate residues on the skin surface war®vable by
washing. The proportion of potassium sorbate remidk@n the surface
of oranges at the end of the storage period wdwehitgpan that removed
from lemons. This, together with the fact that desis in lemons also
decreased faster during storage, may indicatettieatind of lemons was
more permeable to potassium sorbate than the fiodaoges. However,
once potassium sorbate had migrated into the rintieofruit, a higher
proportion of it remains non-metabolized, and ttatectable, in the case
of lemons than in oranges. Moreover, whenever tR&VMV is applied,
either at the beginning or the end of the storagog, the amount of
potassium sorbate in either oranges or lemonseaeiid of storage was
the same. In oranges, only 4% of the initial patamsssorbate content
remained after HPWW and 25 days or storage (ora35s df storage and
HPWW), while in similarly treated lemons, 20% ofketimitial residue
content remained. If the hypothesis of potassiummbae being
metabolized is confirmed, the difference betweeMNY applied at the
beginning or at the end of the storage period wboelthat, when HPWW
is applied at the beginning, a higher proportiorpofassium sorbate is
topical and it is readily washed away, while whelRVMW is applied at
the end of storage, a larger portion of the potmssorbate residues had
already migrated into the rind, with some porti@ing metabolized, and
they would not be removed. In other words, moreaggitm sorbate
metabolites are probably found in fruit when itwashed at the end of
the storage period. Differences between oranges landons in
permeability, chemical composition, pH, or numb&openings present
in the fruit rind may cause potassium sorbate tgraté and decompose
in the rind and consequently influence the efficenof HPWW
treatment to remove the residue.
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Assessment of the decline in potassium sorbate réges in oranges.
Potassium sorbate content was analyzed in orangged with different
concentrations of potassium sorbate for 1 min a®t@%nd stored at 15
°C. The analyses were conducted during storagedotiy the decrease
in the residue content among lemons and orangésmi observed in
previous experiments in this study (not shown).uResrom daily and
bimonthly measurements are shown in Figure 3 angur€i 4,
respectively. Regardless the length of storagehdrigpotassium sorbate
concentration in the treatment deposited propoatey higher residues
in the fruit. The amount of potassium sorbate nessdconsistently
decreased from day O (measured immediately afeetrdatment) to day
6 (6 days after the treatment), generally with aeraxute decline

60 T T T T T T

PS (% wt/vol)

0.5 N
1.0

50 |- -~

2.0
3.0

L= e

30 |-

20 |-

Potassium sorbate residue in oranges (mg/kg + SD)

Storage time (days)
Figure 3. Influence of treatment concentration atapsium sorbate (PS)
residue in oranges treated for 1 min at 25 °C duitie first 6 days of storage at
15°C.
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Figure 4. Influence of treatment concentration aapsium sorbate (PS)
residue in oranges treated for 1 min at 25 °C &med at 15 °C for 26 days.

between day 0 and day 1. No significant differeneese found between
the residue contents at day 6 (Figure 3) and dayFidure 4), within
fruit treated with the same potassium sorbate auragon. Residue
contents also remained relatively unchanged duttegrest of the 26-
days storage period (Figure 4). In our work, theichee content was
proportional to the amount of potassium sorbatel usethe treatment,
this fact has also been observed in previous stui other fungicides
like fludioxonil (24), imazalil @5-28), pyrimethanil 28, 29) or
thiabendazole 26, 30). The level of residue declined to one-half the
initial residue concentration after approximatelprs6 days (Figure 3).
The decrease in the potassium sorbate residuentahieng the storage
period could explain the loss of antifungal effigaxf potassium sorbate
treatments against green and blue molds on citnitsabserved when the
incubation period of the treated fruit was prolom@é 8).

A simple, rapid, and accurate spectrophotometrithote was used to
determine residues of potassium sorbate in citiis The application of
this method to quantify residue level after potasssorbate treatments
of citrus fruit showed the effect of different tteeent parameters and
subsequent handling on residue concentrations. @amadpto an HPLC
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method, the spectrophotometric method is more cuewg easy, and
rapid. Furthermore, knowledge of residue levels #&ir persistence is
needed to intelligently employ the potassium sa&b@ieatments for
disease control applications. In this work, potassisorbate residues
were analyzed based on blended whole fruit. SPeeicillium species

strictly infect fruit through rind injuries, an mtesting but more complex
study may consider the efficacy of postharvest gsitem sorbate
treatments in relation to potassium sorbate reslewels in fruit wound

sites. The amount of potassium sorbate residudabkenfruit increases
with the temperature and concentration of the tneat solution. A brief

water rinse almost completely removed the residdg®tassium sorbate
when applied promptly after treatment. However,apsium sorbate
migrated rapidly into the rind of fruit and the rewal of residues was not
complete even when a high-pressure water wash weg. lPotassium
sorbate residue levels in fruit decreased durinogage to approximately
one-half the initial residue concentration aftero56 days, and then
remained relatively constant. This decline in resglwould explain why
some workers reported that potassium sorbate eféeetss declined
when citrus fruit were stored for longer periodshieTmechanism of
decline of potassium sorbate residues on fresh isunot known and

warrants further study. In many processed prodymitassium sorbate
residues decline, sometimes rapiddt)( Other studies32) reported that

pH markedly influenced the rate of decline in pstas sorbate levels in
model aqueous systems designed to simulate plpatkaging; at pH
3.5, the decline was much more rapid than at pf$dbates are also
metabolized by human83) and many microorganism$3).
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ABSTRACT

Curing of citrus fruits at 30 to 37°C and 90 to 988kative humidity for
65 to 72 h is an effective alternative to fungiside control postharvest
green and blue molds, caused Pgnicillium digitatumandP. italicum
respectively. However, commercial adoption is ledibecause treatment
is long and it may harm fruit quality. In orderitaprove the feasibility
of curing, short CQ® or O, exposures at curing temperature were
evaluated on ‘Nadorcott’, ‘Clemenules’ and ‘Ortareg mandarins, and
‘Valencia’ oranges. Fruit were artificially inocudal, exposed 24 h later
to air (control), 15, 30, 50, or 95 kPa &@r 30 or 45 kPa & at 20 or
33°C for 8, 24, or 48 h, and incubated at 20°C4foi7, or 15 days.
Exposure at 33°C with 15 kPa €@r 24 h or 30 kPa ©Ofor 48 h
effectively controlled both green and blue moldseraf7 days of
incubation at 20°C, but control of both diseases weénimal after 15
days. To assess potential induction of diseasestagsie, fruit were
treated as described above, then inoculated after ar 5 days at 20°C
and evaluated after 3 and 6 more days at 20°QfAlle treatments were
ineffective in inducing fruit resistance. Shoripesures of citrus fruit to
high CQ or O, at curing temperatures may be part of a controgjf@am
alternative to synthetic fungicides, especiallydoganic fruit markets.

INTRODUCTION

Fungicides such as imazalil, sodiunortho-phenylphenate, or
thiabendazole have been widely used for treatmiaitras fruit against
postharvest diseases. Green and blue molds caugeBemicillium
digitatum (Pers.:Fr.) Sacc. andPenicillium italicum Wehmer,
respectively, cause the majority of economic losd@sng storage and
marketing of citrus fruits (13). The number of dytic postharvest
fungicides is declining because of their reducddctiveness due to the
proliferation of fungicide resistant isolates ofcdg pathogens and
concerns about human and environmental safetyedf tesidues. Since
the control of postharvest diseases is an imperdtv the marketing of
citrus fruit, new and nontoxic methods are requitedsubstitute or
complement the current use of synthetic fungici@&s.
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Studies to find alternatives to conventional furdgs have
quantified the effect of heat on postharvest treatis of fruit (26,28,38).
Heat treatments have a direct effect on reduciegeffective inoculum
size by inactivating or Kkilling spores, and an medi effect via
physiological responses of the fruit tissue thatbi fungal development
(38). Curing is a heat treatment that consistsobdihg the fruit at 30 to
37°C and 90 to 98% relative humidity (RH) for 6548 h. Methods
based on curing treatments have been evaluatedntoot green and/or
blue molds on citrus fruits (6,7,22,30,47). Fortamge, curing at 33°C
and high RH for 65 h has been reported as an eféectethod to control
green mold on oranges (30). Moreover, curing aC36t 72 h reduced
chilling injury on ‘Star Ruby’ grapefruit (32). Albugh effective, its use
commercially is inconvenient because it is time stoning, requires
energy for heating, and may harm fruit quality. Biekeless, while the
use of curing as a standalone method is not fegssbime modifications
of the method and the combination with other trestts may overcome
the drawbacks of curing alone. In this regard, segposures to modified
atmospheres created by elevating the concentrafi@O, or O, may be
complementary with curing. Exposure to £éhriched atmospheres has
been reported to provide fungistatic effects andsome cases, induce
resistance in fresh fruit against major postharwbséases (16,28,33).
Cold storage in high C£atmospheres is a common commercial practice
with some commodities and suppression of decay been widely
assessed (2,5,39,45). According to El-Goorani adrer (14), the CO
concentrations required to inhibit growth and/oorgpgermination vary
with fungal species, but GQOevels above 10% are generally needed to
significantly suppress fungal growth. However, véey studies have
tested the effect of short-term exposures to higvels of CQ on
postharvest diseases of fresh produce. Exposurareésted avocados to
30% CQ for 24 h at 20 to 25°C delayed the developmeinttiracnose,
caused byColletotrichum gloeosporioideg33). Furthermore, table
grapes pretreated with 20 kPa £for 3 days at 0°C had less natural
decay during subsequent cold storage (37). On ttieer ohand,
superatmospheric £has been shown to prevent growth of microbes in
some fruit and vegetable crops during cold stordfet0), and
specifically, inhibit the development of fungal eses (19,44,48,49).
Moreover, high @ atmospheres may be advantageous for product yualit
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(11,48) and prevent anaerobic fermentation andlafbr development
(1,41). Nevertheless, the levels of that were most effective for decay
control were those close to 80% or higher, whichld¢de difficult and
expensive to maintain on a large scale, as welh dse hazard in a
commercial situation.

Although controlled or modified atmospheres are wamly used
for the storage or packaging of some commoditiais, technology has
not been used in citrus production because thenpatdenefits do not
compensate for the high costs (18). Therefore,ether a lack of
information about the effects of altered concerdrat of CQ or G, on
the control of decay in citrus fruit, especiallythre case of exposure for
short periods at high temperatures. Presumablysiyg an atmosphere
that inhibits fungal growth, curing time could lesluced preserving fruit
quality and maintaining antifungal effectiveness.the present study,
exposure of several citrus fruit cultivars to higld, or O, treatments
during short periods at curing temperature wasuastaetl as a method to
either control established infections Bf digitatumor P. italicum or
induce physical and/or biochemical changes in thet fthat could
maintain or increase its resistance to infectiamm®& preliminary results
have been presented (24,29).

MATERIALS AND METHODS

Fruit. Fruit used in these experiments were oran@ésus sinensigL.)
Osbeck) cv. Valencia, clementine mandari@s f(eticulata Blanco) cv.
Clemenules (synonyms: ‘Nules’, ‘Clementina de Nyjeand hybrid
mandarins cvs. NadorcottC( reticulata x C. sinensis (synonyms:
‘Afourer’, ‘W. Murcott’) and Ortanique Citrus reticulatax (C. sinensis
x C. reticulatg] from commercial orchards in Valencia (Spain)uiEr
had not been treated with fungicides nor artiflgialoated. The fruit
were stored at 5°C and 90% RH until their use enekperiments within
the next week. Prior to each assay, the fruit veelected, randomized,
rinsed with fresh water, and allowed to air dryaam temperature.

Inoculum. Isolates NAV-7 ofP. digitatumand MAV-1 of P. italicum

used in the experiments are included in the fulcgéilre collection of
the Pathology Laboratory of the Postharvest TeauylCenter of the
Institut Valencia d’Investigacions Agraries (IVIA)They had been
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obtained from decayed oranges or mandarins from\Vidlencia area,
purified, identified, and selected for their pathogity and
aggressiveness among a high amount of autochthosolases. The two
pathogens were cultured on potato dextrose agah)HDpetri dishes at
25°C for 7 to 14 days. Conidial suspensions of phéhogens were
prepared in sterile water with Tween 80 (0.05% vyl adjusted to a
concentration of 10 or 1F spores/ml after counting spores with a
hemacytometer. Fruit were inoculated wRhdigitatumby immersing a
stainless steel rod with a probe tip 1-mm wide damdm long into the
required spore suspension and then wounding eadgh Viith this
inoculum-carrying tip once in the equator. The apfmside of the same
fruit was inoculated withP. italicumusing the same procedure.

Gas exposure. Chambers used for gas exposure consisted of
hermetically sealed, transparent polymethyl metiatx cabinets (82 x
62 x 87 cm) fitted with outlet and inlet ports thgh which Q or CO;,
(Alphagaz, Air Liquide Espafia S.A., Madrid, Spaiwgre injected until
the desired concentrations of (30 or 45 kPa) or C{(15,30, 50, or 95
kPa) were achieved. The cabinets were also fittéd imternal basal
water trays that allowed achieving a high RH (95%). Levels of G,
CO,, temperature, and RH were continuously monitonedhbans of the
computer-controlled system (Control-fecTecnidex S.A., Paterna,
Valencia, Spain). This system activated the inggctof G, or CO, when
the concentration of the gases was below the gettind stopped when
the target level was measured, with an oscillatibapproximately + 2
kPa Q or CO,. Depending on the experiment, the treatment chratias
8, 24, or 48 h. Cabinets were installed in the hparstest research
facilities of the IVIA in a 40 m standard cold storage/curing room that
was set to each experimental temperature (20 o€)33A curing
treatment of 33°C was selected because it is thesibtemperature that
has been reported to be effective for the contraitous green and blue
molds (30). Not all the combinations of treatmeonditions were tested
on all cultivars; treatments that provided bettisedse-control responses
were selected for further tests with the same leerotitrus cultivars. The
treatments applied to different cultivars are tiste Table 1.
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Table 1. Summary of the gas treatments applied amdarins and
oranges.

Fruit Treatments 2 Incubation time
Gas Concentration (kPa) Temperature (°C) Time (h) at20°C (days)
‘Ortanique’ Air 20, 33 8,24 14
mandarins - co, 15,30, 50 20,33 8,24 7
Co, 95 20 8,24 7
Co, 95 33 24
o, 30,45 20,33 8,24 7
0, 30 33 24,48 14
‘Nadorcott’ Air 20,33 8,24
mandarins  co, 15, 30, 50 20,33 8,24
Co, 95 33 8,24 7
N, 95 33 8,24 7
‘Clemenules’ Air 33 24,48 14
mandarins o, 30 20 48 14
0, 30 33 24,48 14
‘Valencia Air 33 24,48 15
oranges o, 30 33 48 15
Co, 15 33 24 15

®Air treatments were used as controls. RH was 9%:d&ring treatments
and 85 *+ 5% during incubation.

Effect on green and blue molds.Fruit were inoculated with a
suspension of f0spores/ml of. digitatumandP. italicumand kept at
20°C for 24 h before treatment. This inoculum dignisi recommended
for evaluation of curative postharvest treatmewtscantrol green and
blue molds (11). Fruit were then placed in the galsinets and treated
according to the specifications for each experim@mible 1). Treated
fruit were arranged in plastic trays and incubaae@0°C and 85 = 5%
RH. Green mold incidence (number of decayed fmudy recorded after
4,7, 14, or 15 days of incubation, depending @ekperiment. Disease
incidence is the most important parameter to evaldlae efficacy of
treatments, but severity (lesion diameter) anddption (percentage of
sporulated lesions) were also measured at the sameeto be able to
detect more subtle differences between treatmemtcase disease
incidences were similar. Fruit treated with aiR8C were considered as
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controls. Each treatment was applied to three cafds each with 25
fruit.

Induced resistance to green moldNoninoculated citrus fruit from the
same four cultivars were treated as described alstored at 20°C for 1,
2, or 5 days and subsequently inoculated whith digitatum at a
concentration of 10spores/ml. The incidence, severity, and sporuiatio
of green mold were evaluated after 3 and 6 daysaifbation at 20°C.
Each treatment was applied to three replicates wabhl?2 fruit.

Statistical analysis. Data from countings (disease incidence and
pathogen sporulation) was arcsine transformed. pbhecentage of
disease reduction with respect to the control tneats was calculated.
Multifactor analyses of variance (ANOVA) were perfeed for each
evaluation date (after 4 to 15 days at 20°C) uSiteggraphics Plus 4.1
(Manugistics, Inc., Rockville, MD) with disease idence, reduction,
and severity, and pathogen sporulation as dependeigbles and gas
treatment composition, temperature, and/or timexgfosure as factors,
depending on the experiment. ANOVAs for differemitdls of the factors
were performed because of significant interactioibere appropriate,
means were separated by Fisher's Protected LSRest0.05). When
exposure to high COor O, was tested both at 20 and 33°C, Limpel's
formula (34) was applied to determine if the effemtess of the
combination of curing temperature and high,@©G0, was synergistic.

RESULTS

On Nadorcott mandarins treated with high D20°C, disease reduction
was not significant regardless of gas compositiath teeatment duration
(data not shown). When applied at 33°C for 8 h, rdduction in the
incidence of green and blue molds was lower thanah@ 409%,
respectively, after 4 days of incubation at 20°@. contrast, CQ
treatments at 33°C for 24 h greatly reduced greamth lalue molds
incidence after 4 days compared to air-treated fiig. 1). However,
reductions were very low after 7 days of incubatieihen 100% of
control fruit (exposed to air at 20°C for 8 h) wa@ecayed. In general,
most of the tested Gxoncentrations showed a similar ability to control
the diseases. Green mold reduction significantfieidid from 55% (50
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kPa CQ) to 80% (15 kPa C£, but it was statistically similar and
intermediate on mandarins treated with the reSC0§ concentrations.

Blue mold reduction reached 99% after exposurestéPa CQ at the 4

days of incubation, and results for the rest of,Gf@atments were
statistically similar. High levels of N(95 kPa) applied to Nadorcott
mandarins at 33°C for 8 or 24 h only reduced tloedence of green and
blue molds by 5 and 40%, respectively. In virtualllil cases, the
combination of curing temperature and high,QG® O, was synergistic

according to Limpel’s formula (Fig. 1).

Exposure of Ortanique mandarins to high,G® 30 or 45 kPa ©
for 8 or 24 h at 20°C did not significantly conteal blue mold (data not
shown). At 20°C, green mold was significantly restlonly by 95 kPa
CO, (Fig. 2). However, these treatments applied atC38ffectively
controlled both molds (Fig. 2). The average greehdmeduction after 4
days of incubation was 71, 70, and 60%, and 81aB8@,92% for 8- and
24-h exposure to 50, 30, and 15 kPa,Cfespectively. Among these
values, only those for the 15 kPa £@eatment were statistically
different. The effectiveness declined after 7 daysincubation, but
Ortanique mandarins treated with 15 kPa,&@ll had 74% less green
mold incidence than control fruit (100% diseasaedance). Exposure of
Ortanique mandarins to 30 or 45 kPa & 33°C for 8 h marginally
controlled green and blue molds after 4 days ailiation at 20°C, while
exposure for 24 h totally controlled both diseas@sce more, the
effectiveness declined after 7 days. Nonethelekenwhe treatment with
30 kPa @ was extended to 48 h, the incidence reductiongreén and
blue molds after 7 days of incubation were 96 aBéo9respectively
(Fig. 2), although dropped to 24 and 8%, respelgtiadter 14 days (data
not shown). Again, the application of high temperatwith high CQ or
O, was synergistic in most of the cases accordingrpel’s formula.
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Fig. 1. Reduction in green and blue molds incidence wetipect to the
control treatment (air at 20°C for 8 h; 100% inaicke of both molds after
7 days of incubation) on Nadorcott mandarins aréfly inoculated with
Penicillium digitatumandP. italicum treated 24 h later with air, 15, 30,
50, or 95 kPa C@or 95 kPa M at 33°C for 8 or 24 h, and incubated at
20°C for 4 and 7 days. For each individual grag@tties within columns
with the same letters did not differ significantgcording to Fisher’'s
protected LSD test(< 0.05). Asterisk indicates synergistic activitysva
present between temperature and gas treatmentdaagdo Limpel’s
formula.
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Fig. 2. Reduction in green and blue molds incidence wapect to the
control treatment (8, air at 20°C for 8 h; 100%deace of both molds
after 7 days of incubation) on Ortanique mandaamicially inoculated
with Penicillium digitatumand P. italicum respectively, treated 24 h
later with air, 15, 30, 50, or 95 kPa €@r 30 or 45 kPa ©at 20 or 33°C
for 8, 24, or 48 h, and incubated at 20°C for 4 @ndays. For each
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individual graph, values within columns with themsa letters did not
differ significantly according to Fisher's protedtéSD test P < 0.05).
Where no letters are shown, treatment conditionse wmt tested or
readings were not performed. Asterisk indicateseryistic activity was
present between temperature and gas treatmentdaagdo Limpel’s
formula.

frox

100 |:| 8days 100

. 14 days

T %

80 30

60 60

S *

40 40

So%

b

20 20
m
olam T 2m  &m 2 m

0
Air-24h 30kPaO, Air-48h 30kPaO, Air-24h 30kPaO, Air-48h 30kPaO,
24h 48h 24h 48h

Reduction in green mold incidence (% + SE)
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Fig. 3. Reduction in green and blue molds incidence wapect to the
control treatment (air at 20°C for 24 h; 99 and%0@cidence of green
and blue molds, respectively, after 7 days of iatian) on Clemenules
mandarins artificially inoculated witiPenicillium digitatum and P.
italicum, respectively, treated 24 h later with air or FalkQ at 33°C for
24 or 48 h, and incubated at 20°C for 8 and 14.dayseach individual
graph, values within columns with the same let(exs’, and ‘m-n’ for 8
and 14 days, respectively) did not differ signifitg according to
Fisher's protected LSD tesP (< 0.05). Asterisk indicates synergistic
activity was present between temperature and gagnent according to
Limpel’s formula.
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Fig. 4. Reduction in green and blue molds incidence wapect to the
control treatment (air at 20°C for 24 h; 100% iecide of both molds
after 7 days of incubation) on Valencia orangefi@dlly inoculated
with Penicillium digitatumandP. italicum treated 24 h later at 33°C with
air, 15 kPa C@for 24 h, or 30 kPa £for 48 h, and incubated at 20°C for
4, 7, and 15 days. For each individual graph, \saiughin columns with
the same letters (‘a-c’, ‘m-p’, and ‘x-y’ for 4, 7and 15 days,
respectively) did not differ significantly accordinio Fisher’s protected
LSD test P < 0.05). Where no letters are shown, treatment itiond
were not tested.

After 8 days of incubation at 20°C, the incidenéegeeen and blue
mold on Clemenules mandarins exposed to 30 kPat@3°C for 24 h
was significantly lower than that on air-treated camtrol mandarins
(100% disease incidence), but the reduction was pod no reduction
was observed in the case of blue mold (Fig. 3wéie@r, extending the
treatment time to a period of 48 h resulted in gread blue mold
incidence reductions of 97 and 74% after 8 daysadfbation, and 40
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and 20% after 14 days, respectively. When hightr@atments for 48 h
were tested at 20°C, no significant reduction ithbuolds was obtained
(data not shown). A synergistic effect was obsewgl the combination
of curing temperature and high, @ccording to Limpel’s formula (Fig.
3).

After 4 days of incubation at 20°C, treatments W#hkPa CQ at
33°C for 24 h reduced the incidence of green and biolds on Valencia
oranges by 74 and 98%, respectively (Fig. 4). Hareafter 7 days of
incubation, with 100% decay on control fruit, retioic in green and blue
molds incidence dropped to 20 and 35%, respectivEhe incidence
reductions on cured (air-treated) oranges subjedtedthe same
incubation conditions were significantly lower. Ertling fruit exposure
to air at 33°C from 24 to 48 h reduced the incigeat green mold by
more than 95 and 85% after 4 and 7 days of incobatespectively, but
blue mold incidence was 55% lower than on controit fafter 7 days.
Exposing oranges to 30 kP& @r this period of time reduced both
diseases by 100 and 95% after 4 and 7 days of aticur) respectively.
Treatments at 20°C were not performed with Valeocémges (Table 1).

In general, data on disease severity followed sintiends to that
of disease incidence. Lesion diameter was sigmfigaeduced by high
CO, or O, applied at 33°C for 24 or 48 h after 4 days of bation at
20°C, but the reduction considerably decreased aftr more days of
incubation. Treatments applied at 20°C and/or féor @d not influence
severity (data not shown). Similarly, the sporwaatof P. digitatumand
P. italicum was significantly inhibited by gas treatments airirtg
temperature during the first 4 or 7 days of incidratt 20°C in an air
environment, but in general the inhibitory effed dot persist. The most
important effect of the treatments on pathogenidpton was observed
in Valencia oranges, in which, for instance, expedo 15 kPa C@at
33°C for 24 h reduced the sporulation of greentdnd molds by 81 and
70%, respectively, after 7 days of incubation, a#8l and 24%,
respectively, after 14 days (data not shown).Basadthe disease
incidence and severity data, none of the treatmiedtsced resistance to
the pathogens when applied before inoculation oit,fregardless of
cultivar, treatment conditions, and time betweeratinent and
inoculation (data not shown).
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DISCUSSION

In this study, artificially inoculated citrus frsittreated at a curing
temperature with COor O, at high concentrations showed lower green
and blue molds incidence than those treated bynguim air alone,
regardless of cultivar and length of treatment. dtudies using
conventional curing treatments in which citrus deses were effectively
controlled, fruit were held for 3 days at up tot8@7°C (4,22). However,
these exposure conditions may adversely affect weass, rind color,
taste, and flavor of fruit (38). Curing at mildeynclitions of 33°C for 72,
65, or even 48 h controlled in some cases greenbdme molds on
inoculated ‘Navelina’ or ‘Salustiana’ oranges (38)milar results were
observed in our study after curing Valencia orarfge€8 h, but none of
the other cultivars treated with air at 33°C arghHRH for 48 h or briefer
periods were protected by this treatment againg thoculated
pathogens. Thus, we found an evident effect offthi¢ variety on the
efficacy of the treatments. The mode of action efathin general
(26,28,38), and curing treatments in particular (2,30,47), as methods
to control postharvest diseases of citrus fruits h&en extensively
discussed. Heat treatments may induce several ebangthe nucleus
and cell wall of fungi, destroy their mitochondaad vacuoles, and cause
loss of spore cytoplasm (3). In addition to theseatl effects on fungi,
indirect effects of heat on the interaction betwkait and pathogen have
been described. Heat can induce biosynthesis afnligr lignin-like
polymers in injured fruit rind, which may act asphysical barrier to
hyphae penetration (6), and the production of angal compounds
(phytoalexins such as scoparone or pathogen-relatetbins such as
chitinase oi3-1,3-gluconase) in response to pathogen infect&in3g).
Furthermore, some studies suggest that proteirsymioesized by fruit
to prevent denaturalization by heat (heat shockeprs), or melting of
natural rind waxes, that would close potential atifin sites, could act as
defense mechanisms against molds (38). These ahdetfects are
dependent on fruit species and cultivar and alsdraih physical and
physiological condition. This may be the reason wimny the present
study, the same treatments with air at 33°C appedifferent citrus
fruit cultivars resulted in different degrees ofcdg inhibition: lack of
control on Nadorcott and Clemenules mandarins addations of up to
50% on Ortanique hybrids.
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Treatments applied at the same temperature antia@utaut with
CO, or O-enriched atmospheres consistently improved thd&aini
inhibition of green and blue molds on all citrustimars. Comparably, 15
kPa CQ exposures were more effective against green amel ivlolds
than those of 30, 50, or 95 kPa £®he use of high C{concentrations
during cold storage of fresh fruits and vegetaldtesontrol postharvest
pathogens is based on both their direct toxicitiutai and their indirect
effect on delaying fruit ripening and senescenkerdfore reducing fruit
susceptibility to decay (17). The direct toxicitly mgh CQ levels has
been assessed im vitro studies, where C{at 13 kPa prevented spores
of P. expansunfrom germinating after exposure for 21 days (BNort
treatments tested in the present study may not exech delay on fruit
senescence; however, they may trigger the produdicigh levels of
antifungal volatile compounds, which increase fragistance to rot (43).
On the other hand, according to Kader (17), atmegsh with
excessively elevated concentrations of,@@y harm some commodities
and induce physiological breakdown and render itergusceptible to
pathogens. COconcentrations higher than 15 kPa that would tasul
higher direct toxicity toP. digitatumand P. italicum were apparently
injurious to fruit and resulted in poorer diseasetml. Accordingly, we
observed in previous studies that treatments witkFa CQ at 33°C for
48 h were significantly better than those with RgKG concentrations
to maintain the quality of citrus fruits during prcold storage (36).
Treatments with a COconcentration as high as 95 kPa increased the
subsequent production of acetaldehyde and ethylatceluring cold
storage of Ortanique and Nadorcott mandarins, whialy be very toxic
to pathogenic fungi but caused an important lodsuitf quality including
elevated water loss during storage, decrease ditygcand increase in
maturity index (36). These alterations led to ameased susceptibility of
fruit to fungal infection and colonization. Inoctdd Nadorcott
mandarins exposed to hypoxia by increasing the exdnation of N in
the chamber to 95 kPa showed slightly less disdegelopment than air-
exposed fruit, but this treatment was less effectilian those with
elevated CQ The toxicity of low Q on fungi was assessed in early
studies, in which it was observed that the gernonadf five pathogenic
fungi decreased linearly with ;(concentrations decreasing below 4%
(42). Later,in vivo studies showed that storage at 5°C for up to &ksvee
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in atmospheres with 1 kPa, @educed decay incidence on Clemenules
clementine mandarins, but increased decay incidemteNadorcott
mandarins (23). Hypoxia, either alone or with hoegimcentrations of CO
has typically a direct fungistatic effect (10,4Bpat nevertheless is not
constantly nor proportionally related to lower frdecay (23). The effect
of these treatments on citrus fruit quality, whidries from neutral to
negative (23,36), may influence the host-pathogésraction and impair
the natural resistance of fruit to disease, theeeftacilitating the
infection by spores that might have escaped thectitoxicity of the
treatments. In another set of experiments in oukwoeatments at 33°C
for 48 h with high levels of ©controlled green and blue molds to a
greater extent and more persistently than thode mgh levels of CQ
High O, probably reduces decay by its toxic effect on obél
cells that lack mechanisms to protect themselvem fdamage (45).
Amanatidou et al. (1) found that atmospheres wigi lconcentrations of
O, imposed oxidative stress that led to an incredsentoacellularly
generated reactive oxygen species (ROS, mainly I®0,, and free
hydroxyl radicals), which disturbed the cellularnieostasis due to
catabolic imbalance and resulted in the inhibibbmhe growth of certain
microorganisms. To our knowledge, there are noistudssessing the
direct toxicity of high Q@ or CQ atmospheres oP. digitatumor P.
italicum. In early work, bacteria and fungi exposed to 1fth &,
(1,013.25 kPa) for 8 h (8), or 7 and 14 days (IBh@letely halted their
growth. On return to air, the fungi treated for &dgan to grow after a
variable delay period, whereas those treated for 4 days recovered
after longer delay periods or never recovered. AlghP. digitatumand
P. italicum were not tested, sever@knicillium spp. were among those
fungi killed by hyperbaric @ (35). Other pathogenic imperfecti fungi
such asB. cinereaor Aspergillus flavusvere inhibited by high levels of
O, (70, 80 and 95 kPa 4D (16) and it is therefore reasonable to
hypothesize tha®. digitatumandP. italicummight be similarly affected.
However, it has been reported that direct toxioitynigh G treatments
on microorganisms is generally lower than that ighhCG; treatments
(1,15,44). Therefore, an indirect effect by incregdruit resistance to
pathogens may have contributed, as in other paskersyg (44,46), to the
higher control of green and blue molds observeftuin after exposure to
high G. On citrus fruit, Kader and Ben-Yehoshua (19) obse that 80
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kPa Q effectively reduced penicillium decay on grapdfrie also
observed (36) that exposure to 30 or 45 kRatB33°C for 24 or 48 h
positively affected citrus quality. Clemenules a&@danique mandarins
exposed to @for 48 h lost less weight after 4 weeks storag&°&t
followed by 1 week of shelf life at 20°C than awpesed fruit.
Clemenules mandarins exposed tg Were firmer and had a reduced
ethanol content in the juice compared to contnaik fiSimilarly, Valencia
oranges exposed to 30 kPafor 48 h at 20 or 33°C lost less weight than
air-exposed fruit, while the rest of external amdeinal fruit quality
parameters were not affected (36). One of the ipesgffects of high @
treatments on citrus fruit quality might be an gese in their natural
resistance to pathogens.

Neither air at curing temperature, gaseous treasrar?20°C, nor
treatments for 8 h were effective to control greew blue molds on
citrus fruits. However, when high GOr O, were applied at 33°C, decay
was inhibited to a greater extent than that exjelbtethe mere addition
of the two conditions. There was thus a synergistiect between high
levels of CQ or O, and curing temperatures, which was noticeabldl at a
treatments lengths, but was only effective agagneen and blue molds
when treatments were applied for not less than.24 h

Regarding the induced resistance assays, all citulgvars
treated before wounding and fungal inoculation stabvgimilar green
mold incidence and severity than control fruit. tder heat nor high CO
or O, exposure at the levels used in this study induao®g noticeable
defensive response in the fruit against green mwodich could be
explained by the lack of any injury or pathogert thiggered the defense
system of the fruit (21,27), or also by insuffidietemperature or
treatment length, which were unable to induce amsponse in the
nonwounded fruit. We have recently observed thpedicial wounds in
the rind of citrus fruits are not always necesdarynduce phytoalexin
accumulation as a response to a stressing posstatveatment.
Nonwounded Clemenules mandarins X-ray irradiate81& or 875 Gy
and stored at 20°C for 7 or 14 days synthesizeuifsignt amounts of
scoparone and scopoletin in the flavedo (C. Rojag#éo, unpublished).
Nonetheless, the synthesis was substantially highemandarins that
had been wounded prior to irradiation and inocdatéth P. digitatum
afterwards.
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According to the findings in the present study, @asye of citrus
fruits to 15 kPa C@for 24 h or to 30 kPa £for 48 h at 33°C can be a
convenient measure to inhibit green and blue maéer harvest.
Treatments were not persistent but a marked inbibivas observed on
fruit incubated for up to 7 days at 20°C, whictaiseasonable shelf-life
period for domestic or, in the case of Spain, Eaampexport markets,
especially taking into account that a nontoxic fantjal treatment was
applied that could open opportunities for marketofgthe fruit. New
gaseous combinations should be tested on citruantoease the
effectiveness of the method. For instance, Amaaoatidt al. (1) used
atmospheres composed by high &d high CQ@ and found that they
were consistently more effective together than wheed separately.
Thus, superatmospheric, ©@oncentrations appear to reduce the potential
negative effects of high Gand allow sensitive commodities to tolerate
fungistatic CQ levels with minimal injury (19,20). The effect stich
gaseous treatments on citrus fruits remains tested.

Exposure to C@or O, at a relatively low curing temperature of
33°C for shorter time periods may be a suitableréitive to the existing
effective curing times of 65 to 72 h and thus ftatié the commercial
implementation of curing treatments on citrus. Aligh the commercial
feasibility of heated gas treatments in the coriweat citrus industry is
guestionable due to the treatment costs and tketeféness, persistence,
and availability of existing fungicides, these al@ive treatments may
be a useful tool to be considered. In an integraapgroach, the
effectiveness and persistence of these treatmeigist ioe enhanced by
combining them with other nonpolluting treatmenike for instance
sodium carbonate dips, which are known for imprgwime performance
of curing (31). Exposure to high GOr G, leaves no chemical residues
on fruit, which enables treated citrus fruit to petentially traded as
organic, considerably increasing the value of tbenmodity. Higher
prices of the final product achieved by compliangéh organic fruit
production or specific ‘green’ markets may counteréhe cost of
establishing and using such postharvest treatmessgecially when
appropriate facilities are already available fotrus degreening or
insecticidal quarantine treatments.
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Abstract

Synergistic effects and very effective control @fus postharvest green
and blue molds, caused bRenicillium digitatum and Penicillium
italicum, respectively, were observed on artificially inlatad ‘Valencia’
oranges and ‘Clemenules’ and ‘Ortanique’ mandaaifter a potassium
sorbate (PS) treatment was followed by 2 daysarbge in atmospheres
of elevated C@or O, at a curing temperature. A combined treatment
consisting of 60-s dips in aqueous solutions of BS heated to 62 °C
was followed by 48-h exposure to air, 15 kPa,©030 kPa @at 33 °C.
Control treatment was a 60-s water dip at 20 °Qovedd by 24-h
exposure to air at 20 °C. Synergism was observeditars fruit either
incubated at 20 °C for up to 22 days, simulatingredi
commercialization, or stored at 5 °C for up to 4&s] simulating
commercial cold storage. This research offers piatienew tools to the
citrus industry for implementation of nonpollutingegrated postharvest
disease management programs, especially devotadjhoadded value
organic markets or export markets with zero residlerance.

Keywords: Postharvest decayenicillium digitatum P. italicum; food
preservatives; potassium sorbate; antifungal ctetroatmospheres;
integrated disease control.

Introduction

Green mold, caused Benicillium digitatum(Pers.:Fr.) Sacc., and blue
mold, caused b¥enicillium italicumWehmer, are the cause of the most
important economic losses due to postharvest decdne citrus industry
in Spain and other countries with Mediterranearetgtimate (Palou,
2014). For many years, these diseases have bedrolEsh by the
application of conventional fungicides such as iathZIMZ), sodium
orthophenylphenate (SOPP) or thiabendazole (TBdf),now there are
important general restrictions to the use of thpsmducts. Concerns
about the effect of chemical residues on human tiheahd the
environment have led major European and worldwidekets to demand
fruit that comply with zero or very low chemicalsi@ue tolerances.
Moreover, the continuous and in some cases undimurase of these
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fungicides in the past has caused the rise of teggisstrains of the
pathogens in many citrus packinghouses. Sinceteféedecay control is
imperative for the citrus industry, new low toxicitcontrol methods are
needed to replace or reduce the present use dfetimfungicides (Palou
et al., 2008).

Food additives or GRAS (generally regarded as safbjtances such as
carbonates, sorbates, parabens, benzoates, dtwu @Ral., 2001, 2002;
Smilanick et al., 2008; Moscoso-Ramirez et al.,30dnd some brief
exposures to high Oor CQG tested in our laboratory in recent years
showed a good potential as alternative means #®rctintrol of citrus
postharvest decay. Particularly, 60-s dips in agsesolutions of 3%
potassium sorbate (PS) heated to 62 °C (Montesileoero et al., 2009)
and 24- or 48-h exposures to 15 kPa,@D 30 kPa @ at the curing
temperature of 33 °C (Montesinos-Herrero et al.12)Oeffectively
controlled green and blue molds in several citrulivars and were
selected among the most promising nonpollutingrizétieve treatments.
The objective of this work was to evaluate the catifyility and possible
synergistic effects between these two types otrreats on oranges and
mandarins incubated at 20 °C or cold-stored at 5 °C

Materials and methods

Fruit used in the trials were orangésitfus sinensis(L.) Osbeck) cv.
‘Valencia’, clementine mandarin€ifrus clementinaHort. ex Tanaka)
cv. ‘Clemenules’, and hybrid mandarins cv. ‘Ortaray [Citrus
reticulata Blanco x C. sinensisx C. reticulatg]. Fruit were harvested
from commercial orchards and no postharvest treasneere applied.
Inoculum was prepared from isolated local straihPB.adigitatumandP.
italicum included in the IVIA CTP fungal culture collectioof
postharvest pathogens. The two pathogens were gromnpotato
dextrose agar (PDA) petri dishes at 25 °C for 7dalys. Spore
suspensions of 2&pores/mL were prepared and fruit were inoculated
dipping the tip (1 mm wide, 2 mm long) of a stenited in the spore
suspension and inserting it once in the equatarn@h of the fruit rind.
The two pathogens were inoculated in opposite fleach fruit.
Stainless steel 10-L buckets were used for 60-drdgtments with 3%
(w/v) PS. Salt solutions were heated to 62 °C ssid250-L water tank
provided with two electric resistances (4.5 kW gaehthermostat, and
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an automatic water-recirculating system. About 24fter inoculation,
fruit were placed into 18 L multi-perforated waltamless steel
containers, exactly fitting in the previously memgd buckets and
completely immersed in the corresponding solutmmel s. Control fruit
were immersed in water at 20 °C for the same tifier treatment, fruit
were rinsed with tap water at low pressure, driedaipackingline air
tunnel at 45 °C for 15 s, and exposed to the @iffeigas treatments.
Chambers used for gas exposure consisted of heaitgtisealed,
transparent polymethyl methacrylate cabinets (8&2xx 87 cm) fitted
with outlet and inlet ports through which, @r CO, (Alphagaz, Air
Liquide Espafia S.A., Madrid, Spain) were injected the desired
concentrations. The cabinets were also fitted witernal basal water
trays that allowed achieving a high relative hutyidiRH) of about
95+5%. Cabinets were inside a 40° mhamber conditioned at the
experimental temperature (20 or 33 °C for 24 oh}¥&ontrol fruit were
exposed to air at 20 °C for 24 h. Levels of CO,, temperature and RH
were set and continuously monitored by means afmaptiter-controlled
system (Control-Té¢ Tecnidex S.A., Paterna, Valéncia, Spain). For
each combination of treatments, 3 replicates ofr@b each were used.
Depending on the trial, treated fruit were inculdaaie 20 °C for up to 22
days, or cold-stored at 5 °C and 90% RH for up2aldys. During these
periods, disease incidence (number of infected wWesuand visible skin
damage were periodically assessed. Every experinvast conducted
twice.

For each cultivar, pathogen, treatment and evanatate, disease
reduction compared to control fruit was calculateagd means of the
equation: (% infected wounds in control fruit - ¥fdcted wounds in
treated fruit / % infected wounds in control frut)100. On ‘Valencia’
oranges, average green and blue mold incidencentrat fruit was 89,
98 and 100% and 65, 93 and 100%, respectively; 4ft8, and 14 days
of incubation at 20 °C. On ‘Clemenules’ mandarinsjdence of both
green and blue molds in control fruit was 100%ra8telays of incubation
at 20 °C and also 100% after 14 days of storage®&t On ‘Ortanique’
mandarins, incidence of both green and blue maidsontrol fruit was
100% after 8 days of incubation at 20 °C, whilevits 96 and 97% and
100 and 100%, respectively, after 14 and 28 daysasbge at 5 °C. Data
from repeated experiments were statistically areyasing analysis of
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variance (ANOVA) applied to percentages previousiypjected to the
arc-sine transformation in order to assure the lgmneity of variances.
When appropriate, Fisher's Protected LSD t&k(0.05) was used for
means separation. The term synergy was appliecefased by Richer

(1987), where the effectiveness of a combinatiotredtments exceeds
the prediction of the effectiveness of their additaction estimated by
Limpel's formula (Ee = X + Y — (XY/100)).

Results and discussion

The reduction of disease incidence obtained witffer@int treatments and
combinations applied to ‘Valencia’ oranges and fdaules’ and
‘Ortanique’ mandarins incubated at 20 °C is shownFig. 1. On
‘Valencia’ oranges treated and incubated at 20tC8for 14 days, dip
treatments with 3% PS at 62 °C for 60 s followed2dyh exposure to
either air at 20 or 33 °C or 15 kPa £4& 33 °C, resulted in general high
efficacy of PS treatments and general low efficay24-h gaseous
treatments. Furthermore, synergism between PSrtezditand exposures
to 33 °C was observed, although exposure to 15 &Ra did not
significantly improve the efficacy of treatments with air at that
temperature. These combined treatments were furdiseayed with
mandarins, but using gas treatments of 30 kpan@ testing also longer
exposures of 48 h. In general, efficacy was higimeiOrtanique’ than on
‘Clemenules’ mandarins, and higher against greeld th@n blue mold.
The poor effectiveness of gaseous exposures ak dwi@4 h and the
synergism between PS dip treatments and exposored3 t°C were
confirmed, especially when high,@as applied.
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Figure 1. Reduction of the incidence of green and blue moldth
respect to control fruit (60-s water dip at 20 °@xposure to air at 20 °C
for 24 h) on ‘Valencia’ oranges and ‘Clemenules’dai®rtanique’
mandarins artificially inoculated withPenicillium digitatum or P.
italicum, respectively, treated 24 h later with the indddatombinations
of potassium sorbate (PS) dips and gaseous tretneemd incubated at
20 °C for up to 22 days. For each cultivar and liation time, treatment
means are significantly (no symbol) or not sigrifidy (ns) different
according to Fisher’'s protected LSIP & 0.05) test applied after an
ANOVA. (*) Synergistic effect between PS and gasedreatments
according to Limpel’'s formula..
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‘Clemenules’ ‘Ortanique’
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Figure 2. Reduction of the incidence of green and blue moldth
respect to control fruit (60-s water dip at 20 °@xposure to air at 20 °C
for 24 h) on ‘Clemenules’ and ‘Ortanique’ mandariastificially
inoculated withPenicillium digitatumor P. italicum respectively, treated
24 h later with the indicated combinations of psias sorbate (PS) dips
and gaseous treatments, and stored at 5 °C foo 4@ days. For each
cultivar and cold storage time, treatment means sagaificantly (no
symbol) or not significantly (ns) different accardito Fisher’s Protected
LSD (P < 0.05) test applied after an ANOVA. (*) Synergiseffect
between PS and gaseous treatments according telsfiprmula.
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In mandarins stored at 5°C (Fig. 2), treatmentadfy was also higher on
‘Ortanique’ than ‘Clemenules’ mandarins and agagrgen mold than
blue mold. Synergism between treatments was alskedaGreen mold
reduction on ‘Ortanique’ mandarins treated withd?8 30 kPa ©for 48

h after 14, 28, and 42 days of cold storage was 800 and 79%,
respectively. In all cases, a fungistatic rathantfungicidal effect of the
treatments was observed, since their disease taitildy decreased as
incubation or cold storage periods increased, am@$ dependent on the
cultivar. Irrespective of the combination of treatms and cultivar, no
external damage was observed on the rind of tréaiéd

In the present study, the high efficacy of PS aqgsetips (Smilanick et
al., 2008; Montesinos-Herrero et al., 2009) anefbexposures to high
CO, or O, at curing temperature (Montesinos-Herrero et24112) was
confirmed and an important synergistic effect bemvethese treatments
was observed. Therefore, the combination of thesgrhents could be an
alternative for the reduction of the long curingéis (65 to 72 h) that are
currently required for effective control of citrggeen and blue molds
(Plaza et al., 2003), thus facilitating the comnaronplementation of
curing treatments. Future research should focub®evaluation of these
treatments in commercial scale trials with natyradifected citrus fruit
and on the assessment in these trials of the effedhe combined
treatments on the quality of long-term cold stdredt.

This research offers potential new tools to theusitindustry for
implementation of nonpolluting integrated posthatvedisease
management programs, especially devoted to higedddlue organic
markets or export markets with zero residue tolezarin spite of the
highly satisfactory results obtained in these tebis general commercial
implementation of this combination of alternativeatments in citrus
packinghouses working with fruit for conventionaarkets is currently
hindered by the present availability of convenieobnventional
fungicides and the high implementation and mainteaacosts of
gaseous treatments
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ABSTRACT

Postharvest green mold and blue mold, causeBdmycillium digitatum
andP. italicum respectively, were effectively controlled by fugation
of lemons and oranges for 6 h at 22°C with two iadpiiosages of 3000
uL L™ of ammonia that was injected initially and agai 2ater. This
treatment did not injure oranges, however, it cdude tissue within
previously injured areas on the rind of lemonsdodme darker in color.
Fumigation of lemons with 6006L L™ of ammonia slightly accelerated
the natural transition of rind color from greenytdlow. The germination
of conidia ofP. italicumwas more sensitive to ammonia than those.of
digitatum although many survived fumigation. About 30%Iué tonidia
of P. digitatumand 10% of those &?. italicumcould germinate after a 6
h fumigation where two injections of 60Q0. L™ of ammonia were
applied, one initially and a second 2 h later. Ammofumigation
controlled an isolate oP. digitatumwith a high level of resistance to
imazalil (IMZ). The influence of ammonia fumigatioon the
effectiveness of this common postharvest fungieids examined. When
fruit were first immersed in 10 or 30 mg-UMZ (about 10% of typical
commercial rates) before ammonia fumigation, alsifigmigation with
1500uL L™ of ammonia was adequate to control both diseaseshe
increase in effectiveness was usually additive sordetimes synergistic.
This effect was probably due in part to the infleerof pH on IMZ
activity, because the neutral form of IMZ increaseth increasing pH
and it has markedly higher antifungal activity ththe ionized molecule.
Fumigation with 1500, 3000, or 600 of ammonia per liter increased
the pH (xSD) of albedo tissue of pre-existing wasirth oranges and
lemons from 5.9 (+ 0.2) before fumigation by 0.60(B), 0.9 (x 0.4), or
1.3 (x 0.3) units, respectively. IMZ can be applietdmediately after
harvest by drenching fruit within harvest bins widgueous IMZ
solutions. Subsequent ammonia fumigation on thefriva to
packinghouses may be a feasible practice, sinamutd employ the
existent ethylene degreening chambers presentl glaekinghouses, if
these were modified to be gas tight. Ammonia caellace synthetic
fungicides or augment IMZ performance in citrus thasvest decay
management. Its capacity to control IMZ resistasbldates of P.
digitatum common in citrus packinghouses, is particuladiuable.
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1. Introduction

The most significant decay loses in arid produchogas, such as Spain
and California, during storage and marketing afusitfruit are caused by
green and blue molds of citrus, caused Bgnicillium digitatum
(Pers.:Fr) Sacc., anH. italicum Wehmer, respectively. Initially, these
diseases were controlled by immersing fruit in adatolutions of borax,
sodium bicarbonate, or sodium carbonate, latethsyic fungicides such
as sodiumortho-phenylphenate, imazalil, or thiabendazole (Eclesrd
Eaks, 1989) were used, and the last two remairomneon use. Their
repeated use has given rise to resistant biotypdee@athogens that has
diminished their effectiveness (Bus et al., 199Tlmkes and Eckert,
1999; Kinay et al., 2007). More recently the ‘reedgisk’ fungicides
azoxystrobin, pyrimethanil and fludioxonil were roduced (Adaskaveg
and Forster, 2010). To control fungicide resistaotates, treatment of
fruit in heated tanks has again become popularenoftontaining
potassium sorbate (Montesinos-Herrero et al., 2088Jium carbonate,
or sodium bicarbonate (Montesinos-Herrero and R&0W0), sometimes
alone or in mixtures with conventional fungiciddzalpu et al., 2008;
Smilanick et al., 2005; Smilanick et al., 2008)gr8iicant issues remain
regarding the use of fungicides to manage theseasés, including
concerns about the impact of the fungicide residuesuman health and
the environment (Bates, 2002; Dezman et al., 198@)Jack of residue
tolerances in some markets, disposal of the usdddalutions, chemical
costs, and the need to produce residue-free fhat tomply with
‘chemical free’ or ‘organic’ marketing programs.

Ammonia fumigation was developed and rigorouslyléated more than
50 years ago but was not adopted because of tlemvianience and
training needed to implement it (Eckert, 1967) dhd fact the first
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generation of the synthetic fungicides, sodiartho-phenylphenate and
diphenyl, had been introduced. Since that time ldgweents within the
citrus industry make revisiting ammonia fumigattamely. It could be a
tool in the management of fungicide resistant pgéing. It is likely
ammonia does not deposit residues of dietary conead it could
conceivably be part of ‘residue-free’ or ‘organiprograms. Large
capacity fumigation chambers are present in cpackinghouses where
ethylene gas is applied to eliminate the green doldr for marketing
purposes (Wardowski et al., 2006); these could bdamgas-tight and
adapted for ammonia fumigation. The use of a gasdéxay control
purposes itself offers significant advantages duagicides applied on
packinglines; fumigation can be applied in masdradt in cartons or
bins, and the need for mechanical handling andritiee injuries it can
cause is avoided.

The objectives of this work were to assess thecgieness of brief
ammonia fumigations to control of citrus green dnhge molds and its
influence on fruit quality. Several aspects of amradumigation had not
been assessed in prior work. To determine theaatien of ammonia
fumigation with imazalil, fruit were treated withmazalil before
ammonia fumigation to evaluate their interactiomeTcontrol of aP.
digitatum isolate with a high degree of imazalil resistabyeammonia
fumigation, the toxicity of ammonia gas to conidieP. digitatumandP.
italicum, and its effect on the pH of exposed albedo tissukthe rate of
transition of green to yellow color of lemon fruiere determined.
Ammonia concentration was measured during fumigat® determine
losses of the gas during fumigation by sorptiorch@amber walls and
fruit.

2. Materials and methods

2.1. Fruit

‘Eureka’ lemons Citrus limon (L.) Burm) and ‘Valencia’ oranges
(Citrus sinensis(L.) Osbeck) were used in this study. Lemons were
collected from field bins in a packinghouse in Tal&ounty (California,
USA) one day after harvest. The oranges were himdds/ hand from a
grove of the University of California, Lindcove Resch and Extension
Center (Exeter, CA). No fungicides had been appbefbre harvest and

169



Chapter 6

no postharvest treatments had been applied to fathese fruit. Before
use, fruits were stored at P& for less than two weeks. Fruits were
washed and randomized before the experiments. Terndme the
influence of ammonia fumigation on rind qualityesh wounds were
made at 3 points in the equatorial zone by cuttivegflavedo with the tip
of a knife leaving an open albedo area of 5 mmiameéter and 2 mm in
depth immediately before fumigation.

2.2. Inoculum

All pathogens were isolated from infected lemontfand cultured for
one to two weeks on potato dextrose agar (PDA, dDlfaboratories,
Detroit) at 25°C. Isolates used were tWo digitatum biotypes (IMZ-
sensitive D90 and IMZ-resistant D201) and an isotdtP. italicum.The
virulence, growth, and other characteristics os#te digitatumisolates
were characterized in prior work (Kinay et al., ZROIsolate PD9O0 is
representative of the IMZ sensitive isolates @ PDA of 0.05 mg t:
IMZ) commonly encountered in citrus groves, whisolate D201 is
representative of the IMZ resistant isolates f@ PDA of 1.75 mg i
IMZ) commonly encountered in packinghouses (Holnaesl Eckert,
1999; Kinay et al., 2007). Suspensions containi@ycbnidiamL* were
prepared by measuring the concentration of analnpireparation of
conidia with a spectrophotometer and diluting thepgnsion until the
absorbance was 0.P.(digitatun) or 0.11 absorbanc® (italicun). Fruit
were inoculated by briefly dipping a stainless kted with a 1-mm wide
and 2-mm long tip into the inoculum solution, arfkrt immediately
making a puncture on the equator of the fruit. tnated fruit were left at
room temperature for 24 h before treatment.

2.3. Ammonia fumigation

Fruit were placed in 0.242hsteel chambers with air circulation fans for
fumigation with anhydrous ammonia (Airgas Inc., Rad PA, USA) or
stored in air at 20°C (control). The chambers weoeised inside a
temperature controlled room (22°C) and attacheahtexhaust manifold
so the fumigant was safely exhausted from the clearabthe end of the
exposure period. There was no detectable loss wfighnt due to
leakage. Fruit were pre-conditioned overnight te ttesired treatment
temperature and weighed before being fumigated. Tael factor
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(percentage of the chamber volume occupied bynhie*f SD) with 20
kg of fruit inside the chambers was approximatety “21%. Initial
concentrations of 1500, 3000 and 6Q@A0L* ammonia were injected by
extracting a calculated volume of gas from the ammaylinder using a
syringe (models S-500 or S-1500, Hamilton Co., Réid, USA) and
injecting it into the chamber through a stainleselsLuerLok valve to
which the Tefloff LuerLok® tip of the syringe was connected. Ammonia
gas concentrations were recorded at the beginditigedfumigation (£ 2
min), and after 2, 4, and 6 h (£ 2 min). Ammoni&edeor tubes (models
3HM and 3M, Gastec Corporation, Ayase-City, Jaarg gas sampling
pump (model GV-100, Sensidyme/Gastec, Clearwatkmida, USA)
were used to make these measurements.

Chambers were loaded with 0, 3, 10 or 20 kg oft famd injected with
ammonia to a calculated applied dosage of 6000 ammonia, then
repeated measurements were taken as describedysikyvin order to
determine the influence of the amount of fruit witlthamber on the
ammonia concentration. The concentration of ammouiaring
fumigation in the chamber was also measured anohaentration-time
product (C-T) was calculated by the method of B(#84), which is the
area under the line depicting the concentrationawfimonia during
fumigation expressed oL L™ h™. After fumigation, fruit were incubated
at 20°C and the number of infected fruit and thergiation from decay
lesions were observed after 4 and 7 days, and af&n10 days when
oranges were evaluated. In a second set of expetsméhe same
procedure was employed except a second injectiantire chamber of
the calculated initial applied dosage of ammonig Wane 2 h after the
first injection. These double injections of 150@08, or 6000uL L™
ammonia were depicted as 2 x 1500, 2 x 3000, or6DeO uL L 2,
respectively.

2.4. Influence of ammonia fumigations on germimatbconidia

Conidia of P. digitatumisolate D201 P. digitatumisolate D90, andP.
italicum were deposited on microscope slide cover slipspdenced in the
fumigation chambers where they were exposed to anargas at initial
concentrations of 1500, 3000, or 6000 L™*. Control samples were
similarly prepared but not fumigated. After fumigat, the cover slips
were placed in sterile centrifuge tubes and thedi@anvere suspended by
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adding sterile water with 0.05% (w/v) Triton X-1Q6 the tubes. A
volume of 20 uL of each conidial suspension wasqaaon the surface
of PDA. After 12 h incubation at 25°C, the numbérgerminated and
non-germinated conidia in each Petri dish were tamliby observation
of 150 to 250 conidia from each isolate using a moumd microscope
(200x).

2.5. Interactions between imazalil treatment antéseguent ammonia
fumigation

In tests to determine the influence of subsequemania fumigation on
the efficacy of the fungicide imazalil (IMZ; 44.6%nazalil, Fungaflor
500EC; Janssen Pharmaceutica, Beerse, Belgium),erlothan
commercial rates of IMZ and all tested dosages mimania, that
partially controlled green mold and blue mold, weneployed in order to
reveal the interaction between these treatments fTitt were inoculated
as previously described witR. digitatum PD90 orP. italicum. IMZ
treatments were applied by dipping the fruit fors3d aqueous solutions
of 0 (control), 10, 15, 30, or 45 mg'lof IMZ at room temperature. Fruit
were not rinsed and were allowed to dry in air gpraximately 26C.
After 24 hours, they were fumigated with ammonia ancubated as
previously described.

2.5. Influence of ammonia fumigations on pH oftfalibedo.

The pH of fruit albedo in contact with ammonia gas measured before
and after three fumigations, two of them with o igand one with
lemons, to assess the alteration in pH. Two pietdsiit were used for
each concentration of ammonia tested (initial aaptiosages df, 1500,
3000, or 6000uL L™). Before ammonia fumigation, the fruit were
wounded on 3 points in the equatorial zone by rgtthe flavedo with
the tip of a knife leaving an open albedo area ofrb in diameter and 2
mm in depth. A pH meter with a 2 mm diameter corabon electrode
with automatic temperature compensation (‘3 inclorning Incorporated
Science Products Division, Corning, NY, USA) wagdisA volume of
30 pl of distilled water was added to each wounibrigemeasuring the
pH. The pH was measured immediately before the datiuns,
immediately afterwards, and 24 h later.
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2.6. Influence of ammonia fumigation on the natutegireening rate of
lemons

Dark green lemons were randomized and divided m gets of 20 fruit
each; one set was stored at 20°C and the secondam&migated with
an initial applied dosage of 60QQ. L™ ammonia for 6 h at 22°C. A
colorimeter (Chromameter CR-300 Minolta Co. Ltdaks Japan) was
used to measure the rind surface color using CIBr quarameters L
(lightness), € (chroma or saturation) and h° (hue angle). Thi fare
stored at 20°C. Color was determined initially dsef ammonia
fumigation and after 12, 20, and 22 days of starage

2.7. Statistical analysis

Combinations of IMZ and ammonia fumigation were lggapto three
replicates of 20 oranges or lemons. Fruit were oarided before each
experiment. Values recording disease incidence a@®ne transformed
(arcsin of the square root of the proportion oéatéd fruit) before an
analysis of variance was applied (Statgraphics ®lusManugistics Inc.,
Rockville, MD, USA) and means were separated biidtis least
significant difference test (LSI®, = 0.05). Values shown are non-
transformed data. In order to determine if thectiteness of the
combination of IMZ and ammonia fumigation was syg&ic, Limpel's
formula was applied (Richter, 1987). Experimentsenepeated twice or
more and data shown are means of all of the expatim
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Fig. 1. Effectiveness of fumigation with one injectionafhmonia on
the incidence of green mold, causedRmnicillium digitatumisolate
PD90, an imazalil (IMZ) sensitive isolate, and bheld, caused by
P. italicum,respectively, on Eureka lemons. The fruit wereulated
24 h before treatment. Fumigation was for a peoiol h at 22°C with
ammonia dosages of 0, 1500, 3000, or 600CL™" injected once at
the beginning of the treatment. The incidence é&éated fruit was
determined after storage at 20°C for 10 and 7 dagpectively, for
green mold and blue mold. Incidence of posthargesén and blue
molds, caused benicillium digitatum andP. italicum,respectively,
on Eureka lemons incubated at 20°C for 10 and B,da&gpectively.
Values within each disease with unlike letters aignificantly
different by Fisher’s Protected LSD teBt< 0.05). Asterisk indicates
synergistic activity was present between ammonid anazalil
according to Limpel's formula (Richter, 1987).
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Fig. 2. Incidence of postharvest green mold, causedPéwicillium
digitatum (isolate D201) with a high level of imazalil (IMZ)
resistance, on Valencia oranges incubated at 260fCG days after
fumigation for 6 h at 22°C with ammonia dosage®,af500, 3000, or
6000 uL L™, injected once at the beginning of treatment. Troé
were inoculated 24 h before treatment. Values witlike letters are
significantly different by Fisher's Protected LS&st P < 0.05).

3. Results

3.1 Control of green and blue molds

The incidence of green and blue molds was sigmflgalower on
oranges and lemons treated with a single injeatibammonia gas than

on non-treated fruit. In the case of oranges, cbrdf the molds was
evident even at the lower concentrations tested. (E). While non-
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treated fruit were completely decayed at the enth@fincubation period,
after 10 days of incubation the incidence of greeold on oranges
treated with ammonia at any of the tested conceotiwas about 40%,
and the incidence of blue mold was 26, 18, and d&%ranges treated
with 1500, 3000, an6000puL L™ ammonia, respectively. On lemons, the
effectiveness of ammonia fumigations on decay veaget and more
dependent on the concentration used. After incabator 7 days, the
incidence of green mold on lemons treated with 13000, or 600QL
L™t ammonia was 82, 46, and 22%, and the incidendsuef mold was
74, 42, and 10%, respectively. The incidence oégr@nd blue molds on
lemons treated with IMZ alone was relatively higidahe combination
of IMZ with ammonia was consistently synergisticdangreatly reduced
the incidence of both molds compared to lemongddeavith either of
the treatments alone (Fig. 1). The incidence oégmaold on non-treated
oranges inoculated with the IMZ-resistant isolat20D was 90% after
10-days incubation (Fig. 2). Green mold developed 45% of the
oranges inoculated with this isolate and treateth \80 mg L IMZ,
while treatments with ammonia or combinations ofr8g L* of IMZ
with ammonia fumigation reduced the incidence adegr mold to less
than 10%, and as low as 2% on oranges treated 6@60 pL L™
ammonia. No synergy between IMZ and ammonia furagatvas
observed at any of the concentrations used (FigS@)rulation of green
and blue molds on decayed fruit was similarly redudy ammonia
treatments, although on oranges inoculated WitldigitatumD201 the
reduction in sporulation caused by ammonia treatmes greater than
that observed with the other isolates (data notwsho Ammonia
fumigation did not visibly damage oranges; howewer Jlemons, albedo
tissue within wounds made before fumigation wakelam color after
treatments with 3000 or 60Q€L L™ of ammonia. A second injection
with the same concentration of ammonia 2 h after first injection
consistently improved the effectiveness of the fyations, but it
increased tissue darkening on lemons. The incidefhggeen and blue
molds was very low (less than 5%) or absent ort fraated with 30 mg
L of IMZ before two injections of ammonia at anytbé concentrations
applied (Fig. 3). Darkening within the albedo tis@i wounds on lemons
after a double injection of ammonia was noticeatien 3000uL L™ of
ammonia was used, and the damage was more severeoaé or two
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injections of 6000uL L™ ammonia (Table 1). The albedo tissue in
wounds on oranges treated with two injections obGB@L L™ of
ammonia was darkened slightly.

3.2 Ammonia concentration within chambers

Ammonia concentration in the chambers decreaseitllyapfter the
initial injection and the rate of decline slowed #s ammonia
concentration diminished. Ammonia concentratiorthe chambers had
declined to 10% of the initial concentration 2 keatthe injection (Fig.
4). When a second ammonia injection was made 2eh, llne ammonia
concentration reached a higher peak, due to theéi@utb the amount of
ammonia still present in the chamber, and the Wolg drop in the
concentration was similarly rapid as after thet fingection (Fig. 4). The
weight of the fruit treated in each chamber wastZ0kg. The rate of
ammonia decline in the chamber was influenced ey ldad of fruit
within the chamber (Fig. 5). Initial concentration$ 6000 pL L™
ammonia declined after 2 h to 4000, 3500, 250G06ruL L™ ammonia
within chambers containing none, 3, 10, or 20 kgqnah-wounded fruit,
respectively. After 2 h the rate of decline in anm@aoconcentration was
slower (Fig. 5). The C-T products calculated froime tammonia
concentrations measured in this experiment analiservations of their
effect on fruit appearance were summarized (Taple 1
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Fig. 3. Effectiveness of fumigation with two injectionsaihmonia on
the incidence of green mold, causedAsnicillium digitatum(isolate
D90, imazalil (IMZ) sensitive), and blue mold, cadsbyP. italicum,
respectively, on Valencia oranges (A, B) and Eurekaons (C, D).
The fruit were inoculated 24 h before treatmenmigation was for a
period of 6 h at 22°C with ammonia dosages of 0013000, or 6000
uL L™ injected at the beginning of the treatment andregéh later.
The incidence of infected fruit was determined raftiorage at 20°C
for 10 and 7 days, respectively, for green mold blneé mold. Values
within panel with unlike letters are significanttiyfferent by Fisher’s
Protected LSD testP(< 0.05). Asterisk indicates synergistic activity
was present between ammonia and imazalil accorthngimpel’'s
formula.
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Fig. 4. Concentration of ammonia gas during fumigationshambers
with ammonia dosages of 1500, 3000, or 6000 injected at the
beginning of the treatment (1500, 3000, 6000) ahatbeginning of
the treatment and again 2 h later (2 x 1500, 2003@ x 6000).
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Fig. 5. Concentration of ammonia gas measured duringdatians
with one injected dosage of ammonia at 6QQOL™" in chambers
loaded with O (empty), 3, 10, or 20 kg of fruit.

3.3 Influence of ammonia fumigations on germinatbanonidia

Fumigations with injected concentrations of 15000 or 600QuL Lt

of ammonia for 6 h inhibited the subsequent gertronaof conidia ofP.
digitatum isolate D90 from 97% to approximately 75 to 80%g(F6).
Two injections with the same dosage of ammonia igagbited the
germination of conidia to between 45 to 70%. Geatian of the conidia
of P. digitatumisolate D201 was reduced from 98% to 43% by one
injection of 6000 L L™ of ammonia gas, and further reduced
germination to 19% by a second injection (Fig. €). italicumwas the
more sensitive to ammonia th&n digitatum a single injection of 6000
uL L™ of ammonia reduced the germination of its conidémf 99% to
22%, and further reduced germination to 11% bycarse injection (Fig.
6).
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3.4 Influence of ammonia fumigations on pH of falitedo

The pH of citrus albedo in contact with ammonia gas significantly
increased by the fumigations. Exposure of albedo Higher
concentrations of ammonia significantly increadezldifference between
its pH before and after treatments. The pH (+ SCthe albedo of citrus
fruit before fumigation was 5.9 (x 0.3), while afteimigations with
1500, 3000, or 6000L L™*ammonia it was 6.5 (+ 0.3), 6.8 (+ 0.4), or 7.2
(x 0.3), respectively. When the pH was measurdtiensame wounds 24
h after treatment, they had declined and were iguifecantly different
than those measured before the fumigations (datshaavn).
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Fig. 6. Germination of conidia oPenicillium digitatum(imazalil-sensitive isolate PD90 and imazalil-
resistant isolate PD201) amid italicum (PI) after fumigation for 6 h at 22°C with dosagd<0, 1500,
3000, or 600QiL L™ of ammonia injected only at the beginning of treatment (A) or at the beginning
and again after 2 h (B). Germination was determatfégl incubation for 12 h at 25°C on potato desgro
agar. Values within each isolate, fumigated by ralsi or double injection of ammonia, with unlike
letters are significantly different by Fisher’'s Rrcted LSD testH < 0.05). Each value is the mean from
three experiments of three replicates of 150 to@@tdia each.
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Table 1. Applied ammonia dose, fruit load, measured coma#@noh-time products (C-T), presence of
fresh wounds before fumigation, and rind appearaftee the fumigation of lemons or Valencia oranges

NHz? Fruit load C-T product Wounded Rind appearance
(uLL™ (kg) (L L™ hh (yes or no) Oranges Lemons
2 x 1500 20 3303 yes unaltered unaltered
2 x 3000 20 8564 yes unaltered Tissue slightly elaik wounds
2 x 6000 20 16960 yes Tissue slightly darker inmasu  Tissue much darker in wounds
1 x 1500 20 1770 yes unaltered unaltered
1 x 3000 20 3650 yes unaltered unaltered
1 x 6000 20 7953 yes unaltered Tissue much dankeounds
1 x 6000 20 7830 no unaltered ND
1 x 6000 10 14320 no unaltered ND
1 x 6000 3 19100 no ND unaltered
1 x 6000 0 23800 no NA NA

®Number of injections and calculated concentratibaramonia applied into the chamber. When a second
injection was made, it followed the first injectiby 2 h.

®Measured concentration times time product durimgigation.

“Fresh wounds were made at 3 points in the equbtmniee by cutting the flavedo to expose an albeda a

of 5 mm in diameter and 2 mm in depth immediat&fobe fumigation.
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Table 2. Color parameters of lightness {1+SD), chroma or saturation (C; +SD), and hue arfdfl; +SD)
measured on non-treated lemons (control) and onrerfumigated with 6000GL L™ before (0) and 12, 20,
and 22 days after fumigation and storage at 20°C.

Days after Untreated Ammonia fumigated

fumigation L* C h° L* C h°
0 50.2 (0.6) 39.3 (0.4) 117.7 (0.5) 53.2 (3.0) 42.6 (2.4) 115.9 (1.4)
12 52.7 (0.3) 46.0 (0.9) 114.2 (0.3) 59.4 2.6 48.0 (0.7) 108.6 (0.7)
20 54.7 (4.8) 45.9 (4.5) 113.1 (3.0) 61.0 Y4.7 47.8 (2.7) 106.7 (3.5)
22 59.1 (5.2) 49.2 (4.0) 108.0 (3.7) 62.4 4.8 48.1 (3.2) 102.6 (4.5)
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A decrease in hue anglk®, which indicates the transition from green to
yellow color, was recorded for untreated and ammdmmigated lemons
between days 0 and 22 of storage. On untreatednienhoie angle values
measured after 12, 20, and 22 days were 3.5, Ab8a8 degrees lower
than the initial value, respectively. On lemons ilgated with 600QuL L~

L ammonia, hue values measured after 12, 20, ancy@2wlere 7.3, 9.1,
and 13.2 lower, respectively (Table 2). At eachetioh measurement, the
decrease of the hue values was significantly langdemons treated with
ammonia than on untreated lemons. The parameteasumieg lightness
(L") and saturation (§ changed similarly on fumigated and untreated
lemons. No injury was observed on the lemons usékis experiment.

4. Discussion

Fumigation of citrus fruit with ammonia effectivelyontrolled
postharvest green and blue molds. Generally, itrobed blue mold
better than green mold, and it was more effectimeocanges than on
lemons. The inhibitory activity of ammonia incredseas the
concentration applied increased and a double iojecof ammonia
further improved its effectiveness. These resudtsoborate the findings
in prior reports (Gunther et al., 1959A; Leggo aBdberry, 1964,
Roistacher, et al., 1955; Roistacher, et al., 1$&istacher, et al., 1958;
Tomkins and Trout, 1931). Citrus fruit tolerate aoma gas well, unlike
many other fresh commodities (Phillips, 1985). Bot1927) first used
ammonia gas, sublimed from ammonium bicarbonatesotdrol green
and blue molds and diplodia stem end rot, caused.dsjodiplodia
theobromagPat.) Griffon & Maubl., on citrus fruit. Controf @ammonia
gas concentration from sublimed salts was diffi@andd rind injury of
oranges occurred and this approach was not impledar this reason
(Eckert, 1967; Tomkins and Trout, 1931; Grasovsky &hiff, 1934).
Later, ammonia was applied as a fumigant from cesged cylinders
where control of its concentration was facilitat€bnstant storage in 50
to 200uL L™ of ammonia controlled decay and stopped sporuidtiam
decay lesions yet did not injure the fruit rindthaugh rind defects
occurred and the calyxes were darkened in somegHateert, 1967). In
most prior studies, ammonia was used for relatil@tg periods, from 2
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to 14 days. Only Roistacher and coworkers (1955719958) evaluated
briefer treatments, and found a single shorteitrireat (9-10 h) with an
ammonia concentration of 10 L™ controlled green and blue molds.
Effective ammonia C-T products were 500 to 3Qa0L™* h*, while
injuries occurred with higher C-T products (Roistac et al., 1957).
However, the application of this low concentratimi ammonia
constantly during treatment, as suggested by Ribistaand coworkers
(1957), entailed repeated measurements and amnigeictions and
special equipment was required for this task. Ideorto facilitate its
commercial adoption, ammonia fumigation should saisacomplicated
and brief as possible, so we evaluated single oblgédanjection ammonia
applications for periods of six hours.

On Valencia oranges, treatments with double imp@stiand higher
dosages of ammonia more effectively controlled igraed blue molds
than single injections and lower dosages. When eomg fumigations
with similar C-T products, i.e., 3308. L™ h* of ammonia from two
injections of 150QuL L™ h'* of ammonia compared to 3650 L™ h' of
ammonia from a single injection of 30@Q L™, double injections of a
lower concentration more effectively controlled agcthan a single
injection of a higher dose. Roistacher and cow@k@i957) reported
repeated dosages of the gas were believed to be gftactive than
single injections, and that it should be appliedhwmi 24 to 30-h after
harvest, before the pathogens had penetratedhetoinid to a depth no
longer reachable by the gas. In the initial treatine¢hey speculated
ammonia concentrations that were lethal to moisidia within wounds
may not have been sufficient to inhibit the relelyvdry conidia not
within wounds. Later, in the moist storage enviremiy most of the
conidia were sufficiently hydrated to be controlléy the second
ammonia dose. In the present work with Eureka lesnoaiouble
injections were always more effective than singleesy but higher
dosages were not always more effective. Lemons veggarently
damaged by treatments with single (C-T product 5378L L™ h) or
double injections of 600QL L™ of ammonia while the tissue darkening
in wounds was absent or minor after treatments with injections of
3000uL L™ of ammonia (C-T product = 8564 L™ hY). This shows the
sensitivity of Eureka lemons to single high concatiins of 600QiL L™
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of ammonia was greater than to a similar C-T dedigleby two injections
with lower ammonia concentrations.

Risk of product injury must be established for &oyticultural fumigant.
Ammonia fumigations did not harm fruit with blemifiee rinds, but the
exposed albedo tissue of wounded fruit darkenee fiid of Eureka
lemons was more sensitive to ammonia fumigatioas that of Valencia
oranges. The rate of natural transition of greeyeltow color of lemons
was slightly accelerated by ammonia fumigation. Wasiin lemon rinds
that exposed the albedo became dark brown in @fter exposure to
one or two injections of 600QL L™ of ammonia, while the same
treatment applied to Valencia oranges caused omshght browning of
this tissue. Similar injuries were described bydRather and coworkers
(1957) on lemons and navel oranges treated withdaily injections of
5000 uL L™ of ammonia applied daily for 4 days. Tomkins anmduf
(1931) observed that neither the appearance ntw ¢dsoranges treated
with 1000pL L™ of ammonia was impaired; however, after storage fo
15 days, a treatment with 20QQ L™ of ammonia caused considerable
damage to the fruit. Leggo and Seberry (1964) efeskno injuries on
the rinds of Washington Navel oranges treated \6@00 uL L™ of
ammonia for 78 h. Injuries reported in both therbture and in this study
are primarily peripheral browning of fresh woundghe rind. This effect
could even have a positive aspect, since it makeswith injured rinds
more visible, which would facilitate their detecticand removal on
packinglines.

Other aspects of the influence of ammonia on fjudlity were reported.
Eaks (1959) examined the effect of repeated 10nb;ldoOpL L™
ammonia fumigations on respiratory rate, juice cosijon, and
appearance of oranges and lemons. Other than bygwaf fresh
wounds, the only significant change was that premeabrowning and
detachment of the calyxes (‘buttons’) on lemonst hot oranges,
occurred after three weekly ammonia fumigations sutzsequent storage
for four weeks. Although not observed in our wdrarm to the calyx has
a negative influence on lemon quality, since intgoten ‘buttons’ are an
important aspect of marketing quality and to retaltérnaria stem end
rot (Smilanick et al., 2006). Approaches to minienzalyx injury could
be pre-treatment of the fruit with IMZ so lower ammme concentrations
could be used, incorporation of a low concentrati@atment of 2,4-D
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before ammonia fumigation since 2,4-D prolongs ritention of calyx
and is commonly used for that purpose (Smilani¢kale 2006), or if
repeated ammonia fumigation of lemons was avoided.

Ammonia concentrations during fumigation declinegidly during the
first 2 h after injection, after which in many caséttle ammonia
remained within the chambers. In empty chambersuiab0% of the
ammonia gas was present at the end of a 6-h fulmingahs the load of
fruit increased, a faster decrease in the ammanaentration occurred.
Previous studies reported absorption of ammonia fioyt during
fumigation (Gunther et al., 1959B; Roistacher, let }957) and it was
deemed temporary since no significant ammonia wesidvere found in
fruit after the treatments. Ammonia is a normalstiinent of citrus fruit;
Valencia oranges contained aboutyd5L ™ in the clarified juice (Nelson
et al., 1933). Ammonia at 50 to 7@Q L™ in air induced little, if any,
measureable increase in the ammonia content dfuhef treated citrus.
Ammonia sorption was proportional to the ammoniacemtration and
the temperature of the fruit. Wounded, non-waxedjnamature fruit
sorbed ammonia faster than non-wounded, waxed, aturm fruit
(Gunther et al., 1959B). Roistacher and cowork&@57) observed that
C-T values of ammonia sufficient to cause chemycaletectable
increases in nitrogen residues in lemons usualiylted in severe fruit
burns. Gunther and coworkers (1959B) reported jilnae quality and
organoleptic tests of ammonia-treated fruit revéalery little ammonia
absorption in the juice and it was indistinguisleafobm juice samples of
control fruit by standard quality tests. In our iked organoleptic
evaluations, no differences in flavor or aroma waetected.

The mode of action of ammonia to inhibit fungi hast been
conclusively determined. Its toxicity to the micctesotia ofVerticillium
dahliae increases with increasing pH and it is fungistaticsub-lethal
concentrations (Tenuta and Lazarovits, 2002). ohiceivably inhibits
green and blue mold infections by both direct agtaue to the toxicity
to conidia, and indirect action, by modifying thewnd environment
where infection occurs. In previous tests on oranfygmigated with
ammonia during up to 4 days, a direct toxic effeicemmonia on the
pathogens was observed, since many conidia couldnger germinate
after fumigation (Leggo and Seberry, 1964; Roistactt al., 1957). A
single injection of 600QL L™ of ammonia was lethal to 25, 60, and 80%
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of conidia of P. digitatumisolates D90 and D201 and R italicum
isolate, respectively, and a double injection of n@mnia at this
concentration further increased mortality. Diffezes in sensitivity of
conidia to ammonia among the isolates may explairy \ammonia
fumigation controlled green mold caused By digitatumisolate D201
and blue mold better than they controlled greendmmused byP.
digitatum isolate D90. Quantification of ammonia toxicity darthe
influence of humidity on its toxicity t®. digitatumandP. italicumare
needed. However, the reduction in disease inciddmgeammonia
fumigation was very high and greater than the rgdncin conidial
germination. This supports the existence of anrautlieffect of ammonia
to inhibit these pathogens, probably by the indurciof changes in the
tissues of the wounds where infections are iniiafehe pH of albedo
exposed to ammonia through wounds was significantyeased by the
fumigation, although the increase was reversible tgpical pH values
were recovered one day after treatments. It is@w@able that ammonia
imparted a thin layer of alkalinized tissue withihe wounds that
significantly delayed or stopped infection, whileoumd healing
mechanisms within the rind continued or were ewénudated to retard
infection from the surviving conidia. Treatment s#veral Citrus spp.
and cultivars with an alkaline solution of sodiurarlmonate, which
reduced green mold infections by more than 90%, t@sporarily raised
the pH of the albedo tissue in wounds about 3 yratiered its structure
to a “melted” appearance, and induced the accurmnlabf the
phytoalexin scoparone from four to ten times intiegue (Venditti et al.,
2005). Elevated pH alone could inhibit the growthtleese pathogens.
The germination ofP. digitatum is inhibited at pH 8 and above
(Smilanick et al., 2005).

Griffin (1994) stated pH influence on fungi is coeyand dependent on
the ionization of acids or bases, and that pH cher anembrane
potentials and change their permeability to manystances, including
toxic compounds. Local pH modulation by pathogemy e a common
mechanism for increasing their virulence duringeation (Prusky et al.,
2001). Colonization byPenicillium spp. on citrus and apple fruit, a
pathogen that acidifies host tissue, was enhangeditbic acid and
retarded by alkalinization with NaHGO (Prusky et al., 2004).
Penicillium spp. acidify the tissue within lesions on citrugitftissue by
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the production of organic acids, mainly citric agidconic, and by the
utilization of ammonium ions that was correlatedthwan efflux of
protons. Tissue pH was positively correlated wittmn@onium ion
content, and presumably, ammonia fumigation woulglatly increase
ammonium ion content in this tissue, raise its ait] retard pathogenesis
by acidifying pathogens such as tiRenicillium spp.. Citrus fruit
pathogens such &vlletotrichumspp. and/oAlternaria alternatg which
raise the pH of lesion tissue by ammonia secretitay not be controlled
by ammonia fumigation.

The combination of IMZ treatment followed by ammefuimigation was
usually additive or synergistic in effectivenessctntrol green mold;
IMZ concentrations as much as 50 times lower thhose¢ used
commercially effectively controlled the disease.e3& very low rates
would not be recommended; we used them to enalgeintieraction
between these treatments to be evident. Siegelcandrkers (1977)
showed the fungicide was more toxicRoitalicumat pH 7 than at pH 5,
and observed that little IMZ entered the myceliutmpBEl 5 compared
with pH 7. They ascribed this difference in potetayhe charge present
on the molecule and concluded that reduced toxafityZ at lower pH,
when the molecule is charged, occurs becausddsssincorporated into
the mycelium. Lukens (1971) reported that neutoains of fungicides
penetrated membranes and were more toxic than ethafgrms.
Relatively small differences in pH can have a digant effect on the
concentration of the neutral (un-dissociated) IMZuén et al., 1989;
Siegel, et al., 1977). Above the pKa of IMZ (pH%),5he imide nitrogen
of the molecule is primarily un-dissociated, thelecale is not charged,
and it is more lipophilic and soluble in membrangspH values below
the pKa, the imide nitrogen is primarily protonagtede molecule is
charged, and it has less lipid solubility and pquenetration into
membranes. Smilanick and coworkers (2005) emplyicplantified IMZ
toxicity associated with pH and reported incregsdcenhanced both the
activity of IMZ to inhibit conidial germination ands effectiveness to
control green mold on fruit using an IMZ-sensitiee IMZ-resistant
isolates, and in this study, we found in the presstndy ammonia
fumigation increased pH of the albedo in the woum@skedly. The pH
values we measured within the wounds were 5.9 aRdr&spectively,
before and after ammonia fumigation with an inidake of 600QiL L™.
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Applying formulas from Smilanick and coworkers (30)@hat predicted
IMZ toxicity as a function of pH, in the presenudy the EGy of an
IMZ-sensitive isolate oP. digitatumat pH 5.9 would be 20.0 x ang
L, while at pH 7.2 the Efg would be reduced to 5.7 x $ong L*; an
increase in IMZ acivity of approximately three-foldt is likely that the
synergism between ammonia and IMZ treatments oedurr part due to
the increase in IMZ toxicity at higher pH valuestire wounds where
IMZ is in contact with the pathogens.

Several issues must be addressed before using am@®m fumigant.
Anhydrous ammonia is classified by the US Departmesi
Transportation as nonflammable (Anon., 2006). Havevammonia
vapor in high concentrations (16 to 25 percent eyght in air) will burn,
although it is difficult to ignite and will not spprt combustion after the
ignition source is withdrawn. In previous studiaspmonia fumigation
and ethylene degreening were compatible (Leggo Seloerry, 1964;
Roistacher et al., 1957). Ammonia fumigation cobts applied within
degreening chambers, either before, after, or perfturing ethylene
degreening, and the treatment would not greatliopgpthe time fruit are
in the chambers. In the present study, we empleyedt exposures and
the temperatures used during degreening, in ordefatilitate their
combined use. The existing degreening chamberseptén most of the
packinghouses in California and Spain, would needbdé modified to
contain the gas safely and to resist corrosion. Amm especially in the
presence of moisture, reacts with and corrodes erpginc, and many
alloys (Anon., 2006). Only wood, iron, steel, certaubbers and plastics,
and specific nonferrous alloys resistant to ammahiauld be used. In
order to establish a standardized procedure to a@mpaimmonia
fumigation, further studies on the optimal dosagesl methods of
application of ammonia gas are needed that acdourdifferent citrus
species and cultivars, and to account for the fiogid factor within
fumigation chambers. Gunther et al. (1959B) suggkdhe use of
fiberboard cartons, which are now the most popp#akaging, should be
avoided unless the amount of ammonia applied waseased to
compensate for their large ammonia sorption capa8afe entry into
these chambers once ammonia fumigation is compleiguires
evaluation; since rapid sorption of ammonia occatsjospheric release
of ammonia may be minimal, although it is likelytmpment of the
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remaining gas would be required. Occasionally, sgmrent of sulfur

dioxide gas remaining after fumigation of tablepg®s is done using an
alkaline solution in an air-washer (Nelson, 19%tijh an acidic solution,

similar air scrubbing could be done to entrap rengi ammonia after
fumigation before chambers are opened.
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Abstract

Green and blue molds are responsible for the nmpbitant losses of
citrus fruit after harvest. The development of thdseases was assessed
on the most commercially important orange and mandzultivars in
Spain during four consecutive harvest seasons ssacmted with fruit
external (rind) and internal (juice) quality parders. Citrus fruit were
harvested at commercial maturity, artificially indated withPenicillium
digitatum or P. italicum and stored at 20°C and 90% RH for up to 10
days. Fruit susceptibility to green and blue molds assessed by means
of measured variables, viz. disease incidence () severity (lesion
diameter, mm) and pathogen sporulation (%), ancutated parameters,
viz. disease severity rate (DSR, mm dgy disease index (DI,
dimensionless), and disease cube diagonal (DCDerBanless). The
following cultivar ranking of increasing suscepilityi to green mold was
obtained: Nova, Sanguinelli, Ortanique, Lanelatgvdate, Fortune,
Clemenules, Valencia, W. Navel, Oronules, Clemespoklarisol,
Salustiana, Hernandina, and Nadorcott. With soncegions, blue mold
susceptibility ranking was similar. Correlation bs&és showed that peel
texture characteristics were the most influencinglity parameters on
the susceptibility of citrus fruit to green and dlnolds.

Introduction

Green mold caused Wenicillium digitatum(Pers.: Fr.) Sacc. and blue
mold caused by. italicum Wehmer are major postharvest diseases of
citrus fruit. These pathogens cause the most ecmatyn important
postharvest losses of citrus in all production srdet, like Spain or
California, are characterized by a Mediterranegetglimate with low
summer rainfall (Eckert and Eaks, 1989; Palou, 20Breen mold
typically causes larger losses during commerciatirabecause it is
predominant at ambient temperatures, but blue nuald be more
important when citrus fruit are long-term cold-secaus®. italicum
grows faster thaR. digitatumat temperatures of 10°C or lower (Plaza et
al., 2003). Besides direct fruit losses, posthdrdesay can also increase
the costs of citrus fruit producers when diseasdoisnd in export
shipments, the load is rejected and they are cHafgetransport and
handling costs. Losses due to green and blue naielsvariable and
depend upon cultivar, climate, orchard, harvest postharvest factors
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(Smilanick et al., 2006). Botf. digitatumand P. italicum are strict
wound pathogens and incipient infections are glpicvisible only after
about 3 days of incubation at room temperaturescirular area
surrounding the infection point appears soft andewsoaked. As the
fungus grows, aerial white mycelium develops indbkater of the lesion,
expands radially and sporulation follows, formingc@ored (green or
blue) layer of velvety texture. Although visible xad infections in the
same fruit are not uncommon, usually green moldgreevs blue mold
on fruits kept at room temperature.

Development of postharvest diseases depends onrdlaionship
between the pathogen, the fruit host, and the enmental conditions.
Host reaction can be highly variable depending emegjc traits (species
and/or cultivar differences) and physical and pbiggjical characteristics
of the fruit when the infection occurs (Palou, 2P1Although no
commercial citrus species and cultivars are knawpet resistant to green
and blue molds, different degrees of susceptibibire commonly
observed in commercial conditions. In fact, thecepsibility ranking of
various citrus cultivars to postharvest diseasernoftepends more on the
perception of packers and other actors involvethéncommercialization
process than on the results of a systematic stuhording to Eckert and
Eaks (1989), general susceptibility of citrus fuib postharvest diseases
typically decreases in this order: mandarins, lesnooranges, and
grapefruits. However, Ortuiio et al. (2011) foundttBusceptibility to
green mold decreased in this order: grapefruitenoles, oranges,
mandarins and satsumas. In their work, they alsdiext the relationship
between citrus susceptibility to green mold angdteid and scoparone
accumulation and found an inverse correlation betwthe degree of
susceptibility and the content of some phenolic goamds. On the other
hand, some studies have pointed the different afficof antifungal
treatments alternative to conventional chemicagitides depending on
the citrus species and cultivar to which they wapelied (Palou et al.,
2001, 2002; Montesinos-Herrero et al., 2009, 204@scoso-Ramirez et
al., 2013a,b). There are several studies that shadifferences in the
susceptibility of different citrus species to certpathogenic fungi such
asAlternaria spp. (Gardner et al., 1986; Peever et al., 20@is Bt al.,
2007)) orPhytophthorecitrophthora(Afek and Sztejnberg, 1988).
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The objective of the present study was to investigde relative
susceptibility of different commercially importanotange and mandarin
cultivars to postharvest green and blue molds, determine the
relationship between this susceptibility and fgquality attributes.

Materials and Methods

Fruit. Fifteen of the most representative citrus cutdvaommercially
cultivated in Spain and worldwide were selectedtfis study: oranges
(Citrus sinensis L. Osbeck) cvs. Lanelate, Valencia, Navelate,
Washington Navel, Salustiana, and Sanguinelli; el@ime mandarins
(Citrus clementinahort. ex Tanaka), cvs. Clemenules (synonyms: Nules
Clementina de Nules), Clemenpons, Hernandina, Maméd Oronules;
and hybrid mandarins cvs. Fortuné. (tangerina Tanaka x C.
clementing, Nadorcott Citrus reticulata Blanco x C. sinensis;
synonym: Afourer), Nova(. clementina x (C. reticulatax C. paradisi
McFadyen)], and Ortaniqué&] reticulatax (C. sinensix C. reticulatg,
synonym: Topaz]. Fruit were tested during four emusive harvest
seasons, from 2004-2005 to 2007-2008. Each sealaryltivars were
tested at least once. For each pathogen, culavarassay, 4 replicates of
10 fruit each were used.

Pathogen inoculation Penicillium digitatumand P. italicum isolates
NAV-7 and MAV-1, respectively, from the fungal aule collection of
autochthonous postharvest pathogens of the IVIA,Qid?e cultured on
potato dextrose agar (PDA, Sigma-Aldrich Chemical, Gt. Louis, MA,
USA) plates at 25°C. Conidia of each fungus fromo714-day-old
cultures were taken from the agar surface with erilst rod and
transferred to a sterile aqueous solution of 0.0B%erf 80 (Panreac,
S.A.U., Barcelona, Spain). Conidial suspensionsewidtered through
two layers of cheesecloth to separate hyphal fraggnend adjusted to a
concentration of 10spores/mL using a haemocytometer. The tip of a
stainless steel rod, 1 mm wide and 2 mm in lengds immersed in the
conidial suspension and inserted once in the fid afterwards, at the
equatorial zone of the fruit. Inoculated fruit weéwept in a temperature-
controlled room at 20°C and 90% RH for up to 10sday
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Cultivar susceptibility assessment Disease incidence (percentage of
infected fruit) and severity (diameter of the legioand percentage of
sporulated lesions on inoculated fruit incubated2@tC and 90% RH
were evaluated every day. Disease development uvdeef assessed by
means of the calculated parameter AUDPC (area utiterdisease
progress curve), by using the following formula:

N; - 1

T~ ity
A= 2 (tis1- 1)
i=1 2
whereyi is the diameter of a lesion at tinie in days, andyi+1 is the
diameter of the lesion at timé+l,and N is the total number of
observations (Shaner and Finney, 1977).
Other calculated parameters were studied in orderagsess fruit
susceptibility more accurately. Thus, a diseaseer#igvrate (DSR, in
mm/day) was defined by the slope of the regresan@nof the increment
of lesion diameter once the infection was initiataxd accounted for the
speed of disease development in infected rind weuh the other
hand, a disease index (DI), adapted from the Mc&yndisease index
(McKinney, 1923), (was defined as DI = diseaseidieicce (%) X
AUDPC/100 (dimensionless) to take into account paty disease
development but also the onset or not of the imdactFinally, a
parameter taking into account disease incidencedDRAUC, and pathogen
sporulation, was calculated to rank the cultivang their overall
susceptibility to green and blue molds. This dinn@miess parameter was
named as disease cube diagonal (DCD) and was aduby measuring
in a graph the length of the line between the oragd the point (X, y, z),
where X is incidence (%), y is AUDPC, and z is sjbation (%).

Fruit quality determination. All citrus cultivars were collected at
commercial maturity, with commercial rind color (nartificial

degreening was required for early season cultivarg) quality analyses
were performed at room temperature within 24 hradfsevestPeel color
was measured using Hunter parameters (L, a, b) wittolorimeter
(Model Minolta CR-300, Konica Minolta Business Taologies, Inc.,
Tokio, Japan). A color index (Cl) was calculated: € 1000-a/L-b
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(Jiménez-Cuesta et al., 1981). For each batche thieasurements on the
equatorial area of 25 fruit were performed.

Firmness of 20 fruit per batch was determined uamgnstron Universal
Testing Machine (Model 4301, Instron Corp., Norwod®dA, USA).
Each fruit was compressed between two flat surfateesng together at
the rate of 5 mm/min. The machine gave the defaona(%) after
application of a load of 1 kg to the equatorialioagof the fruit. Results
were expressed as percentage of deformation relatadtial diameter.
Peel break resistance was measured on 20 fruligieh using the same
machine. Each fruit was compressed with a 5 mm eliarrsteel rod until
the fruit rind was broken, and the necessary pressum maximum
compressive load (kgf) was measured. The thick(ress) of both the
flavedo and the whole rind (flavedo + albedo) wasasured at two
opposite sites in the equatorial zone of 20 freit patch by means of a
digital caliper (Pittsburgh Precisition Instrumeristtsburgh, PA, USA).
Peel oil release pressure (kg) of 20 fruit perttnest was determined
using a fruit pressure tester with a 8 mm diamépe(Model FT327,
Facchini, Alfonsine, Italy). Each fruit was wrappeth filter paper and
then compressed with the tester until essentiabtaiins appeared. The
necessary pressure (kg) was annotated (TugwelMandds, 1999). For
fruit internal quality characterization, the juideom 3 previously
weighed samples of 8 fruit each was extracted \itlotatory citrus
squeezer and filtered through a 0.8 mm diametefesi€he following
juice quality parameters were determined: solublals content (SSC)
was measured with a digital refractometer (ModelTIR, Optic lvymen
System, Barcelona, Spain) and expressed as pegeefiii&ratable acidity
(TA) was determined from a 5 mL aliquot by titrativith 0.1 N NaOH
with phenolphthalein indicator and results weresgias percentage (g of
citric acid per 100 mL). Maturity index (MI) was Icalated as the
SSC/TA ratio. Juice pH was measured by using a gtem(Model S20
SevenEasy™ pH, Mettler-Toledo, LLC, Columbus, OF5A). In all
cases, two replicated measures were performedasith juice sample.
Juice yield was expressed as percentage of juitg par fruit weight

(9).
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Data analysis

Mean disease and fruit quality data from all foeasons were analyzed
by analysis of variance (ANOVA) with Statgraphicsofte/are
(Statgraphics Plus 5.1; Manugistics Inc., RockyiM&, USA). The level

of significance was established Rt= 0.05. Data on disease incidence
and pathogen sporulation had been previously toam&fd to the arcsine
of the square root of the proportion of infectedsporulated fruit to
assure the homogeneity of variances. When apptepribe Fisher’s
Protected Least Significant Difference (LSD) tesiswused for means
separation. Values displayed in graphs are norsfibamed means.
Pearson correlation coefficienty (vere estimated between mean values
of fruit qualitative parameters and disease devek parameters, and
theP values of such correlations were calculated.

Results and Discussion

Fruit quality. Marisol and Nadorcott mandarin cultivars were teast
firm (7.14 and 6.76% deformation, respectively) agnthe fifteen citrus
cultivars tested. All oranges showed similar higid rfirmness, around
2% deformation, similar to that of the hybrid cudtir Nova (Table 1).
The citrus cultivar with the highest peel breakistasce was Sanguinelli
orange (3.59 kg), around 2 kg higher than thathef rest of cultivars.
Peel (flavedo + albedo) thickness strongly markeddifference between
oranges (4.71 — 5.31 mm) and clementine and hybaddarin cultivars
(2.38 — 2.87 mm), except for the hybrid Nova, whiadd a slightly but
significantly thicker peel (3.61 mm) than the re$tmandarins. Juice
yield was significantly different among citrus cuétrs P = 0.01), and
the values ranged from 41.41 to 51.10 ml juice/1®0fruit for
Clemenpons and Ortanique citrus cultivars, respelgti Ortanique,
Fortune, Marisol, and Valencia cultivars were thegéh higher juice
yield. There was no significant influence of citragltivar on the juice
SSC P = 0.07). Hernandina clementine showed the lowés{I66%),
while the most acid juice was that of Sanguinelirges (1.71%). Juice
pH differences between citrus cultivars were sigaiit @ = 0.0472), but
values slightly differ from each other and rangsahf 2.95 to 3.97 for
Ortanique and Hernandina mandarins, respectivelgsted citrus
cultivars significantly differed on peel color; N&ate oranges showed
the lowest Cl value (6.01) and Nova mandarins skiowe highest
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(18.16). Peel oil release pressure was markedigrdiit among cultivars;
in the case of Marisol mandarins, for instance) péavas released after
applying a pressure of 2.79 kg, while it was neags® apply a pressure
of 8.04 kg to break the oil glands of Sanguinetirmes. Rind quality
attributes such as firmness, peel thickness, aetl @krelease pressure
clearly distinguished oranges from mandarins (Tablg).

205



Chapter 7

Table 1. At harvest external and internal qualitritutes of commercially important orange and
mandarin cultivars.

. Peel break Peel  Juiceyield (mL . - ) Peel oil

Cultivar Deformation resistance thickness juicglloo(g SSC (Brix)  TA(g c!tr_|c/ M_atunty JuicepH Colorindex release
(%) - 100 mL juice) index
(kg) (mm) fruit) pressure (kg)

Clemenpons 4.43 cde 1.32 abc 2.65 a 41.41 ab 11.74 abc 0.96 ab2.30 bcde  3.12 ab 8.36 ab 3.66 abc
Clemenules 544 e 1.39 abc 283 a 4212 a 12.56 bc 0.88 ab €471 3.67cd 7.50 ab 4.03 bc
Hernandina 4.79 de 1.59 abc 287 ab 4163 ab 13.53 bc 0.66a 7780. 3.97d 12.74 abcd 4.28 bed
Marisol 7.14 f 0.95 ab 238 a 48.45 cd 11.19 ab 1.18 bed 9.71 abc 10.41 abc 279 a
Oronules 5.62 ef 1.40 abc 2.62 a 42.75 abc 11.56 abc 1.18cd 5aheé 9.59 ab 3.23 ab
Fortune 3.19 abc 1.43 abc 2.75 a 50.45d 14.03 c 1.36 def 1b68@ a 3.32 abc  12.30 abcd 5.44 efg
Nadorcott 6.76 f 093 a 257 a 44.44 abc 12.16 abc 1.12 bcd 2Bbed 3.41bc 17.32 cd 3.73 abc
Nova 2.86 ab 1.74 abc 361b 44.38 abc 12.67 abc 0.67 a 19.01fg .63 bgd 18.16d 4.26 cdef
Ortanique 3.33 bed 226 ¢ 2.46 a 51.1Cd 12.70 abc 1.62 ef 7.87 ab 295a 14.05 bcd 6.87 h
Lanelate 1.96 a 192¢c 5.05b 44.03 abc 11.23 a 0.82a 15.30 ef 63 c8. 751 a 5.38 fg
Navelate 2.17 ab 2.05c 489 b 46.33 bcd 11.48 ab 0.84 ab 1889 ¢ 3.60 bcd 6.01 a 5.85¢g
Salustiana 2.24 ab 2.07 bc 487 b 4491 abcd 12.89 abc 1.34 cd®.86 abc 3.34 abc 7.60 ab 4.37 cde
Sanguinelli 1.80 ab 3.59d 471 b 44.99 abcd 10.38 a 1.71f 8.07 3.06ab 6.38 ab 8.04 i
Valencia 2.74ab 1.77 abc 512 b 48.00 cd 10.83 a 1.29 de 8.58 ab 3.64 bcd 8.75a 5.98 gh
W. Navel 2.59ab 1.75 abc 531b 41.52 ab 13.11 bc 1.25 cd 10.75 abcd  3.28 abc26 a8 5.23 defg
P-value 0.0000 0.0082 0.0000 0.0105 0.0727 0.0000 0.0000  472.0 0.0051 0.0000

Maturity index = SSC/TA (SSC = soluble solids cartcation; TA = titratable acidity). Color index (€11000.a/L.b; Hunter parameters).

Within columns, values followed by the same lettéicsnot differ significantly according to Fishepsotected least significant difference td3t(0.05).
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Figure 1. Susceptibility to green (GM) and blue (BM) moldscarding to disease incidence (%) and
pathogen sporulation (%), of fifteen citrus cultvartificially inoculated withPenicillium digitatum
andP. italicum respectively, and incubated at 20°C and 90% RH@adays.
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Figure 2. Disease severity rate (DSR, mm/day) of green (@w) blue (BM) molds on fifteen citrus
cultivars artificially inoculated withPenicillium digitatumandP. italicum respectively, and incubated
at 20°C and 90% RH for 10 days.
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Cultivar susceptibility. Development of green and blue molds was
evaluated on inoculated fruit by using the meadarphrameters disease
incidence (%) and severity (lesion diameter) anthg@gen sporulation
(%), and calculating other parameters (AUDPC, DBR,and DCD) in
order to have a better description of overall disedevelopment. It is
known that the occurrence of disease is determiethe relationship
between the pathogen, the fruit host and the emwiemtal conditions. In
this study, the inoculum load and the environmeataiditions were set
as constant in order to isolate the effect of frodst on disease
development. For each cultivar, we intended to tenmil the natural
and seasonal variability associated with fruit grayvconditions by
repeating the trials for four different seasons.

Disease incidence is probably the most importanhrpater to account
for the susceptibility of any fruit to a postharvessease. Conidia d®.
digitatum or P. italicum situated in peel wounds of mature fruit that
rupture oil glands or penetrate into the albedacglfy bring irreversible
infection within 48 h at 20-25°C (Green, 1932; Kaagh and Wood,
1967). Immature fruit, by contrast, have in thel peasiderable amounts
of preformed antifungal compounds such as citralifierent flavonoids
that interfere with fungal development and inhitdécay (Del Rio and
Ortufio, 2004). In addition, when citrus fruit angifecially inoculated
following a methodology like that described herethban abiotic (rind
wounding) and a biotic stress (fungal infectione grroduced that
elicitate another line of defense comprising ddfgrinduced resistance
mechanisms such as accumulation of lignin or ligik@ polymers
(Ismail and Brown, 1979), biosynthesis of phytoaieXike scoparone or
scopoletin (Kim et al.,, 1991), or production of lpagenesis-related
proteins like chitinases or glucanases (Pavoncetl@l., 2001). Both
preformed and induced defense responses are depende citrus
genotype and the inherent capacity of each cultivgause effectively
these types of defense mechanisms is crucial teeptehe infection at
the initial stage, and will determine the onsetfaiture of disease
development. Incidence of green and blue molds atedeimportant
differences among citrus cultivar$® (= 0.000). The most resistant
cultivars to get infected bf. digitatumandP. italicum after artificial
inoculation were Nova and Sanguinelli and, in gahetisease incidence
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was lower on oranges (except Salustiana) than miasdéFig. 1).
Multiple range tests for incidence by cultivar (rebtown) showed that
Nova and Sanguinelli were significantly more remsistto green mold
than the rest of cultivars, but differences amdmg test of them were
diffuse. On the contrary, according to blue moldidence, the tested
cultivars could be clearly divided into three greupith different
susceptibility: Sanguinelli and Nova with high stance; Lanelate,
Fortune, Valencia, Navelate, and W. Navel with imediate resistance;
and all the clementines, the hybrid mandarin Oga®j and the orange
Salustiana with low resistance. When comparingiticedence of both
molds, most of the cultivars were similarly susdaptto green and blue
molds, except the mandarin Ortanique, for whichehtoold incidence
was slightly higher than that of green mold (Fig. 1

On fruit with successful infections, disease sdyeas lesion diameter
was measured daily for 10 days after inoculaticsh @eurve representing
severity by incubation time was obtained. After Igpm linear
regression procedures, a line was obtained whagestan appropriately
represent the rate of growth of the pathogen. Elope or DSR is an
indicator of how quickly the pathogen grows once thfection has
started. The average DSR for lesions caused byligitatum and P.
italicum on citrus cultivars incubated at 20°C for 10 days 23.8 and
10.1 mm/day, respectively. At this temperatureegrenold grew faster
than blue mold, however, blue mold can be moregles on fruit stored
at 3-5°C, the usual cold storage temperatures rfanges or mandarins.
Different studies (Plaza et al., 2003, 2004) showleat P. italicum
germinated and grew faster th&n digitatumat low temperatures and
under drier conditions. It was observed in the gnésesearch that DSR
values significantly differed among mandarin cutiy @ = 0.0102),
being Oronules the cultivar in which green moldvgffaster, while they
were similar among orange cultivai® € 0.6096). In general, DSR for
green mold was higher on oranges and Oronules masd@§>25
mm/day) than on the rest of mandarins (10-25 mn)/dalge cultivar
with the lowest DSR for green mold was Ortaniquig.(). Similarly,
the lowest DSR for blue mold was observed on N&danique, and
Fortune mandarins. On the rest of cultivars, DSR flue mold was
higher and very similar among them (around 10 mg/dag. 2).
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Figure 3. Susceptibility to green (GM) and blue (BM) moldscarding to area under disease progress
curve (AUDPC) and disease index (DI), of fifteertrus cultivars artificially inoculated with
Penicillium digitatumandP. italicum respectively, and incubated at 20°C and 90% RH@odays.
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AUDPC is another parameter basically related to sheerity of the
disease, since it is calculated from the diameténelesion. It also takes
into account the rate of disease development anddaoly the infection
is successfully established and the pathogen stargsowth. The earlier
the infection starts, and the faster the pathogewsg the higher AUDPC
values are. Nevertheless, AUDPC does not take atoount the
incidence of the disease. By introducing the inBéxboth severity and
incidence of the disease are taken into accourged@an their AUDPC,
the most resistant citrus cultivars to green madetbpment were, in
this order, Ortanique, Sanguinelli, and Nova, amel tnhost susceptible
were Salustiana, Hernandina, Nadorcott, Valend@n@npons, Marisol,
and Oronules (Fig. 3). In the case of blue mold, rtiost resistant were
Sanguinelli, Ortanique, Valencia, Lanelate, NaweladtV. Navel, and
Nova, and the most susceptible Marisol and Oronaiesdarins. The
index DI highlighted susceptibility differences amgo cultivars and
strongly pointed Sanguinelli oranges as the masstant cultivar to blue
mold, and Sanguinelli and Nova as the most registagreen mold (Fig.
3).

As the fungus grows and lesion size increasesalagthite mycelium
develops in the center of the lesion and expandislha Depending on
the inoculum load and environmental factors t, sf@ion begins after
few days at usual room temperatures and formsyttiea colored layer
that gives their common name to the diseases (P&@i4). Fungal
spores from fruit rotting in packinghouse faciltiand storage rooms, or
in any place during fruit transportation and markgtare massively
transported by air currents and can easily contatithe surrounding
fruit. Therefore, sporulation is a crucial paramdte the spread of the
disease, since it may result in the contaminatibmtber fruits and a
considerable increase of economic losses. In thgept study, with fruit
incubated at 20°C, we observed that spores appearésksions infected
by P. digitatummuch earlier than on those infectedRyitalicum None
of the oranges inoculated with. italicum showed sporulation within 7
days after inoculation, and the percentage of datd fruit on the rest
of cultivars was always lower than that of greenldnaexcept on
Ortanique hybrid mandarins, in which no green mgerulation was
observed and blue mold sporulation was very lowdd¥eott and
Oronules were the cultivars showing a higher peeggn of sporulation
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of green and blue molds, respectively (Fig. 1).e@renold sporulation
was decreasingly observed on Marisol, Clemenporesnahdina, and
Valencia. Clemenules, Fortune, and the rest of gwan(except
Sanguinelli) showed a sporulation percentage ardib#h, and Nova,
Sanguinelli and Ortanique (0%) were the cultivarshwthe lowest
sporulation percentages.

On oranges, although there were differences ininb&lence of blue
mold between cultivars, once the infection was l#istiaed, blue mold
development in terms of AUDPC, DSR, and sporulafiercentage, was
very similar among cultivars. It is remarkable thakcept for Nova,
Ortanique and Fortune, DSR for blue mold was vilyuae same for all
cultivars.

Table 2. Ranking of citrus cultivars susceptibjliisom least susceptible
to most susceptible, to green and blue molds actpitd the calculated
parameter Disease Cube Diagonal (DCD).

Green mold Green mold Blue mold Blue mold
susceptibility DCD value susceptibility DCD value
ranking ranking
Nova 67.84 a Sanguinelli 25.42 a
Sanguinelli 69.43 ab Nova 51.66 ab
Ortanique 85.78 ab Lanelate 68.10 b
Lanelate 112.86 abc Fortune 74.94 be
Navelate 115.20 abc Valencia 76.31 bc
Fortune 121.31 bede Navelate 77.20 bc
Clemenules 129.44pcd W. Navel 81.19 bc
Valencia 133.41 bcde Ortanique 88.40 bcd
W. Navel 134.14 bcde Clemenules 96.48cd
Oronules 171.30 cdef Salustiana 112.31cde
Clemenpons 173.64cdef Hernandina 123.61de
Marisol 184.18 cdef Nadorcott 124.42 de
Salustiana 190.17def Marisol 137.45 e
Hernandina 196.26ef Clemenpons 145.76e
Nadorcott 206.64 e Oronules 149.84 ¢
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Finally, in order to rank the overall susceptililif cultivars to green
and blue molds taking into account all three patarsethat describe
disease development (incidence, severity by mednAUDPC, and
sporulation) the variable DCD was calculated. Adony to this
parameter, the classification of cultivars fromsket most susceptible is
shown in Table 2. Although differences in DCD valuamong cultivars
were rather gradual, a similar pattern followed@D for both green
and blue molds could be established and hence ultwacs could be
divided into three groups. Nova and Sanguinellievére most resistant
cultivars to both diseases, and a group with Saklet Nadorcott, and all
mandarins except Clemenules, were the most subept green and
blue molds. Actual ranking of cultivars within thigroup of most
susceptible cultivars was not the same for greenblure molds, but there
were no significant differences among them in aagec The range of
DCD values for cultivars with intermediate susdeifity was wider for
green mold than blue mold. In this group, Ortaniquandarins showed a
different position in the rank of susceptibilityjtiv higher susceptibility
to blue mold than green mold. In agreement witts¢heesults, a study
carried out by Ortufio et al. (2011) with matureustfruits artificially
inoculated withPenicillium digitatumshowed that the degree of fungal
development depended on the citrus species. Thagefuits were more
susceptible to green mold than lemons, orangesnerignes, and
satsumas. They attributed the differences in sy to differences
in the composition of preformed antifungal compaoaind the rind of
each citrus species. For instance, they found legls of the flavanones
hesperidin in oranges, mandarins and satsumasaaimdyim in grapefruit,
and of the flavanone hesperidin and the flavonemdio in lemons. In
contrast, Eckert and Eacks (1989) described ardifteorder in the
susceptibility of citrus species to postharveseaées, and listed from
more to less susceptible mandarins, lemons, oraagggrapefruits. In
the present study differences were observed arogltigars within each
citrus species group, which indicates that susbsipyiis more specific
to citrus cultivars rather than to citrus speciktswas found that, in
general, mandarins showed higher susceptibilityn tbeanges, which
would be in agreement with the classification bykétt and Eacks
(1989). Parental origin of the four hybrid mandarin this study was not
the same, and neither their susceptibility to green blue molds.
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Nadorcott was much more susceptible to both disetsn the rest of
hybrids, and its susceptibility was similar to tleftthe most susceptible
clementines like Oronules and Marisol. On the @mytrNova was the
most resistant cultivar, at a similar level as Samgjli orange. Ortanique
hybrid showed an intermediate susceptibility toebfoold, while it was
among the most resistant cultivars to green molee Jusceptibility of
Fortune hybrid to both molds was medium to low, amdoth cases
similar to that of the rest of oranges except Selna, which showed a
high susceptibility similar to that of mandarins.

Relationship between fruit quality parameters and altivar
susceptibility

A Pearson analysis of correlations among the qiaié characteristics
of all fifteen citrus cultivars and the developmaenit green and blue
molds (Table 3) showed that susceptibility of atifait to both molds
was positively correlated to rind deformation (negdy with rind
firmness), and negatively correlated to peel déase pressure and peel
break resistance. The rest of quality parameters ma significantly
correlated to susceptibility. These findings areagreement with the
results from previous studies with other commosditi€or instance,
susceptibility of apple cultivars to fungal pathngewas significantly
correlated to quality parameters (Konstantinou ket 2011). These
authors observed that, while lesion diameter ofeaks caused by
Penicillium expansurmwvas negatively correlated to fruit firmness (tessu
break resistance), none of the juice quality patareeassessed, namely
SSC, TA, or pH, was correlated to susceptibilityapples to infection by
P. expansunor Botrytis cinerea
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Table 3. Pearson correlation coefficienty @mong citrus fruit quality attributes and cultiva
susceptibility to green (GM) and blue (BM) moldstatenined as disease incidence, pathogen
sporulation, area under disease progress curve XIJPand disease index (DI).

Fruit quality GM GM GM BM BM BM

parameters incidence __sporulation AUDPC GMDI incidence _sporulaton AUDPC BMDI
Deformation 0,42* 0,41* 0,27* 0,32* 0,5(* 0,4t~ 0,64* 0,64*
Peel break resistance -0,29* -0,35* -0,29* -0,32* 0,32* -0,3¢* -0,37* -0,36*
Peel thickness -0,08 -0,06 -0,09 -0,10 0,1 -0,17 -0,03 -0,07

Flavedo thickness -0,48 -0,34 0,05 0,00 0,2¢ -0,47 -0,27 -0,27

Juice yield -0,18 -0,05 -0,02 -0,07 0,4 0,0c 0,06 0,04

Juice SSC 0,19 -0,20 -0,16 -0,06 0,1C 0,0c -0,04 -0,02

Juice TA -0,10 -0,02 -0,04 -0,06 0,0¢ -0,01 -0,11 -0,06

Juice MI 0,05 -0,18 -0,10 -0,06  0;0¢ -0,07 0,00 -0,05

Juice pH 0,10 0,01 0,15 0,14 0,0 -0,0¢ 0,14 0,05

Peel color -0,16 0,01 -0,15 -0,14 0,it 0,1C 0,08 0,00

Albedo pH 0,05 0,82 0,33 0,22 0,0z 0,3: 0,75 0,46

Peel oil release pressure -0,62* -0,52* -0,53* -0,57* 0,6¢* -0,4¢* -0,68* -0,61*

Asterisks (*) indicate value significant aP = 0.05.
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Table 4. Pearson correlation coefficienty @mong orange fruit quality attributes and cultiva
susceptibility to green (GM) and blue (BM) moldstatenined as disease incidence, pathogen
sporulation, area under disease progress curve Xt)JPand disease index (DI).

Fruit quality GM GM GM BM BM BM
parameters incidence sporulation AUDPC GM DI incidence sporulation AUDPC BM DI
Deformation 0,11 0,28 0,17 0,15 0,21 0,00 0,020,04
Peel break resistance -0,06 -0,21 -0,35 -0,28 -0,18 0,00 ,26-00,2C
Peel thickness 0,22 0,14 0,25 0,22 0,10 0,00 0,1P,0t
Flavedo thickness -0,97* -0,26 -0,60 -0,66 -0,60 . -0,49,5Z
Juice yield -0,28 -0,08 -0,08 -0,14 -0,22 0,00 -0,020,07
Juice SSC 0,21 -0,13 0,01 0,06 0,21 0,00 0,29,22
Juice TA -0,31 0,02 0,06 -0,02 -0,19 0,00 0,040,0¢
Juice Ml 0,30 -0,18 -0,13 -0,03 0,12 0,00 0,050,041
Juice pH 0,21 -0,02 0,00 0,03 0,29 : -0,060,0¢
Peel color -0,24 0,02 0,13 0,01 -0,06 0,00 0,090,0¢
Albedo pH : . . : . . . .
Peel oil release pressure  -0,36 -0,25 -0,59* -0,53* -0,57 000, -0,54* 0,5(*

Asterisks (*) indicate value significant aP = 0.05.
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Table 5. Pearson correlation coefficients among daan fruit (quality attributes and cultivar
susceptibility to green (GM) and blue (BM) moldstatenined as disease incidence, pathogen
sporulation, area under disease progress curve Xt)JPand disease index (DI).

Fruit quality GM GM GM BM BM BM

parameters incidence sporulation AUDPC GM DI incidence sporulation AUDPC BMDI
Deformation 0,55* 0,44* 0,49* 0,53* 0,47 0,17 0,58* 0,58*
Peel break resistance 0,4¢* -0,42* -0,26 -0,38* 9,2F -0,30 -0,27 -0,27

Peel thickness 0,11 -0,07 -0,13 -0,14 0,1: -0,17 -0,02 -0,07

Flavedo thickness 0;2¢ -0,06 0,52 0,51 0,1¢ -0,30 0,07 0,09

Juice yield 0,14 -0,05 0,01 -0,03  0,0¢ -0,01 0,09 0,08

Juice SSC 0,0¢ -0,41* -0,34 -0,23 0,17 -0,25 -0,40* -0,35

Juice TA 0,1t 0,01 -0,14 -0,07 0,2 0,11 -0,08 -0,01

Juice Ml 0,2( -0,28 -0,10 -0,13  0,3: -0,26 -0,18 -0,23

Juice pH 0,0¢ 0,06 0,29 0,25 0,2¢ 0,00 0,34 0,19

Peel color 0,2¢ -0,12 -0,30 -0,29  0,4¢4* -0,11 -0,14 -0,24

Albedo pH 0,42 0,73 0,55 0,53 0,2 0,86 -0,03 0,14

Peel oil release pressure 0,5t* -0,57* -0,45* -0,54* 0,4¢* -0,44 -0,46* -0,52*

Asterisks (*) indicate value significant aP = 0.05.
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Pearson correlation coefficients were also caledlafor the same
variables, but separating oranges from the resitafs cultivars (Table
4). It was observed that in oranges, flavedo thesknwas strongly and
negatively correlated with green mold incidenced gqeel oil release
pressure was negatively correlated with AUDPC amdoD both green
and blue molds, but there were no more significaatrelations.
Apparently, orange flavedo characteristics likeckhess and peel oil
release pressure were important to prevent andiaydgreen mold
disease. On the other hand, when Pearson correlediefficients were
calculated for the same variables, but only for daaim cultivars (Table
5), it was observed that a higher amount of qualitybutes significantly
affected the susceptibility to disease. Rind defirom was positively
correlated to all disease-defining parameters @th liseases except for
blue mold sporulation. In other terms, softer frwére more prone to
disease than harder fruit. The fact that blue nsgdrulation was not
correlated to any quality parameter was probabg/tduhe general lower
values of the sporulation percentage. Peel brealistamce was
negatively correlated with green mold incidenceoprsfation of P.
digitatumand DI for green mold, but not with AUDPC or otlitsease-
defining parameters on mandarins. Therefore, paelriess seemed to be
determinant to prevent the onset of green mold, disdase incidence
and pathogen sporulation were higher on soft fiddawever, once the
infection was established, peel hardness did rfateince the growth of
P. digitatum In contrast, none of the quality parameters vigsfecantly
correlated to susceptibility to blue mold on mamdaultivars (Table 5).
Green mold sporulation and blue mold AUDPC were atiggly
correlated to juice SSC, and blue mold incidences viegatively
correlated to peel color (Table 5). It seems calnttary that lower SSC,
that normally are indicative of more immature fruvere associated with
higher susceptibility. It is known that peel wouedntamination of
immature citrus fruit by spores &. digitatumor P. italicumis rarely
followed by successful infection establishment distase development
because of a variety of complex biochemical medmsitriggered by
the fruit host that lead to natural disease rastgta Typically, this
resistance is gradually lost during fruit maturatiand aging (Palou,
2014). Internal maturity-related changes have bpmposed as key
factors determining the onset of susceptibilityréd pathogens also in
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other fruits (Sitterly and Shay, 1960). On the othand, the fact that

peel color was negatively correlated to blue malkddence might be the
consequence of the higher susceptibility of moréuneafruit to disease,

since natural higher ClI on oranges and mandarmgdicative of more

intense orange color and less green shades.

In this study, some of the most commercially imaottorange and

mandarin cultivars in Spain and worldwide were desd based on their
quality parameters and their relative susceptybitit green and blue

molds. Availability of a rank of these citrus culirs according to their

susceptibility to major postharvest diseases, amuviedge about what

easy-measurable peel characteristics better ctarel® disease

susceptibility, could be useful tools in integratdidease management
programs to discriminate among fruit sets in orietailor the disease

control strategies to be applied in the packingbous
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General discussion

Green and blue molds, causedRsnicillium digitatumandP. italicum
respectively, are the major postharvest diseasesro$ fruit, causing the
most important economic losses during citrus concrakzation.
Application of fungicides after harvest has beeovah to provide the
most effective control. For decades, imazalil (IM#)iabendazol, and
sodium o-phenylphenate have been the most comnuselg fungicides
worldwide for managing green and blue molds olusitfBus et al., 1991,
Smilanick et al., 2006). Shortage of other synthdtingicides with
different modes of action has forced the industrgdntinuously use the
same active ingredients, which has caused theofisesistant strains of
the pathogens. In addition, this problem is cutyentreasing due to the
demand by citrus fruit distributors of maximum tes levels (MRLS)
lower than those established by the current letgsigPalou, 2014).

The objective of the present thesis was to findra#tive disease control
treatments to be used as standalone treatmentsganic markets, or in
combination with synthetic fungicides in order toprove their efficacy

at the restricted doses and hence reduce or slam ttee development of
resistant strains of the pathogens in the citrisshaovest industry.

Among the alternatives tested, dip treatments ibtassium sorbate
(PS) or sodium benzoate (SB) were the most reaplylicable. This
kind of treatments with low or no use of convenéibfungicides is very
demanded by general consumers and especially biyfraadistributors
in the EU and worldwide. In addition, the differenbde of action of SB
and PS, compared to that of synthetic fungicides)d be an important
additional tool to hinder the proliferation of stra of P. digitatumandP.
italicum resistant to IMZ, which is at present a commonangmnt issue
in most citrus packinghouses. In this sense, tlee aisthese regulated
food additives or generally regarded as safe (GR&®)pounds would
allow the fight against resistances without theitald of other synthetic
fungicides in the packinghouse disease managemegrgm. It is
important to note, regarding this issue, that nayadmany important
fruit distributors and large supermarket chainsase limiting the total
number of synthetic active ingredients that capi@sent on/in exported
citrus fruit. The postharvest treatments with aagisesolutions of SB or
PS tested in this study, including those applietbaiperatures as high as
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50°C, are currently feasible to be used at the certiad level in many
modern Spanish or worldwide citrus packinghouse#$h wo need to
change the established postharvest handling proesduAfter the
laboratory and small-scale trials with artificiallinoculated fruit
conducted as part of this thesis, which allowedd#lection of the best
application conditions, large-scale trials in ctrpackinghouses with
naturally infected fruit should be conducted to faom the potential of
SB and PS as commercial treatments against grekmlaa molds. As
clearly shown by the obtained results and convélyieiiscussed in each
corresponding chapter, the effectiveness of thesml fadditives is
variable and highly dependent on the treated citudgvars. Whenever
the application of these substances is not effecéimough to control
decay satisfactorily, mainly due to very high inloen loads or very
susceptible citrus cultivars, combinations withtcohmethods other than
synthetic fungicides should be tested in ordermprove SB and PS
efficacy and offer alternative treatments for méskaith zero tolerance
to fungicide residues. It was found in this worktihat least in the case of
PS, the application could be followed by a low ptee water rinse to
avoid any damage on the skin of long-term storedsisee citrus
cultivars. Presumably, enough PS residues are mtésent in rind
wounds after rinsing that can protect treated frgainst infections.

Another novel method evaluated in this thesis teelodecay that showed
acceptable efficacy at the laboratory scale was ube of physical
treatments such as brief fruit exposure to high 600, atmospheres at
curing temperatures. Exposure of citrus fruit tokPa CQ for 24 h or 30
kPa Q for 48 h at 33°C can be a convenient measurehibitrgreen and
blue molds after harvest. In general, treatmerdkeld persistence, but a
marked inhibition was observed on fruit incubated dip to 7 days at
20°C, which is a reasonable shelf-life period foméstic or, in the case
of Spain, European export markets, especially takito account that a
nontoxic and residue-free antifungal treatment w&pplied that could
open opportunities to conquer new and more prdétasport markets.
Furthermore, these treatments may be a suital@mative to reduce the
effective curing times of 65 to 72 h and thus ftatié the commercial
implementation of curing treatments for citrus, evhi has been
repeatedly found as one of the most effective nuthto control
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penicillium molds (Ben-Yehoshua, 2005; Zhang andingie, 2005).
Although the commercial feasibility of heated gasetreatments in the
conventional citrus industry is questionable dudréatment costs and
the effectiveness, persistence, and availabilityewisting fungicides,
these alternative treatments might be a useful todde considered in
particular cases. Exposure to high 8 O, leaves no chemical residues
on fruit, which enables treated citrus fruit to petentially traded as
organic, considerably increasing the value of tbenmodity. Higher
prices of the final product achieved by compliangéh organic fruit
production or specific ‘green’ markets may counteréhe cost of
establishing and using such postharvest treatmessgecially when
appropriate facilities are already available fotrus degreening or
insecticidal quarantine treatments. In an integrasgpproach, the
effectiveness and persistence of these treatmeigist toe enhanced by
combining them with other nonpolluting treatmefhtse for instance dips
in aqueous solutions of GRAS compounds such asuspdarbonate,
which are known for improving the performance oficg (Plaza et al.,
2004). In the present thesis, when short gaseoestnents were
preceded by selected PS dip treatments, very gootitat of green and
blue molds was achieved. Of interest for futurecagsh, new gaseous
combinations and also new combinations of gaserpgseire with other
physical or chemical alternative methods shoulddsted on citrus to
increase disease control effectiveness.

In a similar line of research, ammonia fumigatidais6 h at 22°C with
two applied dosages of 30 L™ of ammonia, injected initially and
again 2 h later, satisfactorily controlled greed @tue molds on oranges
and lemons. Combinations with low doses of IMZ wsyeergistic and
allowed to lower the fungicide concentration withdasing efficacy.
IMZ can be applied immediately after harvest byndreng fruit within
harvest bins with aqueous IMZ solutions. Subsequantmonia
fumigation on fruit arrival to the packinghouse mhg a feasible
practice. However, several important issues mustdidressed before
using ammonia as a fumigant. Anhydrous ammonidaissified by the
US Department of Transportation as nonflammable o(An 2006).
However, ammonia vapor in high concentrations &% percent by
weight in air) will burn, although it is difficulto ignite and will not
support combustion after the ignition source ishdiawn. It was
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observed in early research that ammonia fumigahdod ethylene
degreening were compatible (Roistacher et al., 1B&Fgo and Seberry,
1964). Ammonia fumigation could be applied withiregdeening
chambers, either before, after, or perhaps durihglene degreening,
and the treatment would not greatly prolong theation of fruit
exposure in the chambers. In the present study,employed short
exposures and the temperatures used during deggeeémi order to
facilitate their combined use. The existing degmegrthambers, present
in most of the packinghouses in California and Bpaiould need to be
modified to contain the gas safely and resist @orm Ammonia,
especially in the presence of moisture, reacts @it might corrode
copper, zinc, and many alloys (Anon., 2006). Onilyod, iron, steel,
certain rubbers and plastics, and specific nonierralloys resistant to
ammonia should be used. In order to establishradatdized procedure
to employ ammonia fumigation, further studies oa @ptimal dosages
and methods of application of ammonia gas are meéne/alidate the
method for different citrus species and cultivansg also to account for
the fruit load factor within fumigation chambersur@her et al. (1959)
suggested that the use of fiberboard cartons, warehnow the most
popular packaging material, should be avoided snkbe amount of
ammonia applied was increased to compensate forldrge ammonia
sorption capacity. Moreover, safe entry into thedembers once
ammonia fumigation is complete requires evaluatsimge rapid sorption
of ammonia occurs, atmospheric release of ammorig Ioe minimal,
although it is likely that entrapment of the reniagn gas would be
required. Occasionally, entrapment of sulfur diexghs remaining after
fumigation of table grapes is done using an allkabpolution in an air-
washer (Nelson, 1991). Similar air scrubbing cobkl done with an
acidic solution to entrap remaining ammonia aftenifjation before the
chambers are opened.

As demonstrated by results from this thesis andalssbeen pointed out
by other workers (Schirra et al., 2011; Valenciaa@brro et al., 2011;
Palou, 2014), and in contrast to what typically ges with synthetic
fungicides, the effectiveness of many physical,nulsal or biological

alternative nonpolluting treatments is greatly desnt on citrus species
and cultivar. Because of their mode of action, éffectiveness of these
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treatments usually varies with the natural susbépyi of treated fruit to
penicillium decay. Although all commercial citrugegies and cultivars
are susceptible to be infected and decayeB.kdigitatumor P. italicum
(Eckert and Eaks, 1989), there is a gradation l@tive susceptibility
according to different physical and biochemical relsteristics of the
fruit. Therefore, the relative susceptibility teegn and blue molds of the
most important commercial citrus varieties cultegitin Spain was
assessed in this thesis, and the correlation batweat quality
parameters and susceptibility was established. rgawa rank of these
citrus cultivars according to their susceptibility postharvest diseases
could be wuseful in integrated disease managemengrans to
discriminate among fruit sets in order to tailog ttontrol strategies to be
applied in the packinghouse for particular cases raarkets. Moreover,
being able to measure peel characteristics thaelete to susceptibility
could be an easy tool to use in the predictionroit susceptibility to
diseases.
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Conclusions

GENERAL CONCLUSIONS

1.

Sodium benzoate (SB) alone or combined with lowedasf imazalil
(IMZ) showed high efficacy for the control of ciggreen and blue
molds, caused byPenicillium digitatum and P. italicum
respectively. Stand-alone dip treatments for 60tk 8% (w/v) SB
heated above 50°C satisfactorily controlled grema lBlue mold on
oranges, even when treated fruit were cold-storéolwever, on
mandarins and lemons, the combination of SB with tinses of
IMZ was necessary to reduce disease incidence momescially
acceptable levels.

Treatment conditions of 62°C and 30 or 60 s wengr@piate for
satisfactory control of both citrus green and bimelds with 3%
potassium sorbate (PS) aqueous solutions as pah @lternative
integrated postharvest decay control program. Thesephytotoxic
conditions would allow a reduction in the immerstane to at least
half that required at temperatures of approximas€lyC and make
PS treatments more feasible for the industry, parly by allowing
the use of smaller tanks that would save time, nahteosts, and
space in the packinghouses.

A synergistic effect between PS and IMZ treatments found
when they were applied on oranges previously iraiedl with P.

digitatum Compatibility and benefits from the integrationRS and
IMZ treatments were also observed in semi-commietdels with

oranges and clementines. This integration allowecbmsiderable
reduction of IMZ concentration without losing effeeness for
green mold control.

A simple, rapid, and accurate spectrophotometrithote adapted
from a known reaction with thiobarbituric acid wdsveloped to
determine residues of PS in citrus fruit basedlended whole fruit.
Compared to a standard HPLC method, the spectroptaitic
method is more convenient, easy, and rapid.

The amount of PS residues in citrus fruit increaséll temperature
and concentration of the treatment solution. A fbuater rinse
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almost completely removed the residues of PS whpplieml
promptly after treatment. However, PS migrateddigpinto the fruit
rind and residue removal was not complete even whemgh-
pressure water wash was used. PS residue levélsitrdecreased
during storage at 15°C to approximately one-hadf ithitial residue
concentration after 5 or 6 days, and then remairgdtively
constant.

Exposure of citrus fruit to 15 kPa G@r 24 h or 30 kPa £&for 48 h
at 33°C effectively controlled both green and bhugds after 7 days
of incubation at 20°C, with incidence reductionsnir73 to 100%,
but control of both diseases was minimal after agsd There was a
synergistic effect between high @0r O, and exposure temperature.
Efficacy of treatments was highly cultivar dependan

Combined treatments of 3% PS dips followed by expo$o 15 kPa
CO, or 30 kPa @at 33C for 24 h were synergistic and consistently
reduced the incidence of green mold more than traatment alone
on commercially important citrus cultivars stored éither 7 days at
20°C or 28 days at®.

Fumigation of citrus fruit with two applied dosag&fs3000uL/L of

ammonia, that was injected initially and again Iater, effectively
controlled postharvest green and blue molds. Gépeitacontrolled
blue mold better than green mold, and it was mdfecive on
oranges than on lemons. The inhibitory activity ammonia
increased as the concentration applied increasetl aardouble
injection of ammonia further improved its effectivss.

The combination of IMZ treatment followed by ammefumigation
was usually additive or synergistic in effectivenés control green
mold. Using such combination, the disease was tffdg
controlled with IMZ concentrations as much as %0e lower than
those used commercially.

Quality attributes of the most important commeradius species
and cultivars in Spain, namely, ‘Clemenpons’, ‘Cé&mles’,
‘Hernandina’, ‘Marisol’, ‘Oronules’, ‘Fortune’, ‘Naorcott’, ‘Nova’,
‘Ortanique’, ‘Lanelate’, ‘Navelate’, ‘Salustiana’;Sanguinelli’,
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12.

13.

Conclusions

‘Valencia’, and ‘Washington Navel’ were assessedekal quality
attributes such as peel firmness, thickness, ahtelgase pressure
were clearly different on oranges and mandarins.

Ranking of citrus cultivar susceptibility to greemld from less to
more susceptible was the following: ‘Nova’, ‘Sanlii’,
‘Ortanique’, ‘Lanelate’, ‘Navelate’, ‘Fortune’, ‘@menules’,
‘Valencia’, ‘W. Navel’, ‘Oronules’, ‘Clemenpons’, Marisol’,
‘Salustiana’, ‘Hernandina’, and ‘Nadorcott’.

Ranking of citrus cultivar susceptibility to blueold from less to
more susceptible was the following: ‘Sanguinelli'Nova’,

‘Lanelate’, ‘Fortune’, ‘Valencia’, ‘Navelate’, ‘W. Navel,

‘Ortanique’, ‘Clemenules’, ‘Salustiana’, ‘Hernandin ‘Nadorcott’,
‘Marisol’, ‘Clemenpons’, and ‘Oronules’.

Susceptibility of citrus fruit to green and blue ld® was mostly
correlated to peel characteristics, and not taejoiccolor properties.
Susceptibility was positively correlated to peefodmation, and
negatively correlated to peel oil release pressanée peel break
resistance.
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