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Brazil is the largest producer of soybean (Glycine max [L.] Merrill),
cultivated in diverse environments and systems. This scenario can contribute
to emergence of new diseases or increase the severity of secondary diseases.
In March 2023, elliptical to circular, brownish lesions, 5.2 to 6.1 cm in
length and 1.1 to 1.5 cm in width, with salmon-colored masses of conidia in
the center of the lesions, were observed on the stems of soybean cultivar CZ
16B17 IPRO, in the municipality of Campos Novos, Santa Catarina, Brazil
(27°25'19"S, 51°14'14"W). The presence of acervuli (210 to 355 pum length
and 210 to 232 pm width) was rare, with arrows larger than the mass of
conidia. Fragments of the infected tissues were cut, disinfected and placed in
Petri dishes containing potato dextrose agar (PDA) or V8-agar medium, and
maintained at 23 + 2°C and a 12-h dark/light cycle. After 13 days, the
development of grayish-white colonies was observed on both culture media,
with the formation of a mass of septate hyaline, oblong, cylindrical conidia,
measuring 13.3 to 15.3 ym in length and 2.9 to 3.5 um in width, with obtuse
ends. One pure monosporic isolate, CF1, was selected. The presence of
sexual structures was observed on PDA after 13 days and on V8 after 15 to
20 days. Perithecia were dark brown and globose, either immersed in the
culture medium or on the surface between the mycelia. Inside of perithecia,
unitunicate, clavate, and cymbiform asci measuring 39.1 to 61.0 um in
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length and 9.6 to 11.7 pm in width were observed, containing eight spindle-
shaped and slightly curved ascospores with rounded tips measuring 13.8 to
18.3 pum in length and 3.0 to 4.2 pm in width. Pathogenicity tests were
performed on young soybean plants at the V1 phenological growth stage in
four repetitions. PDA disks, 7 mm in diameter, with growth mycelium were
placed on stems while using uninfected PDA disks as a control. The plants
were incubated in a chamber at 25 + 2°C and 90% relative humidity.
Anthracnose lesions were observed only on the stems of the inoculated
plants. The same pattern of symptoms was observed on the stems, and the
fungus was reisolated on PDA. The colony and morphological characteris-
tics were identical to those of the previously isolated fungus. For molecular
characterization, the growth mycelia were collected and macerated in liquid
nitrogen, and DNA was extracted using the cetyltrimethylammonium bro-
mide method as described by Doyle and Doyle (1990). End-point PCR was
performed using the GoTaq Flexi DNA Polymerase (Promega, U.S.A.)
and the primers ITS-1F/ITS-4, T1/Bt2b, CL1C/CL2C, GDF/GDR, and
SODglo2-F/SODglo2-R (Weir et al. 2012) for the amplification of internal
transcribed spacer, B-tubulin, calmodulin, glyceraldehyde-3-phosphate de-
hydrogenase, and superoxide dismutase, respectively. Amplified fragments
were sequenced and compared with the available sequences in the GenBank
(https://www.ncbi.nlm.nih.gov/genbank/). The sequences of all five genes (ac-
cession nos. OR883777, OR891749, OR891750, OR891751, and OR891752,
respectively) of the isolate CF1 characterized in this study showed 99%
nucleotide identities with the stand isolate ICMP 18581 of Colletotrichum
fructicola. A phylogenetic tree was constructed with MEGA X (Kumar et al.
2018), containing the amplified and concatenated sequences and represen-
tative species from the Colletotrichum gloeosporioides complex. The isolate
grouped only with the C. fructicola clade, confirming the identity of the
fungus. To our knowledge, this is the first study reporting the infection of
C. fructicola in soybeans in Brazil, which has already been reported in China
(Xu et al. 2023).
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A survey of Diaporthe/Phomopsis complex (DPC) species was carried
out on 479 asymptomatic soybean (Glycine max [L.] Merrill) seed samples
collected from commercial soybean fields in the states of Santa Catarina
(20 counties) and Rio Grande do Sul (41 counties), in the 2020/21 (n = 186),
2021/22 (n = 138), and 2022/23 (n = 155) seasons from 120 cultivars. The
seeds were provided by seed producers who collected according to the
sampling standard of the Ministry of Agriculture, Livestock and Food
Supply. From each sample received, 200 symptomless seeds were ran-
domly sorted out. The seeds were surface disinfected by immersion in a
sodium hypochlorite solution (1%) for 2 min and placed on potato dex-
trose agar (PDA). The plates were incubated for 7 days at 23°C with a
photoperiod of 12 h. The average prevalence of DPC infection was 73.7%.
Colonies were isolated by transferring mycelial tips to PDA and incubating
for 14 days at 25°C in a 12-h photoperiod. One colony (isolate
MEMRO0500) had morphological characteristics similar to those reported
in Lépez-Cardona et al. (2021). This isolate had a floccose, dense colony
ranging from grayish beige to brown with greenish regions and black
globose pycnidia (3 to 4 pycnidia/cm?). Alpha conidia were observed after
30 days and were hyaline, aseptate and fusiform, and 5.1 to 7.0 x 1.5 to
2.8 um. No beta conidia were observed. Soybean plants of cultivars BMX
Cromo IPRO, BMX Zeus IPRO, BRS 5804 RR, FPS 1867 IPRO, and
NEO 750 IPRO were tested for pathogenicity using the toothpick in-
oculation method (Siviero and Menten 1995). Noncolonized toothpicks
served as a negative control. Plants were incubated for 4 days at 25°C and
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90% relative humidity. Elongated, grayish brown or reddish brown, 1.0 to
2.5 x 0.5 to 0.9-cm lesions with a depressed center were observed in all
inoculated cultivars. The fungus was reisolated, and the characteristics of
the colonies were identical to those previously isolated. For molecular
characterization, DNA was extracted from the mycelia using the CTAB
method (Doyle and Doyle 1990). End-point PCR was performed using
GoTaq Flexi DNA Polymerase (Promega, U.S.A.), and the primer pairs
ITS-4F/ITS-5, T2/Bt2b, and EF1-728F/EF1-986R were used to amplify
the internal transcribed spacer (ITS) (Costamilan et al. 2008), B-tubulin
(TUB2) (Glass and Donaldson 1995), and translation elongation factor 1-a
(TEF1) (Carbone and Kohn 1999) genes, respectively. The amplified
fragments were sequenced and submitted to a BLAST search (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) with the sequences available in GenBank. The
fragment from ITS (accession no. OR912979) showed 99.8% (549/582 bp)
identity with the Diaporthe ueckeri Udayanga & Castl. (as ‘ueckerae’)
(syn. D. miriciae R.G. Shivas, S.M. Thomps. & Y.P. Tan) isolate FAU656
(accession no. KJ590726). The sequence of TEF1 (accession no.
PP372869) showed 99.7% (339/355 bp) identity with D. ueckeri FAU656
(accession no. KJ590747) and that of TUB2 (accession no. PP372870)
showed 98.9% (436/536 bp) identity with D. ueckeri FAU656 (accession
no. KJ610881). A phylogenetic tree with amplified sequences of each gene
and the corresponding representative sequences from the DPC was con-
structed using MEGA X (Kumar et al. 2018). The MEMRO500 isolate clus-
tered only with the D. ueckeri clade, confirming the identity of the
fungus. In Brazil, this is the first report of the association of this path-
ogen with soybean seeds. In other countries, this pathogen has been
identified as the causal agent of stem canker (Lopez-Cardona et al. 2021;
Mena et al. 2020). Further research is needed to analyze the risk of this
seed-associated pathogen.
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1 | INTRODUCTION

| Auri Brackmann?

Abstract

The objective of this work was to evaluate the effect of the application of technolo-
gies complementary to controlled atmosphere (CA) storage, 1-methylcyclopropene
(1-MCP), ethanol vapor (Eth), and nitric oxide (NO), on the quality of “Cripps Pink”
apples. The treatments evaluated were control (without complementary technology),
1-MCP (1 pl LY, Eth (6 ml/kg), and NO (10 and 20 pl L'?), applied before the fruits
were stored in a CA (1.2 kPa O, + <0.1 kPa CO, at 1.5 + 0.2°C and 94 + 2% RH).
Fruit treated with 1-MCP showed lower respiration and ethylene production rates,
superficial scald and mealy fruit, greener peel and higher flesh firmness, and titrat-
able acidity. All treatments additional to CA led to a lower respiratory rate and higher
total phenolic compound content and total antioxidant activity than the control. NO
(10 and 20 ul L'Y) treatment prior to CA storage reduced the respiratory rate and su-
perficial scald compared to the control.

Practical application: This study analyzed the effects of pretreatment with
1-methylcyclopropene (1-MCP), ethanol vapor, and NO fumigation before controlled
atmosphere storage of “Cripps Pink” apples as a way to preserve fruit quality. 1-
MCP treatment maintained better quality than the other treatments. NO treatment
showed intermediate results of quality maintenance because reduced superficial
scald and resulted in the highest total phenolic compound content and antioxidant

activity in organic “Cripps Pink” apple.

Commercially, the most common way to store apples is in a con-
trolled atmosphere (CA). The low partial pressure of O, (<2.0 kPa)

The “Cripps Pink” apple is a very attractive fruit, with a reddish-pink
color, consistently crunchy white flesh, and accentuated juiciness and
aroma (Fioravanco et al., 2011), and has thus become a very import-
ant commercial variety worldwide. However, the increasing demand
for quality, added to the concentrated production of apples in a short
period of the year, implies the need for adequate storage of the fruit to

provide the consumer market with a quality product for a longer period.

and high partial pressure of CO, (>1.0 kPa) reduce ethylene produc-
tion and respiration, thus preserving the physicochemical character-
istics and inhibiting or reducing the occurrence of some physiological
disorders (Gupta et al., 2009). However, to extend the storage pe-
riod and maintain the quality of apples, research is constantly being
carried out using different technologies associated with CA storage
(Both et al., 2014).
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1-methylcyclopropene (1-MCP), a potent inhibitor of the action
of ethylene, has been used effectively to control the ripening and
senescence of fruits such as apples, bananas, mangoes, pears, to-
matoes, and kiwis (Piriyavinit et al., 2011). The beneficial effect of
1-MCP in maintaining the quality of the fruit stems derives from
its inhibitory effect on the action of ethylene, delaying the loss of
firmness of the flesh (Akbudak et al., 2009) and reducing the oc-
currence of physiological disorders, such as superficial scald (Soethe
et al., 2016). However, this technology is costly and has some dis-
advantages such as its negative impact on the aroma of the fruits
(Thewes et al., 2015) and favoring the development of some post-
harvest rot (Watkins, 2006). Additionally, 1-MCP has restricted use
in organic apple production.

Treatment with ethanol vapor (Eth) had a positive effect by de-
laying the ripening of “Royal Gala” apples, and reducing the loss of
flesh firmness and ethylene production (Weber et al., 2016), and is
an alternative to 1-MCP. Eth application is a simple and easy treat-
ment (Asoda et al., 2009), and as it is naturally produced by plants,
it can be used in organic production systems. However, there is no
information on the use of Eth application in “Cripps Pink” apples
stored in a CA.

Nitric oxide (NO) is another alternative for maintaining the qual-
ity of stored fruits, as it reduces oxidative stress (Yin et al., 2012)
and ethylene synthesis (Manjunatha et al., 2012), and can prevent
the manifestation of physiological disorders and delay the ripening
of stored apples. In addition, NO reduces the incidence of posthar-
vest rot (Abdollahi et al., 2013). However, the effect of NO is de-
pendent on its concentration and the species of fruit (Manjunatha
et al.,2012). NO is also naturally produced by plants and can be used
in the storage of apples of organic production systems.

It is possible that Eth and NO could be used as complementary
technologies to better maintain the quality of CA-stored “Cripps
Pink” apples. Thus, the objective of this work was to evaluate the
effect of the application of technologies complementary to CA stor-
age, 1-MCP, Eth, and NO, on the quality of “Cripps Pink” apples.

2 | MATERIALS AND METHODS

2.1 | Plant material, experimental design, and
treatments

The experiment was carried out with “Cripps Pink” apples from a
commercial orchard located in the municipality of Vacaria, RS (50°42'
W; 28°33' S; 955 m altitude), in 2017/2018. At harvest, “Cripps Pink”
apples had a peel background color (h°), titratable acidity (TA; %
malic acid), soluble solids (SS; °Brix), and flesh firmness (N) of 107.5,
0.512, 13, 8, and 82.3, respectively.

The evaluated treatments consisted of control (without pre-
treatment prior to storage in CA), 1-MCP (1 ul L'Y), Eth (6 ml/kg of
fruit) and NO (10 and 20 pl LY. The treatments (1-MCP, Eth, and
NO) were applied one day before CA storage. Eth dose was defined
based on preliminary tests (unpublished data). The doses of NO
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evaluated were established based on the results obtained in other
fruits (Hendges et al., 2016; Singh et al., 2009).

The 1-MCP application was carried out according to the meth-
odology described in Brackmann et al. (2010). SmartFresh was the
commercial product used for 1-MCP treatment, being solubilized in
water at ambient conditions within a sealed container. Thereafter,
the solution was transferred to a petri dish, which was placed in an
airtight chamber together with the fruits and left exposed for 24 hr.

For the application of Eth, the volume of liquid ethanol (6 ml/kg)
was added to the interior of mini-chambers with airtight closure, and
the fruits were exposed for 24 hr in ambient conditions (20 + 3°C
and RH of 63 + 5%).

For the treatments with NO, the gas (NO 1,000 ul L'? + N, bal-
ance) was added to the interior of the hermetic mini-chambers until
pre-established concentrations were achieved (10 and 20 pl LY,
with exposure for 2 hrin an environment with 1 kPa of O, + <0.1 kPa
of CO, and 20 + 3°C (Hendges et al., 2016).

After treatment, the fruit was stored in a CA (1.2 kPa O, +
<0.5 kPa CO,; the temperature of 1.5 + 0.2°C and relative humid-
ity of 94 + 2%). The establishment of CA conditions, monitoring,
and maintenance were carried out according to the methodology
described in Brackman et al. (2010). The O, partial pressure was
reduced using N, from a nitrogen generator that uses the pressure
swing adsorption principle to sweep and dilute the O, inside the
chambers. The O, was reduced to 5.0 kPa on the first day of storage
and 1.0 kPa-day* on the following five days through fruit respiration
and N, flushing until the preestablished partial pressure for each
treatment was reached. The partial pressures of CO, in the cham-
bers were obtained by their accumulation from fruit respiration. The
replacement of O, consumed by the fruit was carried out by injecting
cold atmospheric air with an automatic control system. The excess
CO, produced by fruit respiration was absorbed by the circulation
of the gas in the chamber through a CO, absorber with calcium hy-
droxide. The CA conditions were measured daily by an O, and CO,,

analyzer (Schelle, Germany).

2.2 | Measurements

At harvest, apples were evaluated for peel background color, TA, SS,
and flesh firmness. After 6 months of storage in the CA plus 7 more
days in ambient conditions to simulate the marketable period, fruits
were evaluated for respiratory rate and ethylene production, peel
background color, flesh firmness, TA, SS, SS/TA ratio, peel greasi-
ness, superficial scald, rot, mealy fruit, flesh browning, total phenolic
compound (TPC) content, and total antioxidant activity (TAA).

For the quantification of the production of ethylene (nmol C,H,
kg™ s™Y) and of respiration (nmol CO kg™ s rates, the fruits of
each repetition were packed in 4.1 L containers, with air-tight clos-
ing, for 30 min. After this period, the ethylene was quantified by
gas chromatography, a plastic syringe of 1.0 ml was used to collect
three samples of air from the atmosphere of the free space from

these containers, which were injected in a gas chromatographer
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(Clarus 580, Perkin Elmer, USA), equipped with a Porapak N column
of 3 m of length (80-100 mesh) and flame ionization detector. The
temperatures of the column, the detector, and the injector were
70, 250, and 130°C, respectively. The flows of nitrogen, hydrogen,
and synthetic air were 70, 30, and 300 ml/min, respectively (Weber
et al., 2016). The respiratory rate was quantified with an electronic
gas analyzer (O, and CO,) (Schelle, Germany), with the circulation
of CO, in a closed circuit (Weber et al., 2016).

The pell background color was measured in terms of lightness
(L), chroma (C), and angle hue (h°), in an area with the least red color-
ation, with the aid of a colorimeter (CR 400, Konica Minolta, Japan)
(Weber et al., 2016).

The flesh firmness (N) was determined in two opposing regions,
in the equatorial portion of the fruit, with a small portion of the peel
previously removed, with the aid of a motorized penetrometer (Glss
Manufacturing Ltd., South Africa), equipped with an 11-mm diame-
ter tip (Weber et al., 2016).

The TA (% of malic acid) was determined in a sample of 5 ml of
juice from the fruits, previously extracted from transversal slices,
taken from the equatorial region of the apples, and shredded in
an electric centrifuge. This sample was diluted in 45 ml of distilled
water and titrated, with an automatic titrator (Titro Line Easy, Schott
Instruments, Germany), with a sodium hydroxide solution of 0.1 N
until pH 8.1. The SS content (%) was determined through a digital re-
fractometer (PR 201, Atago, Japan), using the juice extracted from
the apple as mentioned for TA. From the results of SS and TA the SS/
TA ratio was calculated (Soethe et al., 2016).

The incidence (%) of rot, mealy fruit, flesh browning, and super-
ficial scald was evaluated by counting the fruits with symptoms and
comparing them with the total number of fruits. To flesh browning
evaluation, the fruits were cut transversely in the equatorial region
(Weber et al., 2016).

The peel greasiness was evaluated in accordance with the meth-
odology described by Yang et al. (2017), subjectively by rubbing fruit
against the hand and scoring the degree of greasiness as none (0),
slight (1), moderate (2), or severe (3).

TPC and TAA were evaluated in the peel and flesh (Stanger
et al.,, 2018). The peel (1 mm thick) was removed from the en-
tire surface with the aid of a sharp blade. The flesh sample was
obtained by removing a longitudinal slice, of around 1 cm, from
the middle part of the fruit, discarding the endocarp region, and
conserving each side of the slice. The flesh samples were pro-
cessed with the aid of a vertical grinder (model RI1364), manu-
factured by Philips Walita (Varginha, Brazil), and the peel samples
were macerated in a mortar with liquid nitrogen. The extract for
the quantification of TPC was obtained as described by Rufino
et al. (2007), adapted from Larrauri et al. (1997). In this procedure,
10 g of flesh and 5 g of peel were used. The sample was placed
in a Falcon tube (Zollstr, Switzerland) with the addition of 20 ml
of methanol/distilled water (50:50, v/v), followed by homogeni-
zation in an Ultraturrax disperser (model D-91126) manufactured
by Heidolph (Schwabach, Germany), and left to rest for 60 min at

room temperature. The samples were then centrifuged in a Hitachi

asifst - wiLey-1-2°

centrifuge, model C22R (Tokyo, Japan) at 12,880 g for 20 min at
4°C. The supernatant was transferred to a 50 ml volumetric flask
and 20 ml of acetone/distilled water (70:30, v/v) was added to the
residue of the first extraction, followed by homogenization, and
the sample was then left to rest for 60 min at 20°C. The sam-
ples were again submitted to centrifugation, under the same con-
ditions. The second supernatant was transferred to a volumetric
flask containing the first supernatant and the volume was made
up to 50 ml with distilled water. The TPC content was determined
with the use of a modified version of the Folin-Ciocalteu spectro-
photometric method, as described by Roesler et al. (2007). In this
procedure, 2.5 ml of a mixture of Folin-Ciocalteu reagent/distilled
water (25:75, v/v) was added to 0.5 ml of a known dilution of the
hydroalcoholic extract, in triplicate, in a test tube, followed by ho-
mogenization in a test tube shaker manufactured by Arsec, model
ATS-100 (S3o Paulo, Brazil), maintaining the sample for 3 min at
20°C for the reaction. In the next step, 2.0 ml of sodium carbon-
ate solution (100 g L'Y) was added and the samples were shaken
again and left to rest for 1 hr protected from light. The absorbance
was determined at 765 nm with a UV-vis microplate reader (Perkin
Elmer, model EnSpire, Waltham, USA). The TPC content was calcu-
lated from the calibration curve obtained with Gallic acid and the
results were expressed in grams of gallic acid equivalent per kg on
a fresh weight basis.

The TAA was determined based on the capacity of the ex-
tract to sequester 2.2"-azinobis (3-ethylbenzothiazoline-6-su
Iphonic acid) radicals (ABTS method) (Rufino et al., 2007) and
1.1-diphenyl-2-picrylhy-drazyl radicals (DPPH method) (Brand-
Willians et al., 1995). The sample preparation was the same as that
used for TPC. For the ABTS method, the radicals were generated
from the reaction of the stock solution of ABTS (7 mM) with potas-
sium persulfate (140 mM) kept in the dark for 16 hr, at 20°C. Before
the analysis, the radicals were diluted with ethyl alcohol until an ab-
sorbance of 0.70 + 0.05, at 734 nm, was obtained. Three different
dilutions of the hydroalcoholic extract were prepared, in triplicate,
in test tubes. Aliquots (30 pl) of each dilution of the extract were
transferred to test tubes with 3.0 ml of the ABTS radicals and ho-
mogenized in a tube shaker. The readings were taken on a UV-vis
spectrophotometer at 734 nm, after 6 min of reaction. Ethyl alcohol
was used as the blank to calibrate the spectrophotometer. From the
absorbance values obtained for the different extract dilutions, a lin-
ear equation was obtained. Curves for standard solutions of Trolox
were constructed and the TAA results were expressed in Trolox
equivalent antioxidant capacity per kg on a fresh weight basis. For
the DPPH method, the radical (0.06 mM) was prepared through di-
lution in methanol on the day of the test. An aliquot (0.1 ml) of the
hydro alcoholic extract was transferred to the test tubes with 3.9 ml
of the DPPH radical, in triplicate, and the sample was homogenized
in a tube shaker. The absorbance measurement was carried out at
515 nm, after 30 min of reaction with the addition of the sample.
Methyl alcohol was used as the blank to calibrate the spectropho-
tometer. Curves for standard solutions of Trolox were constructed

and the TAA results were expressed on a fresh weight basis.
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2.3 | Statistical analysis

The experimental design used was completely randomized. Each
treatment consisted of four replicates of 30 fruits. The values in %
were first transformed using the arc sine formula [(x + 0.5)/100]Y2,
The data were submitted to analysis of variance and averages of the

treatments were compared by LSD test (p < .05).

3 | RESULTS AND DISCUSSION

“Cripps Pink” apples treated with 1-MCP had the lowest respira-
tory rate and level of ethylene production (Table 1). This reduction
of respiration and ethylene production in “Cripps Pink” apples by 1-
MCP was also observed by Williamson et al. (2018). These results
also corroborate those obtained in “Royal Gala” apples (Brackmann
et al., 2010). The use of 1-MCP reduces ethylene production and res-
piratory activity, delays the peak of ethylene production, and main-
tains fruit quality (Steffens et al., 2008). By inhibiting the action of
ethylene, 1-MCP suppresses respiration and autocatalytic synthesis
of ethylene (Williamson et al., 2018).

The application of NO and Eth did not affect ethylene produc-
tion, but reduced the respiratory rate of the fruit (Table 1). These
results confirm those obtained in other apple cultivars (Brackmann
et al., 2017; Weber et al., 2020). There was also no positive effect
of these treatments on ethylene production in “Galaxy” apples
after CA storage plus 7 days of shelf-life (Brackmann et al., 2017).
A reduction in the respiratory rate following exposure to NO was
also observed in “Galaxy” apples (Brackmann et al., 2017). Eth, in
turn, also reduced the respiratory rate of stored “Braeburn” apples
(Weber et al., 2020). Although NO and Eth had no effect on ethylene
production after storage, it is possible that caused a lower ethylene
production rate during storage, which could explain the lower respi-
ratory rate, in an indirect action of the Eth and NO on the respiratory
process. NO reduce ethylene biosynthesis due to the stoichiomet-
ric decrease of ACC to 1-(malonylamino) cyclopropane-1-carboxylic
acid and to the formation of a stable ternary complex “ACC—ACC
oxidase—NO,” which hinders the oxidation of ACC to ethylene
(Manjunatha et al., 2012). Eth reduce ethylene production by ACC

TABLE 1 Respiratory rate (ymol de CO, kg™ s7%) and ethylene production (nmol C,H, kg

STEFFENS €T AL.

oxidase activity suppression (Weber et al., 2016). However, NO can
have also decreased cellular respiration through the reversible inhi-
bition of cytochrome oxidase (Pandey et al., 2019), as a direct action
on the respiratory process.

1-MCP treatment resulted in a less yellow peel than control
and NO treatments, without differing from Eth treatment (Table 1).
Castro et al. (2007) demonstrated that the postharvest application
of 1-MCP maintains a greener background color in “Pink Lady” ap-
ples. This is due to the lower degradation of chlorophyll since the ac-
tivity of the enzyme chlorophyllase is increased by ethylene (Wang
et al., 2015). NO-treated (10 and 20 pl L'Y) apples had a similar peel
background color to the control.

1-MCP and Eth treatment resulted in higher flesh firmness than
the other treatments (Table 1). COCCI et al. (2014) also found a pos-
itive effect of 1-MCP on the maintenance of flesh firmness in “Pink
Lady” apples. Regarding the Eth effect, our results corroborate those
of Weber et al. (2016), who observed that ethanol resulted in higher
flesh firmness in “Royal Gala” apples during storage. The loss of flesh
firmness in apples is a natural process of ripening and is induced by
ethylene. Khan and Singh (2007) found that 1-MCP inhibited the
activity of the enzymes polygalacturonase, pectinamethylesterase,
and endo-1,4-p-D-glucanase, maintaining higher flesh firmness in
“Tegan Blue” plums. Eth reduces also the activity of enzymes related
to cell wall degradation (Weber et al., 2016).

NO treatment of “Cripps Pink” apples had no effect on flesh firm-
ness (Table 1). There was also no effect of NO on the maintenance
of flesh firmness in “Galaxy” apples after CA storage (Brackmann
et al, 2017) and “Cripps Pink” apples cold stored (Steffens
et al., 2021). The effect of NO on ripening-related events, such as a
reduction in flesh firmness, has been attributed to the reduction of
ethylene synthesis in treated fruits (Palma et al., 2019). However, as
previously mentioned, there was no effect of NO on ethylene pro-
duction (Table 1).

Fruit treated with 1-MCP had a higher TA value than fruit in the
other treatments (Table 2). Cocci et al. (2014) also found that 1-MCP
reduced the loss of acidity in “Pink Lady” apples. Only the treatment
with NO (10 pl L' reduced the SS content in relation to the con-
trol (Table 2). However, all the treatments provided fruits with rates
of SS above the minimum limit desired (13%) so that “Cripps Pink”

157, peel background color (h°) and flesh

firmness (N) in the “Cripps Pink” apples submitted to technologies complementary to CA storage after 6 months of storage plus 7 days of

shelf life.
Respiratory rate Ethylene production Peel background color Flesh firmness

Tratamentos (nmol CO, kgts?) (mmol C,H, kgts™? (h°) (N)

Control 56.5A 0.70 AB 98.1B 71.5C

1-MCP (1 pl I 40.3C 0.06 C 99.8 A 78.2A
Ethanol (6 ml kg™) 50.0B 0.82 A 98.5 AB 749 B

Nitric oxide (10 pl I 41.3C 0.56 B 98.4B 71.3C

Nitric oxide (20 pl L'} 47.6B 0.70 AB 98.4B 714C

C.V. (%) 7.3 18.1 0.9 3.5

*Averages followed by different letters in the columns differs between themselves by the LSD test (p < .05).
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TABLE 2 Soluble solids (SS; %),
titratable acidity (TA; % malic acid), SS/
TA ratio, superficial scald and mealy fruit
in the “Cripps Pink” apples submitted

to technologies complementary to CA
storage after 6 months of storage plus

7 days of shelf life

Tratamentos

Control

1-MCP (1 pl LY
Ethanol (6 ml kg™)
Nitric oxide (10 pl L)
Nitric oxide (20 ul L)
CV. (%)

zifst - wiLey- 1

TA (% malic SS/TA Superficial Mealy
SS (°Brix)  acid) ratio scald (%) fruit (%)
13.6 A’ 0.16 B 83.0A 18.3A 16.4 A
13.5A 0.17 A 759 B 0.0C 0.0B
13.4 AB 0.15B 87.5A 10.7 AB 10.8 A
13.1B 0.15B 84.3A 8.0B 91A
13.3 AB 0.16 B 82.0A 9.8B 9.6 A

1.8 4.8 4.5 271 441

*Averages followed by different letters in the columns differs between themselves by the LSD test

(p <.05).

TABLE 3 Total phenolic compound (TPC; mg EAG 100 g’1 of
fresh mass) and total antioxidant activity (TAA, pMol Trolox g tof
fresh mass) in the “Cripps Pink” apples submitted to technologies
complementary to CA storage after 6 months of storage plus 7 days
of shelf life

TPC TAA
Tratamentos (mg EAG100gY)  (uMol Trolox g™?%)
Control 180.0C’ 6.2C
1-MCP (1 pl LY 250.3 A 10.1 AB
Ethanol (6 ml kg™ 2299 B 89B
Nitric oxide (10 pl L% 235.5 AB 10.2 AB
Nitric oxide (20 ul L) 248.9 AB 11.4A
CV. (%) 5.8 11.3

*Averages followed by different letters in the columns differs between
themselves by the LSD test (p < .05).

apples be marketed as “Pink Lady” (Pink Lady, 2020). 1-MCP-treated
fruit had a lower SS/TA ratio (Table 2), which is desirable for this
cultivar, as it has a more acidic flavor than the cultivars Gala and Fuji
(Fioravanco et al., 2011). This result is due to the higher TA (Table 2).
The behavior observed in this study can be explained by the lower
ethylene production and respiratory rate, which physiologically
characterize the lower metabolic activity of apples treated with
1-MCP (Table 1). It is possible to attribute the effect of 1-MCP on
the lower respiratory activity of 1-MCP-treated fruit. In the present
study, there is no positive effect of NO on the maintenance of TA,
as well as observed in “Galaxy” (Brackmann et al., 2017) and “Cripps
Pink” apples (Steffens et al., 2021).

1-MCP-treated fruit did not present superficial scald (Table 2).
This result corroborates the results obtained by Farneti et al. (2015),
who found that the superficial scald on “Cripps Pink” apples was re-
duced with 1-MCP. Ethylene plays a fundamental role in the mani-
festation of superficial scald in apples, by stimulating the synthesis
and oxidation of a-farnesene (Karagiannis et al., 2018). NO (10 and
20 pl LY also reduced superficial scald in relation to the control,
showing intermediate results (Table 2). Superficial scald manifests as
aresult of oxidative stress. The effect of NO on superficial scald may
be related to the action of NO by reducing oxidative stress, through
the induction of enzymes such as superoxide dismutase, peroxidase,
and catalase (Manjunatha et al., 2010, 2012).

1-MCP reduced the incidence of mealy fruit, while the other
treatments additional to CA did not differ from the control (Table 2).
This result corroborates the results obtained in another study,
where 1-MCP also reduced mealy fruit in “Gala” apples (Steffens
et al., 2008). This disorder may be related to a higher internal con-
centration of ethylene and a higher rate of production of ethylene by
the fruit (Brackmann et al., 2014). The occurrence of mealy fruit is re-
lated to the relative strength of the cell wall compared to the binding
strength of the median lamella. When the binding force that holds
together one cell to another is less than the force that maintains the
integrity of the cell wall of individual cells, cell separation occurs and
these intact cells give the sensation of a floury texture. This is be-
cause the protopectin molecules (insoluble pectin) are transformed
into soluble pectins in the middle lamella, decreasing the cohesive
strength between cells (Prasanna et al., 2007).

Decay incidence and peel greasiness did not show differences
between treatments evaluated (data not shown). Fruit treated with
1-MCP, Eth, and NO (10 and 20 pl L’l) had a higher content of TPC
than the control. The 1-MCP application resulted in the highest
TPC content, however, without differing from the NO treatment,
which in turn did not differ from the Eth treatment (Table 3). Ma
et al. (2019) also observed higher values of TPC in the peel of “Fuji”
and “Jonagold” apples treated with 1-MCP. The higher TPC content
in the peel of 1-MCP-treated apples can be explained by delayed
fruit senescence and consequently lower oxidative stress. The ef-
fect of 1-MCP on the TPC content is controversial, with reports of
positive (Ma et al., 2019) and negative (Hoang et al., 2011) effects.
Regarding the effect of Eth, broccoli had a higher TPC content fol-
lowing the application of Eth (Xu et al., 2012). Palma et al. (2019) re-
ported that NO treatment can increase TPC content.

Pretreatment with 1-MCP, Eth, and NO (10 and 20 ul LY led
to higher TAA than the control treatment. The highest value was
obtained with 20 pl ! of NO, without differing significantly from
1-MCP to 10 ul L of NO (Table 3). According to Rotili et al. (2013),
TAA in fruits is due to the action of a variety of compounds that
are degraded or synthesized during storage, in response to bi-
otic and abiotic stresses, especially phenolic compounds. A pos-
itive correlation was observed between the content of TPC and
TAA, which is consistent with results obtained in other studies
that found TPC to be the main contributor to TAA in apple peel
(Stanger et al., 2017, 2018).
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It is important to mention that, after applying the complemen-
tary treatments evaluated in the present study, all fruits were stored
in the same CA chamber. Thus, the fruits were exposed to the same
concentration of ethylene in the storage environment. It is possi-
ble that this exposure may have masked the effect of the Eth and
NO treatments since they have no effect on the action of ethylene.
However, 1-MCP, in turn, acts by inhibiting the action of ethylene,
thus making the fruitless responsive to the action of ethylene pres-
entin the storage environment. Therefore, the effects of Ethand NO
on some quality attributes, such as flesh firmness, peel background
color, TA, and physiological disorders, may be greater than the ob-

served in the present study.

4 | CONCLUSIONS

Eth (6 ml/kg of fruit), in addition to CA storage, maintains flesh firm-
ness and leads to higher values of TPCs and TAA in the peel tissue of
the “Cripps Pink” apple.

As a pretreatment to CA storage, NO (10 and 20 pl L'Y) reduced
the respiratory rate and superficial scald and led to a higher TPC
content and TAA in peel tissue of “Cripps Pink” apples, compared
with the control.

1-MCP treatment maintained quality better and delayed ripen-
ing longer than the other treatments, as it reduces respiratory and
ethylene production rates. It also led to higher flesh firmness and
TA and a better SS/TA ratio and inhibited the development of su-
perficial scald and mealy fruit. In addition, 1-MCP-treated “Cripps
Pink” apples had a higher content of TPCs and greater TAA in the
peel tissue.
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1 | INTRODUCTION

Abstract

The aim of this work was to evaluate the effects of chitosan emulsion (CE) in combina-
tion with essential oils (Eos) on blue mold control, as well as on aroma and quality at-
tributes of “Fuji” apples after storage. Treatments evaluated were control, CE (1%) and
CE (1%) combined with citronella, clove and copaiba EOs (all EOs at 500 ul LY. Fruits
treated with EC and EC+ OEs showed lower total phenolic compounds in the peel in
all treatments. Fruits treated with EC combined with citronella OEs (242.4 OD mg‘1
of protein min™) and clove (205.8 OD mg™ of protein min™*) showed lower peroxi-
dase activity in fruit peel tissue. Therefore, CE and CE combined with citronella, clove
and copaiba essential oils reduced the development of blue mold in “Fuji” apples. In
addition, the treatments with lower severity of blue mold showed lower peroxidase
activity in the peel and pulp tissues of the fruit, indicating induction of resistance by
essential oils.

Novelty impact statement:

e Chitosan biofilm reduces rot by P. expansum in “Fuji” apples, and when in addition
to chitosan, essential oils of citronella, clove and copaiba are used, there was an
increase in the reduction of disease severity.

e The aroma of the fruit did not present a characteristic aroma of the essential oils
used with the method of application used.

e There were no changes in fruit quality attributes with the use of chitosan and

chitosan biofilm with the addition of essential oils.

Blue mold (Penicillium expansum Link.) is the main posthar-

Apple (Malus domestica Borkh.) is among the most produced tem-
perate fruit trees in southern Brazil. The majority of produced apple
fruit is stored and sold throughout the year. In 2018/2019, Brazil
produced 1.02 billion tons of apple fruit, according to the Hortifruti
Brazil 2020 yearbook, with Santa Catarina accounting for approxi-
mately 50% of total production (De Martin et al., 2019). “Fuji” apples
are more susceptible to the development of rots during storage in
comparison to other cultivars (Sanhueza et al., 2006).

vest disease in apples. P. expansum affects fruit during the post-
harvest and might produce mycotoxins, such as patulin (Frisvad &
Samson, 2004; Pitt & Hocking, 2009). Mycotoxins represent a threat
to public health, as they can cause chronic and acute symptoms in
humans and animals, including vomiting, reproductive losses, growth
reduction and immunosuppression (Errampalli, 2014).

Postharvest decay is a recurring problem to the apple indus-
try that affects the quality and the marketing value of fruit, with
growing concern regarding environment and human health, leading

J Food Process Preserv. 2022;46:€17108.
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to a search for alternative means of decay control (Li et al., 2017).
Pathogens resistance to some fungicides applied at postharvest on
apples, such as pyrimethanil and fludioxonil (Li & Xiao, 2008), re-
inforces this concern. In addition, society is increasingly concerned
about food safety and environmental contamination with synthetic
fungicides, demanding sustainable agricultural production (Ogoshi
et al,, 2019).

Essential oils (EOs) can be used for decay control and have low
toxicity, many of them being recognized as safe by the Food and
Drug Administration (Bakkali et al., 2008). In addition, due to their
different mechanisms of action, EOs reduce the risk of pathogens
developing resistance (Yap et al., 2014). However, the application of
EOs might cause undesirable aromas in fruit.

EOs can be emulsified with edible coatings for treatment of fruit
(Ali et al., 2016; Azarakhsh et al., 2014; Magbool et al., 2011). An
alternative product used for pathogen control is chitosan, a poly-
cationic B-1.4 polymer linked to D-glucosamine, defined as chitin
diacetate, a natural polysaccharide extracted from the shell or exo-
skeleton of crustaceans (Botelho et al., 2010). Chitosan can delay
mycelial growth, decrease conidia germination and cause morpho-
logical changes in the germ tube of some pathogens (Liu et al., 2007).
Additionally, chitosan is an excellent matrix for the encapsulation of
EOs, allowing the controlled release of volatile compounds (Maes
et al., 2019). The encapsulation of EOs in chitosan emulsions (CEs)
might reduce postharvest losses caused by blue mold in apples,
without negatively affecting aroma and other fruit quality attributes.

This work was carried out to evaluate the effects of CE combined
with citronella, clove and copaiba EOs on blue mold control, as well
as on aroma and quality attributes of “Fuji” apples after storage.

2 | MATERIALS AND METHODS

“Fuji” apples were harvested in a commercial orchard, in 2018/2019
and 2019/2020, in S3o Joaquim, SC (49°56' W; 28°17' S; altitude
of 1350m) and stored under controlled atmosphere (CA; 1.0 kPa
0,+0.5 kPa COZ) for 7 months. After being removed from CA stor-
age, fruit was transported to the laboratory for sample homogeniza-
tion, application of treatments and evaluations. The ripening stage
of fruits at the time of experiment set up was characterized in terms
of flesh firmness, titratable acidity (TA) and soluble solids (SS) in
three samples of 15 fruits. Flesh firmness (N) was assessed at the
equatorial region of fruit, on two opposite sides, after removing a
small portion of the peel, with an electronic penetrometer (GUSS
Manufacturing Ltd, South Africa) equipped with a 7.9 mm diameter
probe. TA (% malic acid) was analyzed in a 10 ml sample of juice,
obtained by processing fruits in a centrifuge. This sample was di-
luted in 90ml of distilled water and titrated with 0.1 N NaOH so-
lution to pH 8.1 using an automatic titrator (SCHOTT Instruments,
TitroLine® Easy, Germany). SS (°Brix) was assessed with a refrac-
tometer (Atago®, model PR201a, Japan) using an aliquot of the juice
obtained to analyze TA.

z=zlfst
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Treatments evaluated were control (distilled water + Tween®
20; 1%, volume by volume), CE and CE combined with citronella,
clove and copaiba EOs. The chitosan concentration in the emulsion
was 1% (volume by volume), and all EOs were used at the concentra-
tion of 500pIL,

EOs used in this work were the same as those used in the work
by Vieira et al. (2018). Clove and citronella EOs presented respec-
tively 5 and 23 identified volatile compounds. In the clove EO, euge-
nol accounted for 86.6% of the volatile composition. In the citronella
EO, citronellal, geraniol and citronellol accounted for 36.2%, 18.9%
and 12.8%, respectively, of the volatile composition. Copaiba EO
used in this work was acquired from company Ferquima Industria e
Comércio de Oleos Essenciais, in which p-caryophyllene accounted
for 51% of the volatile composition: Clove, citronella and cinnamon
EOs were the same studied by Vieira et al. (2018).

CE (1%; volume by volume) was prepared by dissolution of chi-
tosan (throughout constant stirring) in 1% acetic acid (volume by
volume) until the production of a viscous solution, followed by the
addition of 1% glycerin and 1% Tween 20, and then of 500 L of EOs
(citronella, clove and copaiba). The final mix was sonicated in a soni-
cator (BANDELIN, Sonoplus HD 2200, with a MS 72 tip, Germany) in
four series of two minutes, until complete homogenization.

Fruit intended for inoculation was perforated in the equatorial
region, on two opposite sides, with an electronic TAXT-Plus® tex-
ture analyzer (Stable Micro Systems Ltd, Surrey, United Kingdom)
equipped with 2mm diameter probe. The probe perforated a 4mm
depth in the fruit. Fruit was then inoculated with 10 pl of a suspen-
sion of P. expansum spores (10° spores ml™). The spore suspension
was prepared with sterilized distilled water and 0.05% Tween® 20.
The number of spores was counted using Neubauer chamber (hem-
acytometer) (Youssef et al., 2010).

Fruit was sprayed with each treatment until complete fruit cov-
erage 24 h after inoculation with P. expansum. After the application
of treatments, fruits were kept in ambient condition (23 +3°C and
63+5% of RH) for 7days, simulating the marketing period. The ex-
periment was followed by a completely randomized design, with
four replicates and an experimental unit consisting of 15 inoculated
fruits and 15 fruits without inoculation.

Inoculated fruit was daily evaluated for lesion diameter caused
by P. expansum. The area under the disease progress curve (AUDPC)
was calculated according to the formula: AUDPC = X [(Si+Si+1)/2.
(Ti+1-Ti)], where Si = disease severity, mean diameter of the ith ob-
servation; Si+ 1 = disease severity, mean lesion diameter at the i+1
assessment; Ti = time in days of the ith observation; Ti+ 1 = days of
evaluation i+ 1. Si was calculated as the sum of the mean diameters
of lesions divided by the total number of lesions or fruits.

After 7 days under ambient conditions, in order to verify a pos-
sible defense mechanism to the infection process, skin and flesh tis-
sues were collected for analysis of total phenolic compounds (TPC)
and peroxidase (POD) activity, in 2018/2019 and 2019/2020. Skin
and flesh samples were also collected for analysis of volatile com-
pounds in 2018/2019.
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Extracts for TPC analysis were obtained from 5 g of the sam-
ple (skin and flesh tissues), homogenized with 10 ml of methanol
50%. The solution remained at rest for 60min at 8°C temperature
and then centrifuged (Hitachi, CR22N, Japan) under refrigeration
(4°C) for 20min at 10,000 rpm. The supernatant was filtered in a 25-
ml volumetric flask. The residue of the first extraction was added
10 ml of 70% acetone, homogenized and allowed to rest for another
60min at room temperature and then centrifuged again for 20 min-
utes at 10,000g. The supernatant was transferred to the volumet-
ric flask (which contains the first supernatant), and the volume was
completed to 25ml with distilled water. Extracts were reserved for
TPC analysis.

The TPC content was determined using the Folin-Ciocalteu re-
agent, as described by Roesler et al. (2007). Gallic acid solution was
prepared by diluting 10 mg of gallic acid in 100ml of methanol P.A.
Sodium carbonate solution was prepared by diluting 10 g of the re-
agent in distilled water in a 100-ml flask. Folin-Ciocalteu was diluted
at 1:3 ratio in distilled water. Gallic acid standard curve was obtained
by preparing gallic acid solution at concentrations of 0, 10, 30, 50,
70,90 and 100l L. For analysis, 2.5 ml of Folin-Ciocalteu, 0.5 ml of
sample and 2.0 ml of sodium carbonate solution (10%) were added
to each tube, in that order. For the blank, the same reagents previ-
ously mentioned and 0.5 ml of methanol were used, replacing the
sample. Tubes were vortexed (Gehaka, AV-2, Sdo Paulo) and sealed
with parafilm and then incubated for one hour in the darkness.
Samples were centrifuged (Hitachi, CR22N, Japan), and reading was
performed in microplate reader at the wavelength (A) of 765nm.
Results were expressed in mg of gallic acid equivalents per 100g
fresh weight (mg GAE 100g™ fresh weight).

All steps for enzymatic essay of POD activity were carried out at
4°C. POD enzyme was extracted according to method described by
Hammerschmid (Hammerschmidt et al., 1982; Youssef et al., 2020)
with modifications. Fresh samples of 0.5 g (macerated in liquid ni-
trogen) were added to 5 ml of 0.100M potassium phosphate buffer
solution (pH 7.0) (Vetec, Duque de Caxias, Brazil), containing 1 mM
of insoluble polyvinylpyrrolidone (PVPP) (Vetec, Duque de Caxias,
Brazil) and 1mM ethylenediaminetetraacetic acid (EDTA) (Synth,
Diadema, Brazil) for each 100ml of buffer solution. These samples
were then homogenized in an ultra-turrax (Heidolph, Silent Cruscher
M, Germany) for 1 minute, with the addition of triton (0.1%; volume
by volume) (Vetec, Duque de Caxias, Brazil).

For POD essay, the extract was left for 15min at 8°C and then
centrifuged at 12,000 rpm for 10 min at 4°C (Hitachi, CR22N, Japan),
and 0.30ml of the supernatant was collected. Immediately after the
addition of 2.7 ml of reaction mixture, containing potassium phos-
phate buffer (Vetec, Rio de Janeiro, Brazil): guaiacol: H,0, (5 ml:
0.0125ml: 0.0163ml) (Vetec, Rio de Janeiro, Brazil), enzymatic ac-
tivity was quantified as the increase in absorbance per minute at
A =470nm. Result was expressed in OD mg'1 protein minute™.

The volatile compounds were isolated through the technique of
solid-phase microextraction (SPME). Analyses were performed in
a GC-MS system (PerkinElmer, Germany), consisting of a gas chro-
matograph (model Clarus 680 GC) coupled to a mass spectrometer
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(model Clarus SQ 85). Fruit sample (1 g of flesh and skin tissues),
1 g of NaCl and 5 ml of deionized water were put in a vial (capacity
of 40ml), sealed with screw cap and PTFE-coated silicone septum
(Agilent Technologies, Germany). The sample was then submitted to
pre-extraction incubation (equilibrium), under agitation, for 10 min
at 30+1°C, and then, the SPME fiber (CAR/PDMS) mounted in
a holder was exposed to the gas phase of the sample for 25 min.
Subsequently, the fiber was exposed for 10 min for desorption at
250°C, in the chromatograph injector. The gas chromatograph was
equipped with a HP5 column, having helium as the carrier gas at
flow rate of 1 mImin™2. The initial temperature was 30°C, for 5 min,
with a heating ramp of 2°C min~* up to 120°C, remaining at this tem-
perature for 3 min, with a total running time of 34 min. Compounds
were identified based on the chromatograph library, which indicates
the probability of similarity of each compound with data contained
in the software. Data were submitted to analysis of variance, and
treatment means were compared by Tukey's test (p<.05). AUDPC
data were submitted to Pearson correlation test with TPC and POD
activity. Statistical analysis was carried out with SAS software (SAS
Institute, 2002).

3 | RESULTS AND DISCUSSION

At the time of experiment set up, fruit had in, 2018/2019, SS of
14.0 °Brix; TA of 0.242% malic acid and flesh firmness of 68.1 N. In
2019/2020, fruits had SS of 15.2 °Brix, TA of 0.230% of malic acid
and flesh firmness of 74.2 N.

In both seasons, fruit treated with CE and CE in combination with
EOs had lower AUDPC in comparison to the control. In 2018/2019,
the AUDPC reduced in comparison to the control by 7.8%, 8.6%,
8.6% and 7.6% for CE, CE +citronella EO, CE +clove EO and CE +co-
paiba EO, respectively (Table 1). Canaver and Di Piero (2011) also
reported reduced blue mold severity and incidence in apples treated
by immersion in chitosan suspensions. Chitosan can reduce the in-
cidence of postharvest diseases by directly interfering with myce-
lium growth and activating various defense responses in the plant
tissue (Agrawal et al., 2002; Guerra-Sanchez et al., 2009; Moura
et al,, 2019). Plants infected by pathogens might synthesize low
molecular weight peptides and proteins (called pathogen-related
proteins) with antimicrobial action. These proteins are hydrolytic en-
zymes (chitinase and p-1,3-glucanase) which are part of the general
defense mechanism of plants (Hadwiger, 2013) and can be positively
induced through the application of chitosan (Hoat et al., 2013).

In 2019/2020, the lower AUDPC was achieved with CE com-
bined with citronella EO, while CE combined with clove and co-
paiba EOs provided intermediate results, compared to the control
(Table 1). For this season, the AUDPC reduced in comparison to the
control by 6.2%, 14.3%, 8.7% and 9.3% for CE, CE +citronella EO,
CE +clove EO and CE + copaiba EO, respectively. The antifungal ac-
tivity of EOs is related to their hydrophobicity, which allows them
to interact with lipids in the membranes, changing permeability and
causing disturbances in the cells (Costa et al., 2011). According to
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TABLE 1 i
:5:'; (mg EAG.100g™ :S)if:,),?“r:-gi;i i progress curézzlljrI]DdPeé)t,:ztglls;sZiolic
compounds (TPC) and peroxidase activity
Treatment AUDPC (cm) Flesh Skin Flesh Skin (POD) in the flesh and skin tissues of “Fuji”
2018/2019 apples
Control 10.5a 32.7 ab 620.8 a 39.5ns 3409 a
Chitosan 9.7b 33.6a 387.0b 38.9 296.9 ab
Chitosan + Citronella 9.6b 32.68 ab 377.1b 37.4 272.4b
Chitosan Clove 9.6b 26.5b 463.3b 33.9 205.8c¢c
Chitosan + Copaiba 9.7b 31.9 ab 452.7 b 35.1 312.6 ab
CV (%) 1.93 8.53 13.8 23.3 7.27
2019/2020
Control 16.1a 60.8 ab 12243 a 26.3a 228.4b
Chitosan 15.1b 521c 878.7b 17.5b 343.4a
Chitosan + Citronella 13.8¢ 59.7 bc 1007.3 b 13.7b 99.3c¢c
Chitosan Clove 14.7 bc 67.9 a 978.5b 14.3b 1211 c
Chitosan + Copaiba 14.6 bc 65.4 ab 950.7 b 15.0b 162.1 bc
CV (%) 2.58 5.15 6.62 191 21.8

Note: Means followed by the same letter in the columns are not different by Tukey'’s test (p <.05).
ns: not significant (p =.05). Fruit was removed from controlled atmosphere storage, inoculated with
Penicillium expansum link, and submitted to postharvest treatments with chitosan emulsion (1%)
and chitosan emulsion (1%) combined with different essential oils (EOs; 500 ul LY. Fruit was left
for seven days under ambient conditions (23 +5°C/63 + 2% RH). Data of two seasons (2018/19 and

2019/2020).

Pontes et al. (2019), the strong antimicrobial action of citronella
EO is attributed to citronellal and geraniol. The antimicrobial ac-
tion of clove EO is attributed to eugenol and caryophyllene (Zhang
etal., 2017), while in copaiba EO are B-caryophyllene, kaurenoic acid
and y-murolene (Zimmermam-Franco et al., 2013).

Concentration and the form of application of EOs also influence
the effectiveness of blue mold control in apples. Vieira et al. (2018)
did not report control of blue mold in “Fuji” apples treated with cit-
ronella vapor (500 ul LY, after 30 d of storage. However, our work
shows that fruit treated with CE+citronella EO, using the same
EO dosage reported by Vieira et al. (2018), reduced blue mold in
2019/2020, compared to fruit treated with CE and the control.
Essential oils are extremely volatile at room temperature, so to in-
crease their efficiency, an alternative is to incorporate them into
edible coatings. Therefore, the lower volatilization rate of the major
EOs compounds when incorporated into emulsions provides longer
lasting effect and better control of blue mold.

Control fruit had the highest TPC in the skin tissue and higher
incidence of blue mold, indicating that the increase in TPC alone is
not enough to prevent the development of this type of rot in “Fuji”
apples. The increase in the phenolic content is a common defense
response of the plant tissue against the infection process caused by
microorganisms (Wallis & Galarneau, 2020). For infections caused by
fungi, the increase in the concentration of phenolic compounds oc-
curs through increases in the concentration of flavonoids (Wallis &
Galarneau, 2020). Therefore, other mechanisms of defense against
pathogen infection might be involved, besides the increase of phe-
nolic compounds.

In 2018/2019, POD activity in the flesh tissue of the fruit was
not different between treatments. In 2019/2020, fruit treated with
CE and CE+EOs had lower POD activity in the flesh tissue than the
control. In both seasons, POD activity in the skin tissue was lower
in fruit treated with CE +citronella EO and CE +clove EO than in the
control (Table 1). Felipini and Di Piero (2009) also reported in ap-
ples treated with chitosan no increase of POD activity, but reduced
severity of the disease caused by C. acutatum, through inhibition of
conidia germination and mycelial growth of the fungus. However,
in 2019/2020, fruit treated with CE had higher POD activity in the
skin tissue than the control (Table 1). In addition, there was positive
correlation between POD activity in the skin tissue and AUDPC in
2018/2019 (r? = 0.59) and 2019/2020 (r* = 0.60), and between POD
activity in the flesh tissue and AUDPC in 2019/2020 (r* = 0.92). The
positive correlation between POD activity and AUDPC indicates
defense response induction to the infection process, causing H,0,
accumulation. H,0, is involved in several signal transduction path-
ways, activating cell defense responses (Sharma et al., 2019), in addi-
tion to its toxic effects to pathogens (Zhang et al., 2021).

Treatments with CE or CE + EOs did not affect flesh firmness, SS
and TA attributes of the fruit in both seasons (data not shown). Vieira
et al. (2018) have reported similar results in “Fuji” apples treated by
volatilization with citronella, clove, rosemary and cinnamon EOs.

Fruit treated with EOs did not exhibit the presence of volatile
compounds characteristic of EOs aroma (Table 2). However, “Fuji”
apples treated by volatilization with citronella, cinnamon, clove,
rosemary and tea tree EOs exhibit aroma characteristic of these
EOs (Vieira, 2016). The encapsulation of EOs in emulsions allows
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TABLE 2 Profile of volatile compounds (relative area; %) in “Fuji” apples

Treatment
Chitosan +
Class Compound Control Chitosan Chitosan + citronella clove Chitosan + copaiba
Acid 2-Methylbutanoic acid 0.62+0.19 nd nd 0.50+0.27 nd
Alcohol 1-Butanol 0.75+1.49 3.73+2.34 3.97+2.00 5.26+2.64 3.99+0.52
2-Ethylhexanol 12.44+2.15 2.49+1.69 nd 5.95+0.97 4.69+0.57
2-Ethylhexanol 8.51+2.42 12.15+4.26 13.97+4.37 14.03+3.29 16.07+2.11
2-Hexenol nd 0.19+0.38 nd nd nd
Hexane 10.63+1.19 11.40+£2.35 9.66+0.72 16.57+5.61 12.18+2.08
Aldehyde Hexanal 2917+6.54  30.50+6.82 30.26+4.13 26.19+1.07 26.41+5.19
Ester Ethyl acetate 3.09+5.11 nd nd nd nd
Butyl 2-methylbutyrate 0.56+0.11 1.31+0.63 0.84+0.47 1.20+0.81 1.76+0.28
Butyl butyrate 0.17+0.20 nd nd nd nd
Ethyl butyrate 2.81+3.71 1.57+1.86 nd nd 1.68+2.23
Propyl butyrate 1.29+0.17 0.27+0.25 0.23+0.28 3.96+7.93 1.02+0.24
2-methylhexyl butyrate 3.21+1.56 5.68+3.24 2.59+1.11 4.81+3.77 5.69+1.50
Hexyl hexanoate nd 0.64+0.41 0.24+0.24 nd nd
Ethyl hexanoate 0.27+0.41 1.21+0.84 0.37+0.40 1.22+0.76 1.08+0.29
2-Methylbutyl acetate 0.38+0.26 1.03+0.30 0.77+0.28 0.59+0.27 1.27+0.20
2-Methylbutyl 0.62+0.72 1.42+1.19 1.58+0.60 nd 4.78+0.17
2-methylbutyrate
Ethyl 2-methylbutyrate 2.33+2.12 3.35+2.94 1.89+0.78 1.08+0.86 3.26+1.42
2-Methylbutyl 0.17+0.20 0.21+0.25 0.19+0.19 0.09+0.11 nd
hexanoate
Ethyl propionate 0.25+0.61 nd nd nd nd
Sesquiterpene a-Farnesene 5.21+1.74 6.67+2.99 8.50+4.63 4.88+4.51 9.66+3.02

Note: Fruit was removed from controlled atmosphere storage and submitted to postharvest treatments with chitosan emulsion (1%) and chitosan
emulsion (1%) combined with different essential oils (at 500l L’l). Fruit was assessed after seven days under ambient conditions (23 +5°C/63+2%
RH), in 2018/2019. Values represent the mean + standard error. Nd = not detected.

Source: PubChem Compound Summary. https://pubchem.ncbi.nlm.nih.gov/compound/. Access: January 2021.

the controlled release of volatile compounds present in EOs (Maes
et al., 2019) and does not change the volatile profile of foods (Froiio
et al., 2019).

The volatile profile analysis shows the predominance of al-
dehydes, followed by alcohols, esters and the sesquiterpene «-
farnesene. Hexanal, 1-hexanol and 2-methyl-1-butanol were the
main volatiles in “Fuji” apples, but they were not different between
treatments. 2-Ethyl hexanol was also relevant, and it was higher
for the control. Esters represent the main class of volatiles of apple
aroma, and their content was considerably low (Table 2), possible as
a result of fruit being stored under CA (1.0 kPa O,+0.5 kPa CO,) for
seven months, that reduces the production of esters and increases
the production of aldehydes (Both et al., 2014). The esters found
in greater proportion were hexyl 2-methyl butyrate, ethyl acetate,
ethyl butyrate and ethyl 2-methyl butyrate, however with no dif-
ference between treatments (Table 2). In general, the application of
CE combined with citronella, clove and copaiba EOs did not change
the profile of volatile compounds responsible for the aroma of “Fuji”
apples.

The effects of clove and citronella EOs incorporated into CE on
blue mold control were below those obtained by Vieira et al. (2018),
who applied the same EOs by volatilization. According to Zhou et al.
(2018), the antimicrobial activity of emulsions with EOs was less ef-
fective than the use of pure EOs. Other preparations of CE com-
bined with EOs may provide better results, and further studies are
encouraged. The treatments assessed did not change the sensory
quality attributes of “Fuji” apples, which indicates that higher EOs
concentrations can be tested in order to obtain better results in the
control of the blue mold, without impacting negatively the sensory

characteristics of fruits.

4 | CONCLUSIONS

In general, CE and CE combined with citronella, clove and copaiba
essential oils reduced the development of blue mold in “Fuji” apples,
with better results achieved with CE combined with citronella es-
sential oil.
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The treatment of “Fuji” apples with CE combined with citronella,
clove and copaiba essential oils did not affect physico-chemical at-
tributes and aroma of the fruit.

Treatments with lower severity of blue mold had lower POD
activity in skin and flesh tissues of the fruit, indicating resistance
induction by essential oils.
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