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A sequential oxidative treatment (SOT), using sodium hypochlorite (NaClO) and hydrogen peroxide
(H20;) in the presence of a cupric salt inhibited in vitro growth and germination of Penicillium digita-
tum conidia, causal agent of citrus green mold. Here, modifications of this SOT were evaluated in vivo to
control this disease in inoculated lemons. The treatment that consisted of two sequential 2-min baths:
one with 200 mgL-! NaClO followed by a second with 600 mmol L-! H,0; in the presence of 6 mmol L~!

IL(eywords" d CuSOy, resulted in 50% of disease control. When this treatment was combined with a third 2-min bath
H??f:gi;egzggde containing 30 g L-! NaHCO3 at 37 °C (SOT-NaHCOs ) and applied at 24 h post-inoculation, green mold inci-

dence was reduced to ~5%. In non-inoculated lemons stored at 5 °C for 45 d, this treatment did not modify
the appearance or weight compared to untreated lemons. Furthermore, phenolic content and the oxygen
consumption rate in flavedo and albedo tissues were not affected by the SOT-NaHCOs. The malondialde-
hyde content in flavedo tissues increased immediately after treatment, but decreased to levels similar
to control fruit 2 d later. The SOT-NaHCO3; combines compounds that are safe to the environment and
human health, thus it represent a potential alternative to synthetic fungicides for the integrated control

Sodium hypochlorite
Sodium bicarbonate

of postharvest diseases.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Green mold, caused by Penicillium digitatum Sacc., is one of the
most important postharvest diseases of citrus (Eckert and Brown,
1986). It affects on average 5-8% of the total fruit handled (Eckert
and Eaks, 1989), and results in a significant economic loss to both
growers and packers. To maintain shelf-life and fruit quality in the
market, control of postharvest diseases is crucial, because transport
and marketing from producers to consumers requires a long time
(weeks to months). Synthetic fungicides such as imazalil (IMZ) and
thiabendazole are routinely used to control green mold (Holmes
and Eckert, 1999; Smilanick et al., 1999). Appearance of fungicide-
resistant strains of P. digitatum has led to increases in fungicide
doses in order to sustain their effectiveness as antifungal treat-
ments (Bus et al., 1991; Holmes and Eckert, 1995). However, this
practice can lead to an excess of fungicide residues in the fruit,
which sometimes exceed maximum limits allowed by importing
countries. Hence, there is an urgent need to develop alternative
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technologies to control decay in citrus, which should be safe to
consumers, workers, and the environment (Palou et al., 20023, b;
Venditti et al., 2005). Several alternatives show promise, but until
now none alone is as effective as synthetic fungicides.

Carbonic acid salts, such as sodium carbonate (Na,COs3, soda
ash)and sodium bicarbonate (NaHCO3 ), are common food additives
permitted for many applications with no restrictions (Smilanick
et al., 1997, 1999; Palou et al., 2001). In general, carbonic acid
salts are considered to be good candidates to be used in combi-
nation with other chemical, physical or biological methods for the
integrated control of postharvest diseases Narayanasamy (2006).

Oxidizing biocides, such as chlorine and peroxides, are preferred
for general sanitation due to their low cost and availability. Chlo-
rine and some hypochlorite salts have been used for many years to
sanitize drinking water, fruit and vegetables, and food processing
equipment. Hydrogen peroxide has been successfully used in dis-
infection treatments of minimally processed fruit and vegetables
(Smilanick et al., 1995; DeQueiroz and Day, 2007), and has been
experimentally applied for control of postharvest decay in fresh
fruit (Simmons et al., 1997; Sapers et al., 2001). Moreover, chlo-
rine reacts with natural organic matter or contaminants in surface
waters and produces a complex mixture of disinfection by-products
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(DBPs), some of which have been shown to be carcinogenic, muta-
genic and/or teratogenic in animal studies (Ferraris et al., 2005).

Transition metals (e.g. copper and iron) act as catalysts in free
radical formation (Halliwell and Gutteridge, 1992). By reacting with
these metals, NaClO and peroxides can generate reactive oxygen
species (ROS) (Candeias et al., 1993; Dukan and Touati, 1996). In
cells, ROS can exert either beneficial effects by mediating several
physiological processes (Tomankova et al., 2006; Yoshioka et al.,
2009), or damage nucleic acids, lipids, carbohydrates and proteins
that lead to cellular injury (Imlay and Linn, 1988; Halliwell and
Gutteridge, 2006).

A sequential oxidative treatment (SOT), consisting of a combi-
nation of NaClO and H,0, in the presence of Cu(Il) ions, inhibited
conidial growth and germination of P. digitatum (Cerioni et al.,
2009). This treatment was also effective against other citrus fun-
gal pathogens, such as Penicillium italicum (blue mold), Geotrichum
citri-aurantii (sour rot) and an IMZ-resistant P. digitatum strain. The
mechanism of action of SOT on P. digitatum conidia was linked to
an increase in intracellular oxidative stress markers and in mem-
brane permeability, without apparent cell wall damage (Cerioni
et al, 2010).

In this work, the in vivo effectiveness of SOT against green mold
was studied in inoculated lemons. Furthermore, the physical and/or
physiological properties in non-inoculated lemons peel were eval-
uated after treatment application.

2. Materials and methods
2.1. Fruit

Eureka lemons (Citrus limon (L.) Burm) were collected from com-
mercial orchards in Tucuman (Argentina) and stored at 5 °C and 90%
RH. Lemons used in the study were free from previous treatment
or coating. Before each treatment, fruit were selected according to
their size and color and were randomized, rinsed with tap water,
and allowed to air-dry at room temperature.

2.2. Preparation of conidial suspensions

An isolate of P. digitatum was obtained from naturally infected
citrus fruit (Tucuman, Argentina) and deposited as PD-A in our lab-
oratory collection (Cerioni et al., 2009). The P. digitatum isolate was
grown on potato dextrose agar (PDA), pH 5.5, at 28°C for 7 to 14
d. After that, conidia were suspended in sterile distilled water con-
taining 0.05% (v/v) Tween 80, vortexed for 5-10s and then filtered
through two layers of cheesecloth to remove hyphal fragments.
Conidia concentration was determined by counting in a Neubauer
chamber and adjusted with sterile distilled water to 10% conidia
mL-! asrecommended for the evaluation of postharvest treatments
for the control of green mold (Eckert and Brown, 1986).

2.3. Inoculation, application of treatments and storage

For fruit inoculation, the tip of a stainless steel rod, 1 mm wide
and 2 mm in length, was immersed in a conidial suspension of PD-A
and then inserted in the lemon peel. Inoculated fruit were stored
for 24 h at 20°C and 90% RH. After that, inoculated lemons were
treated as described below.

2.3.1. SOT

Inoculated lemons were subjected to sequential oxidative treat-
ments. In the first incubation, they were immersed in 10 L of either
100 or 200mgL-! NaClO solutions. After this, lemons were sub-
jected to a second incubation in a 10 L mixture containing different
concentrations of Hy0, (100, 200, 300 and 600 mmolL~!) in the
presence of 6 mmol L~1 CuSQy (see Fig. 1A). Both incubations were

for 2 min at 25 °C. The dip solutions were prepared using tap water.
To avoid precipitation of CuSQy, the water pH was adjusted to 5 by
adding concentrated HCl. The temperature effect on disease con-
trol was also evaluated by changing it to 37 or 42 °C in the second
incubation bath (H,0, and copper). In parallel, infected fruit were
dipped in water alone as a control treatment.

2.3.2. IMZ or NaHCO3
Inoculated lemons were treated with either 50-100 mgL~! IMZ
at25°Cor 30gL-! NaHCOs at 37 °C, each for 2 min.

2.3.3. SOT with IMZ or NaHCO3

Using inoculated lemons, a SOT with 200mgL-! NaClO and
600 mmolL-! H,0, in the presence of CuSOy4, was evaluated in
combination with a third incubation with either 50-100mgL~! of
the fungicide IMZ at 25°C or 30gL~! NaHCO5 at 37°C. All incuba-
tions were for 2 min.

2.3.4. SOT with NaHCO3 application at different post-inoculation
times

Lemons inoculated with PD-A were stored at 20 °C and 90% RH
for different times (0, 8, 18 or 24 h). After each time, SOTand 30 g L-!
NaHCOs dips were applied (see Fig. 1B).

2.3.5. Storage of fruit

After treatments, lemons were left to air-dry and placed in plas-
tic commercial fruit trays. Treated fruit were stored at 20°C and
90% RH for 14 d. The incidence of disease was periodically evaluated
and expressed as percentage of decayed fruit. For each treatment,
3 independent experiments in duplicate using n =25 for each con-
dition were tested.

2.4. Physical and physiological parameters of lemons after
SOT-NaHCO3;

Non-inoculated lemons were treated with SOT-NaHCO3 as
described above (Fig. 1B), with water as the negative control or
with 4.85 mol L-! H,0,, a concentration considered phytotoxic to
the fruit, as a positive control (Smilanick et al., 1995). Lemons were
incubated at 5°C and 95% RH for 45 d. The physical and physio-
logical parameters described below were determined immediately
(0h) and at 2, 7 and 45 d after treatments.

2.4.1. Weight and external appearance determination

Periodically, lemons were weighed and their surfaces were
visually analyzed (n =10 for each condition, 3 independent experi-
ments).

2.4.2. Measurement of oxygen consumption

Respiration was measured polarographically with a Clark elec-
trode (Yellow Springs Instrument Co. USA) and recorded in a Gilson
oxygraph (Gilson Medical Electronics, Inc. USA), in a thermostatic
cell for 30min using 2 mL samples. Oxygen consumption rate
was determined in flavedo and albedo samples of treated lemons.
Flavedo (about 55 mg) and albedo (about 65 mg) samples were pre-
pared from the lemon peel with a grater to obtain small uniform
particles. Immediately, samples were placed in the cell oxygraph
at 30°C in 50 mmol L-! sodium phosphate buffer, pH 7.5. Oxygen
consumption was recorded at least for 15 min. After normalizing
oxygen consumption per mg of sample, the oxygen consumption
rate was calculated as a percentage of consumption of the negative
control at time zero (see Section 2.4).

2.4.3. Degree of lipid peroxidation
The quantity of malondialdehyde (MDA) was measured by
adapting the procedure previously described by Hodges et al.
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Fig. 1. Scheme of sequential treatments. X: different concentrations of NaClO, Y: different concentrations of H,0,.

(1999). Flavedo and albedo from treated lemons were separated
using a scalpel and then homogenized in a mortar with inert sand in
1:25 (g FW/mL) 80:20 (v/v) ethanol:water, followed by centrifuga-
tion at 14,000 x g for 10 min. A 1 mL aliquot of the supernatant was
added to a test tube with 1 mL of either (a) -TBA solution, comprised
of 20% (w/v) trichloroacetic acid and 0.01% (w/v) butylated hydrox-
ytoluene, or (b) +TBA solution, containing the above plus 0.65%
(w/v) TBA. Samples were then mixed vigorously, heated at 95°C
in a block heater (Multiblok ZC 100, Zeltec, Argentina) for 25 min,
cooled, and centrifuged at 14,000 x g for 10 min. Absorbance was
read at 440, 532, and 600 nm. Malondialdehyde equivalents were
calculated according to Hodges et al. (1999).

2.4.4. Phenolic content

To determine the content of phenolic compounds, the tech-
nique of Swain and Hillis (1959) was used. Briefly, 200 mg of lemon
flavedo or albedo were homogenized with 1 mL of 80% (v/v) ethanol
and then centrifuged at 14,000 x g for 10 min. A 100 pL aliquot
of supernatant was mixed with 500 pnL of 1N Folin-Ciacalteau
solution and 5mL of 2% (w/v) Na;CO3; and then incubated at
room temperature for 10 min. After centrifugation at 14,000 x g for
10 min, the absorbance of supernatant was measured at 724 nm.
Phenolic concentration was determined from a standard curve with
cinnamic acid.

2.5. Statistical analysis

The experimental data shown are the mean of 3 replicate sam-
ples +SD. Data were subjected to analysis of variance (ANOVA)
followed by Tukey'’s test with Statitix 9.0 Analytical Software 2008
for Windows (USA). Differences at p <0.05 were considered signif-
icant.

3. Results
3.1. Invivo application of SOT

SOT previously standardized in vitro was applied in vivo and was
ineffective to control citrus green mold (data not shown). Therefore,
we tested some variation in increasing the concentrations of oxidiz-
ing compounds. As shownin Fig. 2, SOT using 200 mg L~ NaClO plus
600 mmol L-! H,0, in the presence of 6 mmol L~! CuSOy, resulted
in partial disease control, with an incidence of ~50%.

3.2. Optimization of SOT

SOT (with the oxidizing compounds concentrations described in
Section 2.3.1) was applied to lemons 24 h post-inoculation with P.
digitatum conidia changing the following parameters: (a) increas-
ing the temperature in the second bath, (b) adding a third bath with
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Fig. 2. Green mold incidence of lemons inoculated with PD-A after in vivo SOT
applications. SOT was applied as was described in Fig. 1A, 24 h post-inoculation
with the indicated NaClO and H,0; concentrations and a fixed CuSO4 concentration
(6 mmol L'). Percent incidence of decay at 14 d after treatment application was
calculated considering the total number of inoculated fruit for each condition. Data
are means of 3 independent experiments in duplicate using n =25 for each condition
tested. Different letters indicate significant differences among treatments according
to Tukey’s test with a p-value of 0.05.

the fungicide imazalil (IMZ) or (c) adding a third bath with NaHCO3
at 37°C (see Fig. 1B). IMZ was used at 50 or 100mgL~!, which is
20-40 times lower than concentrations used in packinghouses. The
NaHCO; concentration used in these assays was 30gL-1, as it is
currently applied in packinghouses.

As shown in Fig. 3, the temperature rise to 37 or 42 °Cin the sec-
ond bath had a negative effect in controlling green mold, since the
disease incidence was higher than that of SOT at 25 °C. In addition,
SOT with IMZ 50 or 100 mg L1, resulted in 40% and 20% of disease
incidence, respectively, whereas IMZ alone completely controlled
the disease (data not shown). Thus, a combination of SOT with IMZ
resulted in an antagonistic effect. Conversely, a combination of SOT
with 30 gL~1 NaHCO3 was effective in controlling the disease, since
the incidence diminished to nearly 5% (Fig. 4).

3.3. Influence of post-inoculation time on SOT-NaHCO3
effectiveness

To identify the optimal time for controlling infection of lemons
by P. digitatum with SOT-NaHCO3; we treated the fruit at differ-
ent post-inoculation times. The combination of SOT with NaHCO3
was effective at all times tested, but it had a maximum effect on
green mold control when it was applied 18 or 24 h post-inoculation
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Fig. 3. Green mold incidence of lemons inoculated with PD-A treated with SOT at
different temperatures. Inoculated lemons were treated 24 h post-inoculation with
SOT consisting of a first bath with 200 mg L~! NaClO followed by a second bath with
600 mmol L~ H,0, in the presence of 6 mmol L~ CuSOy, at each indicated tempera-
ture. Percent incidence of decay was calculated with respect to total inoculated fruit
for each condition at 14 d after treatment. Data are means of 3 independent exper-
iments in duplicate using n =25 for each condition tested. Different letters indicate
significant differences among treatments according to Tukey’s test with a p-value
of 0.05.
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Fig. 4. Green mold incidence of infected lemons treated with SOT-NaHCOs3. Each
treatment was applied in vivo as was described in Section 2, 24 h post-inoculation.
Percent incidence of decay was calculated with respect to total inoculated fruit for
each condition at 14 d after treatment. Data are means of 3 independent experi-
ments in duplicate using n=25 for each condition tested. Different letters indicate
significant differences among treatments according to Tukey’s test with a p-value
of 0.05.

(Fig. 5). Interestingly, the time between fruit harvest and arrival at
packinghouses ranges between 15 and 24 h. Nevertheless, the effec-
tiveness of treatments using SOT or NaHCOs3 alone, were dependent
on post-inoculation time. In Fig. 5, it was observed that SOT only
protected the fruit when applied after 18 h of inoculation, and the
NaHCOs lost effectiveness with increasing time post-inoculation.

3.4. Effect of SOT-NaHCO3 on physical and physiological
parameters of lemon

Changes in treated lemon weight were not significant compared
to control lemons, treated with water. Between 0 and 45 d of stor-
age in a refrigerated room, the differences in weight were: 6.6 +2¢g
for negative control, 8.3 + 1.4 g for NaHCO3-SOT and 6.6 + 1.8 g for
positive control (4.85molL~! H,0,).

As determined visually, surfaces of SOT-NaHCOs treated lemons
did not show changes during the 45 d storage period. However, a
red to bronze discoloration limited to the flavedo was observed
in fruit treated with 4.85molL~! H,0, approximately 10 d after
treatment (data not shown).
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Fig.5. Green mold incidence of infected lemons treated at different times after inoc-
ulation. Lemons inoculated with PD-A were treated with SOT alone, NaHCO3 alone
or SOT-NaHCOs (see Section 2 and Fig. 1B) at the indicated times after inoculation.
Percent incidence of decay was calculated with respect to total inoculated fruit for
each condition at 14 d after treatment. Data are means of 4 independent experi-
ments in duplicate using n =50 for each condition tested. Different letters indicate
significant differences among treatments according to Tukey’s test with a p-value
of 0.05.
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Oxygen consumption in peel samples of lemons treated
with SOT-NaHCO3; was similar to that of control lemons and
was kept constant during the storage period (Fig. 6A and B).
However, the consumption rates were different for each tis-
sue. At time zero, the control oxygen consumption in albedo
was 135443 pmol/minmgFW and in flavedo 214437 pmol/
min mg FW.

The MDA content of control lemon peel was similar in flavedo
and albedo, at time zero being 45.5+ 10 and 37.6 + 8 nmol/gFW,
respectively. At the same time, MDA content in flavedo of lemons
treated with the SOT-NaHCO5 or 4.85 molL~! H,0, showed a sig-
nificant increase, but it was not observed in albedo tissue (Fig. 6C
and D). The second day after treatments, the MDA contentin flavedo
decreased and remained as the negative control up to 45 d.

In addition, phenolic compound levels on lemons treated with
SOT-NaHCOs; or 4.85 mol L-! H,0, were similar to those observed
in controls (Fig. 6E and F).

4. Discussion

We have previously standardized in vitro a SOT, consisting of two
sequential incubations, first with NaClO, and second with H,0; in

the presence of CuSO4 (Cerioni et al., 2009). When this SOT was
applied to lemons inoculated with P. digitatum conidia (data not
shown), green mold was unsatisfactory controlled. Consequently,
we increased the concentrations of oxidizing compounds in vivo by
using 200 mg L1 NaClO and 600 mmol L-! H,0, in the presence of
6 mmol L' CuSOy. As a result, a decrease in disease incidence was
achieved with these concentrations, but SOT alone did not effec-
tively control green mold. It has been reported that an increase in
temperature to 50 °C, improves disease control effectiveness with
minimal increase in the risk of injury to the fruit (Smilanick et al.,
1997, 2003; Palou et al., 2001). However, increases in tempera-
ture in the second bath did not improve SOT efficacy. This may
be related to a temperature-induced instability of H,O, (Schumb,
1949). The SOT was also tested in combination with IMZ, the most
widely used synthetic fungicide in citrus packinghouses. There was
an antagonistic effect between the two compounds. In agreement
with this finding, Kanetis et al. (2008a) reported that efficiency of
IMZ decreases when combined with oxidizing compounds. More-
over, it is known that at low pH (as occurs in SOT), IMZ reduces its
fungicide action on fungal pathogens (Smilanick et al., 2005).
Sodium bicarbonate has been widely evaluated for postharvest
disease control and generally, it is used in association with other
treatments (Smilanick et al., 1999; Palou et al., 2001). By using the
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SOT-NaHCOs3, we obtained an additive effect among compounds
that reduced the incidence of green mold up to 95%. Since the effect
of this treatment was optimal around 24 h post-inoculation (Fig. 5),
we consider that the treatment is more effective when conidia start
to germinate. This is in agreement with our previous results that
indicated that fungi are more sensitive to the SOT in the mycelial
stage (Cerioni et al., 2010).

The observed additive effect may be due to the different tar-
gets of the compounds included in the SOT-NaHCO3 used. Whereas
SOT generates oxidative stress and damages the pathogen directly
(Cerioni et al., 2010), NaHCO3 salt prevents infection by fungal
pathogens, which need an injury on the fruit surface, by leaving
a protective film against future infections (Venditti et al., 2005).
According to the work by Usall et al. (2008), sodium bicarbon-
ate treatment protects wounds present at the time of treatment
from later infections, but it does not protect the uninjured rind
from later infections. When applied alone, sodium carbonates are
partially effective in controlling green mold on lemons (Smilanick
et al.,, 1995), oranges (Smilanick et al., 1997, 1999; Palou et al.,
2001) and, with less effectiveness, clementine mandarins (Palou
etal,, 2002a). Although, it has not been completely elucidated, their
mode of action appears to be primarily fungistatic and in contrast
to synthetic fungicides, these salts are not very persistent fungi-
cides. Bicarbonates may act against fungi by buffering an elevated
pH environment and by increasing osmotic levels on surfaces, both
conditions being detrimental to fungal spores (Palmer et al., 1997).
There is evidence that high pH alone cannot explain the inhibitory
action of these salts (Homma et al., 1981). And that other mech-
anisms (e.g. inactivation of extracellular enzymes from Penicillium
species and alteration membrane physiology by direct contact with
the cellular membrane at concentration below saturation) may be
involved (Palmer et al., 1997). Thereby, the SOT-NaHCO3 protects
lemons by at least a direct action on the fungus itself and by favor-
ing wound healing. Further studies are needed to define if other
mechanisms are also involved.

Synthetic chemical fungicides generally have a specific action
site (Schmidt et al., 2006; Kanetis et al., 2008b). After repeated
exposures to the fungicide, resistant mutants become progressively
prevalent in the pathogen population. In contrast, oxidative stress
produced by the SOT involves damage to different cellular levels.
Thus, the emergence of resistant fungal strains will be relatively
unlikely.

Lemons treated with SOT and sodium bicarbonate were periodi-
cally assessed during long refrigerated storage. Our results indicate
that upon application of the oxidative treatment, the physiological
state of fruit peel in stored lemons did not show significant differ-
ences compared to the control. The only parameter that changed
was the level of MDA in lemon flavedo treated with oxidative treat-
ments (SOT-NaHCO3 and 4.85molL~! H,0,) immediately after
treatment (time zero), but it reached levels similar to the negative
control two days after. In this context, it has been reported that
stress (drought and salinity) and MDA appearance were linked to
reduced activity of antioxidant enzymes and a decrease in polar
antioxidant compounds (ascorbic acid and glutathione) (Hossain
et al., 2009). In citrus plants exposed to abiotic stress (e.g. flooding,
salinity), it also induced the synthesis of dehydrin proteins, free
radical scavengers which prevent lipid peroxidation and chelates
metals (Hara et al., 2004, 2005). The antioxidant compounds
presentin lemon peel (Alquezar et al., 2008; Guimaraes et al.,2010)
may contribute to the rapid decline of MDA values to control levels.

In plants, many of the antioxidant compounds have a pheno-
lic structure or are derived from phenolic compounds (Rice-Evans
et al., 1996). For example rutin and quercetin are also effective
antioxidants and chelating agents (Mira et al., 2002). However, in
this work total phenolics in flavedo and albedo did not change after
application of SOT-NaHCOs.

In summary, this study presents a promising strategy that com-
bines methods to effectively control postharvest green mold of
citrus fruit and offers an alternative to the use of conventional
fungicides used now in citrus packinghouses. SOT-NaHCO3 appli-
cation to P. digitatum infected lemons significantly reduced green
mold incidence. This treatment consisted of three 2-min sequen-
tial baths: first 200mgL-! NaClO, second 600 mmolL-! H,0, in
the presence of 6mmolL~! CuSOy4, and third 30gL~! NaHCOs.
After this treatment, no changes in appearance or weight were
observed in the fruit. In addition, phenolic contents and oxygen
consumption rates in flavedo and albedo tissues were not affected.
The SOT-NaHCO; established in this study may be an efficient
and alternative way for controlling of P. digitatum and other cit-
rus postharvest pathogens, decreasing or replacing the application
of synthetic fungicides. In addition, this treatment includes com-
pounds that break down quickly and therefore, are harmless to
lemons, the environment, and human health.
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