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Abstract: Penicillium digitatum and Penicillium italicum are responsible for citrus green and blue
moulds (GM and BM), respectively, which are major citrus postharvest diseases. The aim of this
study was to develop an optimal dipping mixture of an aqueous solution of different food additives:
sodium bicarbonate (SB), sodium benzoate (SBen), and potassium sorbate (PS), in combination with
heat, to control GM and BM using response surface methodology. The ranges of SB (0.0%, 3.0%,
6.0%), SBen (0.0%, 0.5%, 1.0%), PS (0.0%, 0.5%, 1.0%) and temperature (20 ◦C, 35 ◦C, 50 ◦C) with a
dipping time of 60s were tested for their impact on GM and BM on artificially inoculated oranges.
Within these tested ranges, SB reduced GM severity and incidences of both GM and BM. PS affected
BM severity and incidence, but not GM. SBen and temperature did not have impact on GM and BM.
The most suitable food additive concentrations were identified to be 4.7% SB, 1.0% SBen and 0.7%
PS, with a dipping solution temperature of 50 ◦C. This treatment was shown to reduce GM and BM
incidence from 85 and 86% on control fruit dipped in tap water at 20 ◦C to 3 and 10%, respectively.
Additionally, the severity of GM and BM was reduced from 64 and 26 mm on control fruit to <1 and
2.8 mm, respectively.

Keywords: Penicillium digitatum; Penicillium italicum; Citrus sinensis; green mould; blue mould; GRAS
salts; heat; response surface methodology (RSM); Box–Behnken design

1. Introduction

Oranges are a widely grown and traded commodity which often require significant
shipping and storage times. The optimum storage temperature for citrus is 2 to 3 ◦C at
85 to 90% relative humidity (RH) allowing for storage times of between 4 and 8 weeks [1].
Postharvest decay is a major problem for the storage of citrus fruit. Penicillium digitatum
(Pers.: Fr.) Sacc. and Penicillium italicum Wehmer are responsible for green and blue mould
(GM and BM) in citrus, respectively, and are the major postharvest pathogens causing
significant commercial costs [2]. These pathogens are currently controlled with commercial
synthetic fungicides such as imazalil. However, consumer and regulatory concerns are
leading to renewed interest in environmentally friendly and safe alternatives to the use of
postharvest fungicides [3,4]. Some food additives or salts classified as generally recognised
as safe (GRAS), such as sodium bicarbonate (SB), potassium sorbate (PS) and sodium
benzoate (SBen), are useful in controlling postharvest decay [5–7] and some commercial
products based on GRAS compounds have been registered to be used within the European
Union and other markets [8].
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PS is a broad-spectrum food preservative that has been considered safe for human
consumption as a food additive [9]. Extensive research has shown synergies between heat
and fungicides when used as a dipping treatment or incorporated into waxes or edible
coatings [10–12]. In both in vitro studies and in vivo trials with citrus, PS has been shown
to inhibit disease-causing fungi and control postharvest decay caused by diseases such as
GM, BM, and stem-end rot caused by Lasiodiplodia theobromae [13,14] and some PS-based
antifungal commercial products for postharvest application are currently available in the
market. Furthermore, PS has also been found to provide additional benefits by inhibiting
Escherichia coli when incorporated into an edible film [9].

The postharvest application of SB has been shown to reduce postharvest diseases
such as GM and BM in citrus and SB dips are commercially used in some citrus packing
houses [13,15]. Short hot water dips can also significantly reduce BM in oranges, although
the treatment was not very persistent and the range between effective and phytotoxic
temperatures was very narrow (45–50 ◦C) [16]. Hot water dips can also reduce postharvest
decay caused by GM and BM in citrus [17], indicating a direct fungistatic effect of hot water.
SBen is another widely used food additive which has been shown to reduce the incidence
of both GM and BM in citrus [18]. Furthermore, increasing treatment temperatures resulted
in increased effectiveness and synergistic activity in controlling postharvest decay. For
example, dip treatments for 60 s with 3% (w/v) SBen solutions heated to 50 ◦C resulted in
about 90% reduction in the incidence of GM and BM on Valencia [18]. In addition, higher
solution temperatures were phytotoxic and longer immersion times did not generally
provide additional effectiveness [18]. Nevertheless, in contrast to PS, SBen has not been
registered in the European Union (EU) as a plant protection product for postharvest usage
in citrus, so it cannot be currently used commercially. SB is commercially used in European
citrus packinghouses because it has been included in the list of basic substances allowed
for citrus postharvest applications [19].

These research studies have clearly shown the positive effects of food additives (PS,
SB and SBen) and elevated treatment temperatures on reducing postharvest decay in citrus.
However, each salt solution, heated or not, was applied as a stand-alone treatment and
little information is available on the effectiveness of mixtures of these different GRAS
salts to control postharvest decay in citrus. Response surface methodology (RSM) is a
useful methodology to show the interactive effects between different independent and
response variables [20], which can reduce time and cost by simultaneously assessing
numerous experimental parameters at once. Therefore, RSM can be a valuable resource to
systematically investigate the interactions and additive effects of these food additives and
high treatment temperatures. This study seeks to fill this knowledge gap and determine
the optimal dipping solutions of the food additives SB, SBen and PS (at concentrations of
0.5 to 6.0%) combined with elevated but non-phytotoxic treatment temperatures (20–50 ◦C)
using RSM for the control of GM and BM in artificially inoculated ‘Valencia’ oranges.

2. Materials and Methods
2.1. Fruit and Fungal Inoculation

Fungicide-free oranges (Citrus sinensis L. Osbeck) cv. Valencia from a commercial
orchard (Hanwood, NSW Australia), were used for decay assessments at NSW Department
of Primary Industries at Ourimbah, NSW Australia. Blemish-free fruit were harvested
at commercial maturity with total soluble solids (TSS) 13.7% ◦Brix, titratable acidity (TA)
0.85% citric acid and TSS/TA ratio of 16.1. After harvest, fruit were washed with 50 µL/L
free chlorine (HyChlor, Glendenning NSW Australia) water at room temperature (20 ◦C) and
allowed to air dry. Fruit were then sorted, graded, and randomised into treatment units.

Fruit were inoculated with GM and BM spores at opposite points on each orange.
Wild type GM and BM spores (3.4 × 106 spores per mL) obtained from NSW Department
of Primary Industries citrus pathology laboratory were inoculated into a wound in each
orange. Infection was conducted by dipping a stainless-steel rod into the inoculum solution,
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and then puncturing the rod tip 2 mm deep into the fruit [21]. Inoculated fruits were then
incubated for 24 h at 20 ◦C and 95% RH before treatment [21].

2.2. Food Additives

Chemicals used in this study were all food grade and purchased from different sources.
SB (NaHCO3) was purchased from ETi SODA Co., Ltd. (Beypazarı Ankara, Turkey). SBen
(C7H5NaO2) was purchased from Wuhan Youji Industries Co., Ltd. (Wuhan, China). PS
(C6H7KO2) was sourced from Nantong Acetic Acid Chemical Co., Ltd. (Nantong, China).
All these products were stored for a maximum period of 12 weeks.

2.3. Experimental Design for Effectiveness of Food Additive Solutions Using RSM

Individual food additives were weighed and mixed with 10 L of tap water at the
required temperature in a 20 L food safe bucket. Hot tap water (60 ◦C) was mixed with cold
tap water (~17 ◦C) to create the treatment temperature which was measured to be within
0.5 ◦C immediately before start of 60 s treatment. The water’s temperature was sustained
solely by its thermal mass throughout the 60 s treatment period, experiencing a decrease
of less than 2 ◦C. The treatment suspension was thoroughly mixed for at least 2 min to
ensure the food additives were completely dissolved. The oranges were then dipped in
each treatment combination for 60 s. Each treatment combination was applied to 20 oranges
and replicated 3 times, except the centre point which was repeated 3 times, meaning it was
replicated a total of 9 times. Each solution was independently prepared and applied.

The infection rates (disease incidence, %) and the lesion diameters (disease severity,
mm) of decay caused by Penicillium spp. on ‘Valencia’ oranges were assessed 7 days after
treatment and incubation at 20 ◦C and 95% RH. For each disease, GM and BM, the incidence
of decay was determined for each treatment unit of 20 fruit, while disease severity was
determined in each orange by measuring the rind decayed soft tissue around the inoculation
point with a flexible ruler. The average of the two directions of lesion radial growth was
used for statistical analysis.

RSM with the Box–Behnken design was employed for starting the experiment and
analysing the impact of four independent factors: different concentrations of SB (0.0–6.0%),
SBen (0.0–1.0%), and PS (0.0–1.0%), and different treatment temperatures (20, 35 or 50 ◦C). Im-
mersion time was considered as a constant factor and fixed at 60 s. Four different response
variables (GM severity, GM incidence, BM severity, and BM incidence) were observed from
each trial assessment. All the different treatment combinations (4 variables x 3 levels) are
presented in Table 1.

Table 1. Box–Behnken treatment design using a 60 s dipping duration.

Independent Variables

Run/Treatment SB SBen PS Temperature (◦C)

Control 0.0% 0.0% 0.0% 20

1 3.0% 0.5% 0.0% 20
2 3.0% 0.0% 0.5% 20
3 0.0% 0.5% 0.5% 20
4 6.0% 0.5% 0.5% 20
5 3.0% 1.0% 0.5% 20
6 3.0% 0.5% 1.0% 20
7 3.0% 0.0% 0.0% 35
8 0.0% 0.5% 0.0% 35
9 6.0% 0.5% 0.0% 35
10 3.0% 1.0% 0.0% 35
11 0.0% 0.0% 0.5% 35
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Table 1. Cont.

Independent Variables

Run/Treatment SB SBen PS Temperature (◦C)

12 6.0% 0.0% 0.5% 35
13 3.0% 0.5% 0.5% 35
14 0.0% 1.0% 0.5% 35
15 6.0% 1.0% 0.5% 35
16 3.0% 0.0% 1.0% 35
17 0.0% 0.5% 1.0% 35
18 6.0% 0.5% 1.0% 35
19 3.0% 1.0% 1.0% 35
20 3.0% 0.5% 0.0% 50
21 3.0% 0.0% 0.5% 50
22 0.0% 0.5% 0.5% 50
23 6.0% 0.5% 0.5% 50
24 3.0% 1.0% 0.5% 50
25 3.0% 0.5% 1.0% 50

Independent variables: sodium bicarbonate concentration (SB, 0.0–6.0%), sodium benzoate concentration (SBen,
0.0–1.0%), potassium sorbate concentration (PS, 0.0–1.0%). Temperature (20–50 ◦C) repeated 3 times with 20 fruit
each except for run 13 which consisted of 3 centre points in this model with 3 replicates each, meaning 9 replicates
of 20 fruit.

The Box–Behnken design (Table 1) was utilised to determine the treatment combi-
nations. Each of these combinations was then tested using 3 replicates with a sample
size of 20 inoculated fruit, which helped in predicting the optimal concentrations and
temperatures. These predictions were subsequently validated through a confirmation test.
This test was conducted using the optimal concentrations, with 4 replicates and a sample
size of 20 inoculated fruit for each replicate, and each replicate was independently prepared
and treated.

2.4. Statistical Analysis

RSM experimental design and analysis was performed using JMP®, (Version <14>,
SAS Institute Inc., Cary, NC, USA, 1989–2023). A model was created using a Box–Behnken
design at three levels for each independent variable with three centre points replicates to
create the equations, to graph the 3D plots, 2D contours of the responses and to calculate
the optimum values for the three concentrations of food additives and dipping temper-
atures from the response variables. The Student’s t-test was conducted using the JMP®

(Version <14>, SAS Institute Inc., Cary, NC, USA, 1989–2023) statistical software to compare
the means of each replicate obtained from the experiment samples. Differences between the
means of GM and BM incidence (%) and severity were taken to be statistically significant
at p < 0.05.

3. Results and Discussion
3.1. Variable Responses from Box–Behnken Design Experiment

The results of the Box–Behnken design with the 25 different dipping treatments with
combinations of concentrations of SB (0.0–6.0%), SBen (0.0–1.0%) and PS (0.0–1.0%) and
solution temperature (20–50 ◦C) are presented in Table 2. The untreated control treatment,
which was only dipped in tap water at 20 ◦C, resulted in GM severity and incidence of
103 mm and 87%, respectively, while BM severity and incidence were 71 mm and 96%.
The fungal inoculation and experimental procedures used in these experiments proved
appropriate, as they achieved good infection rates on the control fruit. All treatments
were significantly different from the control with tested concentrations of SB 3.0%, SBen
1.0%, and PS 0.5% at 50 ◦C (run number 24) being most effective at reducing GM severity
(3.8 mm) and disease incidence (4%), compared with the treatment of SB 3.0%, SBen
0.5%, and PS 1.0% at 50 ◦C (run number 25) being most effective at reducing BM severity
(7.3 mm) and disease incidence (8%) (Table 2).
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Table 2. Box–Behnken design and observed responses of GM and BM severity (mm) and incidence
(%) using 60 s dipping duration.

Independent Variables Dependent Variables Responses

SB SBen PS Temperatures (◦C) GM Severity (mm) GM Incidence (%) BM Severity (mm) BM Incidence (%)

Std Error 4.853 4.95 3.838 4.7

Run/Treatment LSD 13.644 13.91 10.791 13.23

Control 0.0% 0.0% 0.0% 20 103 a 87.5 a 71.28 a 96 a

1 3.0% 0.5% 0.0% 20 2.8 g 4 e 18.26 bcd 22 cdefg

2 3.0% 0.0% 0.5% 20 10 fg 11 de 10.88 cde 11 bcdefg

3 0.0% 0.5% 0.5% 20 24.18 cde 28 c 6.81 e 18 bcd

4 6.0% 0.5% 0.5% 20 4.75 g 5 e 13 cde 14 fg

5 3.0% 1.0% 0.5% 20 5.63 g 6 e 14.25 cde 16 defg

6 3.0% 0.5% 1.0% 20 10.66 efg 12 de 14.08 cde 17 cdefg

7 3.0% 0.0% 0.0% 35 9.67 fg 1 de 28.48 b 33 bcdef

8 0.0% 0.5% 0.0% 35 47.01 b 5 b 10.58 cde 3 bc

9 6.0% 0.5% 0.0% 35 10.22 fg 11 de 16.36 cde 18 fg

10 3.0% 1.0% 0.0% 35 6.25 g 6 e 15.25 cde 18 cdefg

11 0.0% 0.0% 0.5% 35 28.06 c 36 bc 11.51 cde 28 b

12 6.0% 0.0% 0.5% 35 10.17 fg 11 de 7.56 de 13 fg

13 3.0% 0.5% 0.5% 35 9.30 g 10 e 13.63 cde 18 cdefg

14 0.0% 1.0% 0.5% 35 25.25 cd 28 c 11.74 cde 3 bcdef

15 6.0% 1.0% 0.5% 35 7.76 g 08 e 10.54 cde 11 g

16 3.0% 0.0% 1.0% 35 11.75 defg 13 de 15.72 cde 19 cdefg

17 0.0% 0.5% 1.0% 35 25.63 c 28 c 8.2 de 17 bcdef

18 6.0% 0.5% 1.0% 35 2.88 g 4 e 14.25 cde 19 fg

19 3.0% 1.0% 1.0% 35 8.5 g 9 e 15.63 cde 19 fg

20 3.0% 0.5% 0.0% 50 11.13 efg 13 de 19 bc 24 cdefg

21 3.0% 0.0% 0.5% 50 6.94 g 9 e 11.41 cde 14 cdefg

22 0.0% 0.5% 0.5% 50 22.38 cdef 24 cd 15.31 cde 23 bcde

23 6.0% 0.5% 0.5% 50 9.36 fg 9 e 15.38 cde 2 fg

24 3.0% 1.0% 0.5% 50 3.82 g 4 e 8.85 cde 11 efg

25 3.0% 0.5% 1.0% 50 4.44 g 5 e 7.32 e 8 efg

Green mould (GM); blue mould (BM). Independent variables: sodium bicarbonate concentration (SB, 0.0–6.0%),
sodium benzoate concentration (SBen, 0.0–1.0%), potassium sorbate concentration (PS, 0.0–1.0%), temperatures
(20–50 ◦C). Responses are the mean of 3 replicates of 20 fruit each except for run 13 which consisted of 3 centre
points in this model with 3 replicates each, meaning 9 replicates of 20 fruit in total with a SE of 2.802 GM severity
(mm), 0.02857 GM incidence (%), 2.2161 BM severity (mm), and 0.02718 BM incidence (%). Within each dependent
variable response, unlike letters represent means that are significantly different by t-test.

3.2. Fitting of the Models for Prediction of Impact of Food Additives and Temperature on the In
Vivo Development of GM and BM

To assess the reliability of the RSM models for prediction of the impact of food ad-
ditives and temperature on the development of GM and BM in oranges, ANOVA was
conducted, and the results are presented in Figure 1. The results show that the models for
prediction of the impact of food additives and temperature on severity and incidence of
both GM and BM were reliable.

For GM severity, the values predicted by the model matched the actual values from
the experimental data approximately 87% of the time (Figure 1a). While the p value of
lack of fit was not significant (p > 0.05), the p value of the model was significant (p < 0.05),
further confirming the fitting of the model for prediction of the impact of the tested food
additives and temperatures on this response (Figure 1). For BM severity, approximately
59% of the predicted values using the model matched the actual values (Figure 1b). For
the GM and BM incidence, 89% and 72% of the values predicted by the models matched
the actual values (Figure 1c,d). The p value for the lack of fit was not significant while the
p value of the models was significant, showing that the models are reliable for prediction of
the impact of the tested food additives and temperatures.
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Figure 1. Correlations between predicted and experimental values and lack of fit and analysis of
variance for (a) green mould (GM) severity, p > F 0.494, F ratio 1.373; (b) blue mould (BM) severity,
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is the 95% confidence region. Horizontal blue line represents the null hypothesis, with the red line
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The models show the relationships between the variables, including SB, SBen, and PS
concentrations and different temperatures, and responses (severity (mm) and incidence (%)
of GM and BM) are as follows (Equations (1)–(4)):

GM incidence (%) = 0.1051 − 0.1204x1 − 0.0258x2 − 0.0203x3 − 0.0020x4 + 0.0127x1x2 + 0.0365x1x3
−0.0008x2x3 + 0.0208x1x4 + 0x2x4 − 0.0376x3x4 + 0.1067x2

1 − 0.0063x2
2 + 0.0102x2

3 − 0.03443x2
4

(1)

BM incidence (%) = 0.1741 − 0.0416x1 − 0.0103x2 − 0.0385x3 + 0.0012x4 − 0.0085x1x2 + 0.0337x1x3+
0.0378x2x3 + 0.0031x1x4 − 0.0186x2x4 − 0.0265x3x4 + 0.0242x2

1 + 0.0044x2
2 + 0.0272x2

3 − 0.0290x2
4

(2)

GM severity = 9.3012 − 10.6136x1 − 1.6158x2 − 1.9355x3 + 0.0034x4 − 0.1011x1x2 + 3.5066x1x3 + 0.0432x2x3
+1.6058x1x4 + 0.3125x2x4 − 3.6347x3x4 + 9.6717x2

1 − 0.8106x2
2 + 1.3313x2

3 − 3.0251x2
4

(3)

BM severity = 13.6316 + 1.0790x1 − 0.7758x2 − 2.7283x3 − 0.000085x4 + 0.6868x1x2 + 0.0666x1x3 + 3.2837x2x3
−1.5312x1x4 − 1.4835x2x4 − 1.8759x3x4 − 2.5097x2

1 + 0.0627x2
2 + 2.7260x2

3 − 0.8471x2
4

(4)

x1 =
SB − 0.03

0.03

x2 =
SBen − 0.005

0.005

x3 =
PS − 0.005

0.005
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x4 =
Temperature − 35

15
where SB = sodium bicarbonate concentration, SBen = sodium benzoate concentration,
PS = potassium sorbate concentration, GM = green mould, and BM = blue mould.

3.3. Effects of Food Additives and Temperature on Development of GM and BM

The incidence of GM and its severity were significantly affected by SB while SBen,
PS, and temperature did not have an impact on GM incidence and severity (Table 3). This
was unexpected as many other reports have shown the beneficial effects of SBen and PS on
reducing GM and also their synergistic effects with heat [12,22,23]. This observation may
be due to the low concentrations of these salts used in this trial (up to 1%), since higher
concentrations (2–3%) were usually used in most of the cited works. The severity of BM
was impacted by PS, while BM incidence was impacted by both SB and PS. There was no
interaction between SB and SBen; SB and PS; SB and temperature; SBen and PS; SBen and
temperature; or PS and temperature. SBen at a maximum concentration of 1.0% showed no
impact on the disease severity and incidence. For instance, Montesinos-Herrero et al. [16]
reported that SBen effectively reduced GM and BM incidence at concentrations of 3.0%,
but this was not found in this experiment due to the lower concentrations which were
used (<1.0%).

Table 3. Regression coefficients for the quadratic polynomial and analysis of variance from RSM.

GM Severity (mm) GM Incidence (%) BM Severity (mm) BM Incidence (%)

Parameter DF Estimate Prob > |t| Estimate Prob > |t| Estimate Prob > |t| Estimate Prob > |t|

β0 1 9.30117 0.0111 * 0.1051 0.0063 * 13.6316 0.0001 * 0.17412 0.0001 *
β1 1 −10.614 <0.0001 * −0.1204 <0.0001 * 1.07898 0.3866 −0.0417 0.0108 *
β2 1 −1.6158 0.3182 −0.0258 0.1319 −0.7758 0.5305 −0.0103 0.4723
β3 1 −1.9355 0.236 −0.0203 0.2264 −2.7283 0.0423 * −0.0385 0.0166 *
β4 1 0.00341 0.9983 −0.002 0.9014 −0.0009 0.9994 0.00125 0.9292
β12 1 0.10115 0.9706 0.0127 0.6544 0.68677 0.747 −0.0085 0.7284
β13 1 3.50658 0.2164 0.0365 0.2103 0.06661 0.975 0.03372 0.1847
β14 1 1.60581 0.5613 0.0208 0.4659 −1.5313 0.4758 0.00313 0.8984
β23 1 0.04317 0.9874 −0.0008 0.9782 3.28372 0.1404 0.03783 0.1403
β24 1 0.3125 0.9094 0 1 −1.4836 0.4894 −0.0186 0.4529
β34 1 −3.6347 0.2012 −0.0376 0.1974 −1.8759 0.3849 −0.0265 0.2903
β11 1 9.67173 0.0013 * 0.1067 0.0008 * −2.5096 0.1889 0.02422 0.2658
β22 1 −0.8107 0.7336 −0.0063 0.7969 0.06273 0.9728 0.0044 0.8357
β33 1 1.33129 0.5779 0.0102 0.678 2.72606 0.1561 0.02721 0.2143
β44 1 −3.0251 0.2181 −0.0344 0.1751 −0.8471 0.6466 −0.029 0.188

* Significantly different at p < 0.05. SB = sodium bicarbonate concentration, SBen = sodium benzoate concentration
and PS = potassium sorbate concentration. Green mould (GM), blue mould (BM); β0: intercept; β1, β2, β3
and β4: linear regression coefficients for SB, SBen, PS, and TEMP; β12, β13, β14, β23, β24 and β34: regression
coefficients for interaction between SB × SBen, SB × PS, SB × temperature, SBen × PS, SBen × temperature and
PS × temperature; β11, β22, β33 and β44: quadratic regression coefficients for SB × SB, SBen × SBen, PS × PS and
temperature x temperature.

The results presented in Table 3 show that PS at concentrations of 1.0% or lower did not
have a significant impact on both GM severity and incidence, which is supported by [24],
which also found that 1.0% PS at 20 ◦C had no effect on the in vivo development of GM
on lemons infected by a thiabendazole (TBZ)-sensitive strain of GM. In contrast, brief dips
(30–60 s duration) in PS aqueous solutions at 3% effectively reduced GM and BM on
different citrus species and cultivars, including ‘Valencia’ oranges, previously wound-
inoculated with P. digitatum and P. italicum, respectively [23].

The response surface plots presented in Figure 2 show the effect of SB vs. Sben, and
treatment temperature vs. PS, on both GM and BM. It can be seen that all treatment
components influence the development of decay. Figure 2a shows that an increase in
SB predicts that the incidence of GM declines whilst the results in Figure 2b show that
an increase in both temperature and PS results in a decrease in GM incidence. These
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observations are consistent with other studies working with mandarin fruit dipped for 60
or 150 s in SB solutions at 20 ◦C [15].
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Figure 2. Response surface plots showing the interaction impact of independent variables. (a) SB vs.
SBen on incidence of GM, (b) treatment temperature vs. PS on incidence of GM, (c) SB vs. Sben on
incidence of BM, and (d) treatment temperature vs. PS on incidence of BM.

3.4. Prediction and Validation of Optimal Mixture and Concentration of Food Additives and
Temperature to Control GM and BM

The response surface map from the RSM predicted that the ideal concentrations for
the three food additives were SB 4.7%, SBen 1.0%, PS 0.7% and a treatment temperature of
50 ◦C. It was predicted that this optimum combination would result in the greatest reduc-
tions in incidence and severity for both GM and BM (Figure 3). A further confirmatory
trial was conducted with these experimental conditions and the results were within the
expected value tolerances permitted (>0.05), thereby validating the model.

The results from the optimum combination experiment showed that the experimental
value was within the range of the predicted value, suggesting that this model can be
accepted. The optimal solution was able to greatly reduce both GM and BM incidence and
severity (Figure 4).
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Figure 3. Response surface methodology model predictions for the dependent variables’ responses
for the different independent variables. Sodium bicarbonate concentration (SB, 0.0–6.0%); sodium
benzoate concentration (SBen, 0.0–1.0%); potassium sorbate concentration (PS, 0.0–1.0%); temperature
(Temp, 20–50 ◦C).
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Figure 4. Severity (mm) of green mould (GM) (a), severity (mm) of blue mould (BM) (b), incidence
(%) of GM (c), and incidence (%) of BM (d). Control and optimum combination experimental value
error bar representing SE and predicted value error bar representing the predicted range. Each graph
was analysed independently with an alpha 0.05 GM severity (mm) LSD 26.163; BM severity (mm)
LSD 10.582; GM incidence (%) LSD 0.05012; and BM incidence (%) LSD 0.10676.
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4. Conclusions

This study successfully applied RSM to identify effective combinations of SB, SBen,
PS, and temperature for controlling GM and BM, caused by P. digitatum and P. italicum,
respectively, in ‘Valencia’ oranges. SB notably reduced both GM severity and incidence,
along with BM incidence, while it did not significantly affect BM severity. In contrast,
SBen and treatment temperature showed no substantial influence on GM and BM at the
tested concentrations, likely due to the low concentrations of SBen used in these trials
(<1%). By comparison, other research showed significant effectiveness of SBen at higher
concentrations, suggesting a threshold-dependent action. PS, although ineffective against
GM at the tested concentrations, significantly impacted BM severity and incidence.

Utilising RSM models, this study identified an optimal postharvest treatment using a
mixture of SB at 4.7%, SBen at 1.0%, and PS at 0.7%, at a dip temperature of 50 ◦C, which
decreased the incidence and severity of both GM and BM. The reduction in GM incidence
was from 85% in the control group treated with water at 20 ◦C to less than 5% in oranges
treated with this combination. In the case of BM incidence, this reduction was from 87%
to 10%.

Future experimentation should scale up these experimental results for broader com-
mercial application with the aim to control GM and BM on ‘Valencia’ oranges. Furthermore,
similar research could reduce postharvest decay of other commercially important orange
cultivars, such as Navels, mandarins, and lemons. The broader implications of this study
are significant where the recommended treatment could potentially improve postharvest
disease control in ‘Valencia’ oranges, reducing food wastage and increasing shipping toler-
ances, all achieved without the use of synthetic fungicides. Therefore, this approach offers
an environmentally friendly and efficient way of preserving the quality and extending the
shelf life of citrus fruit.
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