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Abstract: Sour rot, caused by Geotrichum citri-aurantii, is a significant post-harvest disease in citrus, 
resulting in economic losses due to the lack of effective fungicides. This study investigates the 
antifungal activity of essential oils from Late IAC 585 willowleaf and Pera IAC sweet orange in 
controlling sour rot in Tahiti acid lime fruits. Essential oils were extracted via hydrodistillation and 
tested in vitro and in vivo. In vitro, assays evaluated mycelial growth inhibition at concentrations 
ranging from 2 to 32 µl ml⁻¹. In vivo trials involved preventive and curative treatments on artificially 
inoculated fruits stored at 25°C ± 2. Results showed that Pera IAC sweet orange oil, at 32 µl ml⁻¹, 
reduced disease severity by 96% in curative treatments. In contrast, Late mandarin oil demonstrated 
moderate inhibition (44%) at the highest concentration in vitro. The oils did not affect key fruit 
quality parameters such as juice yield and total soluble solids. These findings suggest that citrus 
essential oils could be natural alternatives to synthetic fungicides for post-harvest sour rot 
management, combining effectiveness with maintaining fruit quality. Further research is needed to 
explore the mechanisms of action and commercial application potential.  

Keywords: natural fungicides; post-harvest; biocontrol; agricultural sutainaibility 
 

1. Introduction 

Citrus farming plays a crucial role in global agriculture, with Brazil standing out as one of the 
leading citrus producers. In 2022, Brazil ranked as the fourth-largest global producer of limes and 
lemons, with an estimated production of 1.06 million tons [1]. Brazilian production is significant for 
the domestic fresh fruit market and a major exporter of frozen concentrated orange juice in volume 
and value [2]. On the other hand, Brazil exported 2023 about 167 thousand tons of Tahiti acid lime, 
mainly to Europe in 2023, which represents an increase of 113% in the last ten years [3]. However, 
India leads the global market, producing 3.77 million tons of limes and lemons in the same year [1]. 

In citrus, post-harvest diseases are a significant factor that reduces the quantity of fruit available 
to consumers, resulting in a decline in fruit quality and quantity from harvest to the point of sale [4]. 
Sour rot and green and blue molds, caused by Geotrichum citri-aurantii, Penicillium digitatum, and 
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Penicillium italicum, respectively, are the central infections affecting citrus fruit post-harvest, leading 
to losses ranging from 25% to 50% of total production [5,6]. 

Sour rot is one of the most prevalent citrus diseases globally, affecting all cultivated varieties, 
including Tahiti acid lime, and primarily infecting fruit through wounds. Therefore, careful 
harvesting, handling, and storage are crucial to reducing the incidence of this disease. Many chemical 
fungicides used in post-harvest treatments, such as Thiabendazole and Imazalil, commonly used to 
control other post-harvest diseases (green or blue mold), are ineffective against G. citri-aurantii [7]. 
Moreover, some of these products face restrictions in certain countries, contribute to water and soil 
pollution, and promote increased pathogen resistance [8]. As a result, it is essential to find new, 
natural, safe, and environmentally friendly compounds to control sour rot during the post-harvest 
phase. 

Studies indicate that essential oils extracted from plants act as natural fungicides, inhibiting 
fungal growth without leaving harmful toxic residues [9,10]. These oils work directly by inhibiting 
mycelial growth and spore germination and stimulating the production of phytoalexins in plants, 
acting as elicitors [11,12]. 

Essential oils can be extracted from plants through steam distillation, the most common method, 
and by cold pressing the peel of citrus fruits. These oils have perfumery, cosmetics, and food 
applications and are also used as herbicides, insecticides, and fungicides [13]. The compounds in 
essential oils can act directly on pathogens, altering the transmembrane potential, reducing ATP 
synthesis, and causing significant damage to DNA and mitochondria [14,15]. 

Due to the lack of effective commercial fungicides for controlling G. citri-aurantii, citrus essential 
oils are expected to replace traditional fungicides in the management of post-harvest diseases due to 
their excellent multifaceted properties. In this study, we investigated the inhibitory efficacy of citrus 
essential oils against G. citri-aurantii in vitro, their effectiveness in controlling sour rot in vivo in Tahiti 
acid lime fruits, and their impact on fruit quality. 

2. Results 

2.1. Yield of Essential Oils 

The essential oil extraction yield from each sample investigated was quantified and expressed 
as a percentage. The sample with the highest extraction yield was Late IAC 585 (0.16 ml 100g⁻¹), 
followed by BRS Rainha willowleaf mandarins (0.13 ml 100g⁻¹) and Pera IAC sweet orange (0.11 ml 
100g⁻¹). Murcott IAC 221 tangor and Rio IAC 194 willowleaf mandarins had lower extraction yields, 
with 0.08 and 0.06 ml 100g⁻¹, respectively. 

2.2. Bioactivity of Essential Oils on the Mycelial Growth of G. citri-aurantii 

The treatments with essential oils on the mycelial growth of G. citri-aurantii through direct 
contact showed that Late IAC 585 willowleaf mandarin and Pera IAC sweet orange oils at a 
concentration of 32 µl ml⁻¹ achieved average inhibition rates of approximately 44% and 25%, 
respectively (Table 1). Additionally, the oil from mandarin (32 µl ml⁻¹) resulted in a reduction of 
approximately 57% in growth rate compared to the control. These results suggest that essential oils 
of both varieties affect G. citri-aurantii growth in a dose-dependent manner in vitro, making both 
samples viable for in vivo trials for disease control in fruit. 
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Table 1. Effect of essential oil doses on antifungal activity by contact: mycelial growth rate index, the 
area under the mycelial growth curve, and mycelial growth inhibition index of G. citri-aurantii 
compared to the control (cm) in vitro. 

Essential Oil 
samples 

Doses (µl ml−1) MGRI AUMGC % Inhibition 

Ra
in

ha
 

2 1,41 bc 25,13 bc 2,4 ab 
4 1,67 ab 27,50 ab 1,2 ab 
8 1,57 abc 25,38 bc 6,2 ab 
16 1,63 ab 25,94 bc 2,5 ab 
32 1,76 a 22,77 bc 12,0 a 

Tween 1,37 c 24,49 bc 10,6 a 
Control 1,64 ab 30,75 a  
CV (%) 7,2 7,1  

M
ur

co
tt

 ta
ng

or
 

2 1,81 a 27,69 ab 0,70 a 
4 1,52 b 21,83 c 1,64 a 
8 1,19 c 17,92 d 1,87 a 
16 1,25 c 18,64 d 2,25 a 
32 - - - 

Tween 1,64 ab 27,08 b 0,70 a 
Control 1,64 ab 30,75 a  
CV (%) 5,88 5,91  

Ri
o 

W
ill

ow
lea

f 

2 1,82 c 23,61 bc 12,5 a 
4 1,92 bc 24,83 bc 8,48 ab 
8 1,83 bc 23,30 bc 8,95 ab 
16 1,81 c 22,99 c 10,63 ab 
32 1,92 bc 24,80 bc 5,13 ab 

Tween 2,06 ab 25,54 b 3,53 b 
Control 2,29 a 29,39 a  
CV (%) 6,1 4,64  

La
te

 

2 1,71 ab 23,18 ab 0,63 c 
4 2,04 b 26,30 a 4,5 abc 
8 1,95 b 24,89 a 7,75 bc 
16 2,12 a 28,33 a 11,0 b 
32 0,99 b 14,00 b 44,38 a 

Tween 2,06 a 25,55 ab 2,12 bc 
Control 2,29 a 29,38 a  
CV (%) 21,46 20,89  

Pe
ra

 IA
C

 

2 1,72 a 22,09 b 0 b 
4 1,56 ab 30,38 b 0,73 b 
8 1,71 a 19,28 b 0 b 
16 1,23 b 13,43 c 23,70 a 
32 1,27 b 11,51 c 24,83 a 

Tween 1,64 ab 21,53 b 0 b 
Control 1,83 a 25,66 a  
CV (%) 8,70 5,79  

* Means followed by the same letter do not differ according to Tukey’s test at a 5% significance level. 

Although the other oil samples reduced the growth rate index compared to the control and 
showed slight inhibition on the plates, they were less effective at inhibiting the pathogen’s mycelial 
growth. 
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For the mycelial growth rate index, in the evaluation of antifungal activity, none of the oils 
evaluated showed a statistically significant difference from the control (Table 2).  

Table 2. Effect of essential oil doses on the antifungal activity of volatile compounds: mycelial growth 
rate index, the area under the mycelial growth curve, and mycelial growth inhibition index of G. citri-
aurantii compared to the control (cm) in vitro. 

Essential Oil 
Samples 

Doses (µl ml−1) MGRI AUMGC % Inhibition 

Ra
in

ha
 

2 1,69 b 8,02 c 28,22 a 
4 1,76 b 8,46 bc 24,48 a 
8 1,73 b 8,39 bc 25,31 a 

16 1,78 b 8,52 bc 23,23 a 
32 1,94 ab 7,69 c 27,38 a 

Tween 1,62 b 9,00 b 24,06 a 
Control 2,2 a 11,27 a - 
CV (%) 9,97 4,54 17,69 

M
ur

co
tt

 ta
ng

or
 

2 1,69 a 8,20 c 16,75 a 
4 1,76 a 8,46 bc 12,92 ab 
8 1,73 a 8,39 c 13,87 ab 

16 1,78 a 8,52 bc 11,48 ab 
32 - - - 

Tween 1,25 a 9,54 b 5,26 b 
Control 1,73 a 11,17 a - 
CV (%) 15,08 5,60 34,80 

Ri
o 

W
ill

ow
lea

f 

2 2,03 a 8,37 a 4,08 a 
4 1,95 a 7,79 a 6,24 a 
8 1,95 a 8,19 a 6,02 a 

16 1,90 a 7,69 a 7,09 a 
32 1,92 a 7,86 a 11,61 a 

Tween 1,87 a 7,95 a 9,46 a 
Control 1,80 a 8,42 a - 
CV (%) 7,86 8,33 32,62 

La
te

 

2 1,67 ab 9,32 b 2,72 b 
4 1,83 a 9,35 b 5,44 b 
8 1,87 a 9,68 ab 6,46 b 

16 1,50 b 6,25 c 29,93 a 
32 1,49 b 5,84 c 30,95 a 

Tween 1,60 ab 8,74 b 6,42 b 
Control 1,65 ab 10,36 a - 
CV (%) 6,01 4,16 18,79 

Pe
ra

 IA
C

 

2 1,67 ab 8,82 a 2,72 b 
4 1,85 a 8,45 a 4,76 b 
8 1,85 a 8,16 a 7,14 b 

16 1,50 b 5,96 b 29,93 a 
32 1,49 b 5,64 b 30,95 a 

Tween 1,60 ab 8,76 a 4,76 b 
Control 1,66 ab 9,04 a - 
CV (%) 5,77 6,08 16,88 

* Means followed by the same letter do not differ according to Tukey’s test at a 5% significance level. 
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However, regarding the AUMGC, it was noted that Late IAC 585 willowleaf mandarin and Pera 
IAC sweet orange oils, at doses of 16 and 32 µl ml⁻¹, significantly differed from the control, with a 
mycelial inhibition percentage of G. citri-aurantii of approximately 31% for both doses. BRS Rainha 
mandarin oil showed an inhibition percentage of around 25.7% compared to the control treatment, 
with no significant differences among the evaluated dosages. The other tested oils did not inhibit the 
pathogen’s mycelial growth. 

2.3. Effectiveness of Essential Oils in Controlling Sour Rot in Post-Harvest Citrus 

The results for disease severity showed that the contrast between the additional treatment 
(Control) and the triple factorial (Treatment x Oil x Dose) was not significant (p-value = 0.298), 
indicating that the means of the two groups are statistically equal. The interaction was insignificant 
when analyzing the triple factorial (Treatment x Oil x Dose) (p-value = 0.934). In this case, the 
breakdown of factors was examined: Treatment x Oils, Treatment x Doses, and Oils x Dose, where 
only the interactions Treatment x Doses and Oils x Dose were significant (p-value = 0.011 and p-value 
= 0.0068, respectively), as shown in Tables 3 and 4. The data suggest that fruits treated curatively with 
Pera IAC sweet orange oil at a concentration of 32 µl ml⁻¹ statistically differed from the other 
treatments, showing the minor average lesion diameters of sour rot in Tahiti acid lime fruits stored 
at 25°C ± 2. 

Table 3. The area under the disease progress curve (AUDPC), evaluated by the average lesion 
diameter (mm) caused by G. citri-aurantii in Tahiti acid lime fruits treated with Late IAC 585 
willowleaf mandarin and Pera IAC sweet orange essential oils at concentrations of 32 and 64 µl ml⁻¹. 

Treatments 
Doses 

32 µl ml−1 64 µl ml−1 
Preventive 62,31 Aa* 53,47 Aa 
Curative 17,30 Bb 61,17 Aa 

*Means followed by the same letter in the row or column do not differ at a 5% significance level. Tukey’s test 
applied to columns (uppercase letters) and rows (lowercase letters). 

Table 4. The area under the disease progress curve (AUDPC), evaluated by the average lesion 
diameter (mm) caused by G. citri-aurantii in Tahiti acid lime fruits treated with Late IAC 585 
willowleaf mandarin and Pera IAC sweet orange essential oils at concentrations of 32 and 64 µl ml⁻¹. 

Essential Oils 
Doses 

32 µl ml−1 64 µl ml−1 
Late IAC 585 56,02 Aa* 45,10 Aa 

Pera IAC 23,59 Bb 69,54 Aa 
*Means followed by the same letter in the row or column do not differ at a 5% significance level. Tukey’s test 
applied to columns (uppercase letters) and rows (lowercase letters). 

It can also be inferred that in the preventive treatment with Late IAC 585 and Pera IAC oils, the 
64 µl ml⁻¹ dose resulted in a higher AUDPC compared to the 32 µl ml⁻¹ dose, leading to a 48.84% 
reduction in average lesion diameter compared to the lower dose. In evaluating preventive and 
curative treatments at doses of 32 and 64 µl ml⁻¹, there were no statistically significant differences 
compared to the control group for the average lesion diameter of sour rot. In the curative treatment, 
it was found that Pera IAC mandarin oil at 32 µl ml⁻¹ resulted in a lower AUDPC than the higher 
dose, reducing disease severity by 99.3%. 

Regarding the incidence of sour rot, there was no significant difference between the additional 
treatment and the triple factorial (p-value = 0.2178). The triple interaction of factors (Treatment x Oil 
x Dose) was insignificant (p-value = 0.2231). However, the two-way interactions Treatment x Dose 
(p-value = 1x10⁻⁴) and Oil x Dose (p-value = 0.0023) were significant (Tables 5 and 6). Notably, fruits 
treated curatively with orange oil at 32 µl ml⁻¹ showed a positive effect in controlling sour rot. 
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Table 5. Disease incidence evaluated by the percentage of fruits showing sour rot symptoms caused 
by G. citri-aurantii in Tahiti acid lime fruits treated preventively and curatively with 32 and 64 µl ml⁻¹ 
of Late IAC 585 willowleaf mandarin and Pera IAC sweet orange essential oils. 

Treatments 
Doses 

32 µl ml−1 64 µl ml−1 
Preventive 72,90 Aa* 63,89 Ba 
Curative 32,22 Bb 91,48 Aa 

*Means followed by the same letter in the row or column do not differ at a 5% significance level. Tukey’s test 
applied to columns (uppercase letters) and rows (lowercase letters). 

Table 6. Disease incidence was evaluated by the percentage of fruits showing sour rot symptoms 
caused by Geotrichum citri-aurantii in Tahiti acid lime fruits treated with Late IAC 585 willowleaf 
mandarin and Pera IAC sweet orange essential oils at concentrations of 32 and 64 µl ml⁻¹. 

Essential Oils 
Doses 

32 µl ml−1 64 µl ml−1 
Late  IAC 585 mandain 69,89 Aa 70,14 Aa 

Pera IAC 35,23 Bb 85,23 Aa 
*Means followed by the same letter in the row or column do not differ at a 5% significance level. Tukey’s test 
applied to columns (uppercase letters) and rows (lowercase letters). 

Tahiti acid lime fruits were preventively treated with Late IAC 585 oil at a concentration of 64 
µl ml-1, and despite reducing the percentage of diseased fruits by 31.7%, there was no statistical 
difference from the control. We found that Tahiti acid lime fruits curatively treated with Pera IAC 
sweet orange oil at a concentration of 32 µl ml-1 showed a control efficiency of approximately 96% of 
sour rot about the control (Figure 1). 

 
Figure 1. Tahiti acid lime fruits inoculated with Geotrichum citri-aurantii and curatively treated: A) 
control (distilled water) and B) Pera IAC sweet orange essential oil 32µl ml−1. They were stored at 
25°C ± 2 and 70% RH. 

2.4. Fruit quality in citrus after oleo essential treatment 

The application of Late IAC 585 willow leaf mandarin and Pera IAC sweet orange essential oils 
at concentrations of 32 and 64 µl ml⁻¹ did not significantly change the fruit quality parameters 
(average juice yield, total soluble solids (SS), total titratable acidity (TTA), and SS/TTA ratio) under 
commercial conditions when compared to the reference values determined by Pio et al. [16]. This 
indicates that the treated Tahiti acid lime fruits have commercial potential after applying the 
treatments (Table 7). 
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Table 7. Physicochemical characteristics of Tahiti acid lime fruits treated with Late IAC 585 willowleaf 
mandarin and Pera IAC sweet orange essential oils at concentrations of 32 and 64 µl ml⁻¹ and stored 
at 25°C ± 2, 2023 harvest (Citrus Center Silvio Moreira - Cordeirópolis, SP). 

Juice Yield 
Treatments One day 7 days 14 days 

Control 44,4 48,8 51,6 
Late (32 µl ml−1) 52,6 51,5 51,9 
Late (64 µl ml−1) 52,0 53,6 50,0 

Pera Rio (32 µl ml−1) 50,3 44,2 50,3 
Pera Rio (64 µl ml−1) 49,4 45,9 54,6 

Acidity (g 100ml−1) 
Treatments 1 day 7 days 14 days 

Control 5,98 5,96 5,28 
Late (32 µl ml−1) 5,83 6,00 6,27 
Late (64 µl ml−1) 6,78 4,14 5,19 

Pera Rio (32 µl ml−1) 5,92 5,98 6,36 
Pera Rio (64 µl ml−1) 5,81 5,28 5,67 

Total Soluble Solids (°Brix) 
Treatments 1 day 7 days 14 days 

Control 8,9 9,2 10,1 
Late (32 µl ml−1) 9,3 9,7 9,8 
Late (64 µl ml−1) 6,78 9,1 9,5 

Pera Rio (32 µl ml−1) 5,92 9,4 9,9 
Pera Rio (64 µl ml−1) 5,81 9,2 9,5 

Ratio 
Treatments 1 day 7 days 14 days 

Control 1,5 1,5 1,9 
Late (32 µl ml−1) 1,6 1,6 1,6 
Late (64 µl ml−1) 1,4 2,2 1,8 

Pera Rio (32 µl ml−1) 1,6 1,6 1,6 
Pera Rio (64 µl ml−1) 1,5 1,7 1,7 

* Mean values of samples containing ten fruits. 

3. Discussion 

In this study, essential oils from Late IAC 585 willowleaf and Pera IAC sweet orange exhibited 
a slight inhibitory effect on mycelial growth in vitro using the agar diffusion method and volatile 
compound exposure assay, as well as a reduction in Geotrichum citri-aurantii sporulation, a pathogen 
that causes sour rot disease in citrus, one of the most challenging post-harvest diseases in citrus, 
leading to significant economic losses, exacerbated by the lack of effective fungicides [17]. The 
increasing resistance of fungi to synthetic fungicides, such as propiconazole and thiabendazole, 
necessitates alternative strategies that are both sustainable and environmentally safe [18]. In this 
context, essential oils have gained attention due to their antifungal properties and broad acceptance 
for controlling agricultural pathogens. 

Several studies have shown the effects of essential oils on the mycelial growth of 
phytopathogens. For example, mint oil inhibited P. digitatum and G. citri-aurantii for one week [19]. 
Essential oils from Mentha piperita, Mentha spicata, and Mentha suaveolens completely or nearly 
inhibited Botryotinia fuckeliana at 400 µg/ml, with 92–100% mycelial growth inhibition. The same 
authors noted that reducing the dose of M. suaveolens oil to 200 µg/ml resulted in significantly lower 
inhibition levels [20]. Volatile citral applied at 60 ml/L showed potential for controlling sour rot; 
however, high concentrations of volatile citral may cause phytotoxicity symptoms in fruits [21]. 
According to Bhandari et al. [22], the mode of action of essential oils is not fully understood. Still, 
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their effects on post-harvest phytopathogens are mainly attributed to their direct impact on spore 
germination and mycelial growth, disrupting cellular metabolism. 

Previous studies have demonstrated the potential of essential oils as antimicrobial agents, likely 
due to their main volatile components or combinations [22–26]. Citrus peels can extract essential oils, 
with yields ranging from 0.2% to 1.0% depending on variety, agronomic conditions, and extraction 
methods [26,27]. Additionally, orange peel essential oil mainly consists of limonene, β-pinene, and 
myrcene [28]. 

Studies have shown that the volatile compounds in essential oils can cause cell membrane 
disruption, cytoplasmic disorganization, and inhibition of fungal reproduction, which are 
mechanisms that control G. citri-aurantii [5,29]. Cai et al. [18] reported that compounds such as D-
limonene, citral, and eugenol in essential oils disrupt fungal cell membranes and induce reactive 
oxygen species (ROS) formation, leading to cell death. These findings highlight the potential of 
essential oils for citrus citrus’s post-harvest treatment. 

The present research demonstrated that Tahiti acid lime fruits treated curatively were more 
effective in controlling sour rot, reducing lesion diameter by 99.3% and achieving 96% control 
efficacy. Serna-Escolano et al. [30] found that the incidence and severity of sour rot in treated mature 
lemons were significantly higher in curative experiments than in preventive ones, with values of 
58.67%, 40.33%, and 62.33% for 25, 50 mM HP-β-CD-thymol, and propiconazole, respectively. 
Similarly, Regnier et al. [31] demonstrated that essential oils from Cymbopogon citratus, Cymbopogon 
martinii, Origanum vulgare, and Geranium graveolens roseum Bourbon (1000 µl/L), incorporated into 
coatings or applied as curative dips, resulted in a 90% reduction in sour rot compared to the negative 
control. 

Mandarin essential oils, such as those studied by Devite et al. [32], show great potential as 
alternatives to chemical fungicides for controlling phytopathogens. In their study, different 
concentrations of essential oils extracted from mandarin varieties effectively inhibited the mycelial 
growth of Alternaria alternata, a fungus that causes brown spot in citrus. The authors observed that 
essential oil from the IAC 2019 Maria variety, applied at 16 µL·mL⁻¹, demonstrated the highest 
inhibition of fungal growth, significantly reducing disease severity in curative and preventive 
treatments. 

The large-scale applicability of these essential oils has shown promise, mainly due to their 
biodegradability and low toxicity. However, challenges remain concerning their volatility and the 
need for microencapsulation to ensure controlled and prolonged release during storage [30,33,34]. 
Additionally, studies have shown that fruits treated with different essential oils maintain their quality 
parameters, underscoring the importance of understanding optimal concentrations and the 
antagonistic effects against post-harvest pathogens to enhance fruit quality and shelf life [35]. Future 
research should focus on optimizing formulations and exploring combinations of these oils to 
maximize their efficacy in controlling citrus pathogens. However, further research is required to fully 
elucidate the mechanisms of action and optimize the application methods, including 
microencapsulation, to enhance efficacy and longevity during storage. Adopting essential oils in 
commercial citrus operations could reduce reliance on chemical fungicides, addressing fungicide 
resistance issues and environmental pollution. 

4. Material e Methods 

4.1. Essential Oils  

The essential oils were extracted by hydrodistillation using a modified Clevenger apparatus, 
divided into two stages: steam distillation and cohobation [36]. A 400g sample of peel cut with 
approximately 1 cm2 of fresh fruit was used with 800ml of distilled water, heated to 100°C on a 
heating mantle until the mixture reached boiling. The vapor and volatile compounds were directed 
to the condenser for heat exchange, condensing the vapors with cooling water. At this stage, the 
liquid forms of essential oil and water were visualized in the separator tube of the extractor, 
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maintaining a continuous four-hour extraction cycle [36]. The oil was stored in an amber vial, 
protected from light, and kept at 4°C. 

Five essential oils were used in the experiments, from the following varieties: Late IAC 585, BRS 
Rainha, and Rio IAC 194 willowleaf mandarins (Citrus X deliciosa), Murcott IAC 221 tangor (C. X 
sinensis x C. reticulata), and Pera IAC sweet orange (Citrus X sinensis). Ripe fruit peels were used for 
the oil extraction, except for Late IAC 585 mandarin and Pera sweet orange, where the extraction was 
performed using green fruit peels. 

The essential oil yield, expressed as a percentage, was calculated according to the following 
equation: 

Yield (%) = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (𝑚𝑚𝑚𝑚)
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑔𝑔)

 ×  100  

4.2. Bioactivity of Essential Oils on Mycelial Growth of Geotrichum citri-aurantii 

a) Antifungal Activity of Essential Oils by Direct Contact 
Essential oils were incorporated into molten Potato Dextrose Agar - PDA medium (50°C), 

supplemented with Tween 80 (0.5% v/v), and poured into 90 mm Petri dishes. The tested oil 
concentrations were 0 (control), 2, 4, 8, 16, and 32 µl ml⁻¹. After 24 hours, a 5 mm disc from the edge 
of a 7-day-old pathogen colony was placed in the center of each Petri dish, ensuring the fungal 
structures were in contact with the culture medium. The plates were incubated in a BOD chamber at 
27°C with a 12-hour light/dark photoperiod for seven days. 

The evaluation was performed by measuring the fungal colony diameter (two orthogonal 
measurements) daily until one of the treatments reached the total plate diameter. The values obtained 
were used to calculate the percentage inhibition of mycelial growth (PIMG) about the 0 µl ml⁻¹ 
(control), the mycelial growth rate index (MGRI), and the area under the mycelial growth curve 
(AUMGC), as shown in the equations below: 

PIMG = (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ−𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ)
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ

 ×  100  

MGRI = ∑ (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 −𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

   

AUMGC = ∑[((𝑌𝑌𝑌𝑌+𝑌𝑌𝑌𝑌−1)
2

)  ×  (𝑇𝑇𝑇𝑇 + 1 − 𝑇𝑇𝑇𝑇)],   

where Yi and Yi-1 are the colony growth values observed in two consecutive evaluations, and 
(Ti+1 - Ti) is the time interval between evaluations. 

b) Antifungal Activity of Essential Oil Volatile Compounds 
To assess the effect of volatile compounds, the concentrations of 0 (control), 2, 4, 8, 16, and 32 µl 

ml⁻¹ of each essential oil were tested. The essential oil solution was prepared by adding Tween 80 
(0.5% v/v) and distilled water. A 20 µL aliquot of each concentration was deposited onto a sterile 
filter paper disc (5 mm), which was then placed in one compartment of a two-compartment Petri 
dish. In the opposite compartment, a 5 mm disc of pathogen mycelium was placed on the PDA with 
the mycelium facing upward. The plates were sealed with PVC film and incubated at 27°C with a 12-
hour light/dark photoperiod for four days. The colony diameter was measured daily. The values 
obtained were used to calculate the percentage inhibition of mycelial growth relative to the 0 µl ml⁻¹ 
(control), the mycelial growth rate index, and the area under the mycelial growth curve (AUMGC), 
as described in the previous section. 
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4.3. Effectiveness of Essential Oils in Controlling Sour Rot in Post-Harvest Citrus 

Tahiti acid lime fruits were collected, sanitized with neutral detergent, and surface disinfected 
with 0.1% sodium hypochlorite for two minutes. After drying, the fruits were wounded at two 
equidistant points on the equatorial region of the fruits using sterilized needles to a depth of 3 mm. 
The fruits were then inoculated at the wound site with 20 µl of a G. citri-aurantii spore suspension 
containing a concentration of 1x10⁴ conidia ml⁻¹ 24 hours before (preventive treatment) and 24 hours 
after (curative treatment) the application of essential oil from Late willowleaf or Pera IAC sweet 
orange, at doses of 32 and 64 µl ml⁻¹, selected through in vitro assays. The essential oil solution was 
prepared by adding Tween 80 (0.5% v/v) and distilled water. In the control treatment, the fruits were 
treated only with water. The fruits were stored under ambient conditions (25°C ± 2 and 70% relative 
humidity). 

The severity of the disease was evaluated daily by measuring the diameter of the lesions formed. 
The obtained measurements were used to determine the area under the disease progress curve 
(AUDPC) using the equation proposed by Shaner and Finney [37]: 

AUDPC = Ʃ [(𝑌𝑌𝑌𝑌+𝑌𝑌𝑌𝑌+1)
2

× (𝑇𝑇𝑇𝑇 + 1 − 𝑇𝑇𝑇𝑇)],   

where Yi is the lesion diameter at time Ti (in days), and Yi+1 is the lesion diameter at time Ti+1. 
The percentage of healthy fruits determined the incidence. The experimental design for the 

severity and incidence measurements was completely randomized in a triple factorial scheme with 
additional treatment (2x2x2 + 1), where factor 1 refers to the fruit treatment (preventive and curative), 
factor 2 to the essential oils evaluated (Late IAC 585 willowleaf mandarin and Pera IAC sweet 
orange), and factor 3 to the doses (32 and 64 µl ml⁻¹), with the additional treatment being the control. 
Each treatment consisted of 3 replications, with ten fruits per replication. 

4.4. Fruit Quality in Citrus After Oleo Essential Treatment 

The fruits were pre-processed as described in Section 2.3. Tahiti acid lime fruits were treated by 
spraying with different concentrations (0 (control), 32, and 64 µl ml⁻¹) of essential oils from Late IAC 
585 willowleaf mandarin and Pera IAC sweet orange. The quality parameters evaluated were average 
juice yield, total soluble solids (SS), total titratable acidity (TTA), and the SS/TTA ratio. The mean 
values were determined from 10 fruits per treatment 24 hours post-treatment, followed by 
evaluations after 7 and 14 days of storage under ambient conditions (25°C ± 2 and 70% relative 
humidity). 

4.5. Analyses Statistical 

The data obtained were initially subjected to analysis of variance (ANOVA), and subsequently, 
the means were compared using Tukey’s test at a 5% significance level using the R software [38]. Data 
normality was verified using the Shapiro-Wilk test at a 5% significance level. 

5. Conclusion 

The study demonstrated that essential oils from Pera IAC sweet orange and Late IAC 585 
willowleaf offer promising potential as natural antifungal agents for controlling sour rot in post-
harvest citrus, specifically in Tahiti acid lime fruits. Pera IAC sweet orange essential oil, at a 
concentration of 32 µl ml⁻¹, effectively reduced disease severity by approximately 96% in curative 
treatments, with no adverse effects on fruit quality. These results suggest that citrus essential oils 
could be a viable alternative to synthetic fungicides, contributing to more sustainable and eco-
friendly post-harvest management practices. 
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