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ABSTRACT 

  

 Four fungicides (imazalil, thiabendazole, fludioxonil and azoxystrobin) and sodium bicarbonate were 

evaluated separately or in mixtures in laboratory against Penicillium digitatum causing green mold disease of 

orange fruit. Depending upon EC50 values of the tested fungicides, the in vitro studies showed that fludioxonil 

exhibited the highest fungicidal activity against P. digitatum growth followed by azoxystrobin, imazalil and 

thiabendazole. The highest concentration of sodium bicarbonate (3000 µg / ml) inhibited the fungus growth by 

87.00 %. Interestingly, the addition of sodium bicarbonate to the fungicide-amended medium greatly increased 

the fungicidal effects against P. digitatum. All the tested fungicide and sodium bicarbonate treatments were 

evaluated separately or when combined against the green mold decay on Navel oranges. Although, the separate 

treatments significantly reduced the disease incidence, fungicides treatments were better than sodium 

bicarbonate. Moreover, the addition of sodium bicarbonate improved the performance of fungicide treatments 

against the green mold decay disease caused by P. digitatum.             
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Introduction 

 

 Citrus is grown in over 100 countries on six continents (Saunt, 2000), with a worldwide crop of about 70 

billion kg in 2004 (Anon, 2005), and its production exceeds that of any other fruit. It is essential to control 

postharvest diseases in order to maintain the quality and prolong the shelf life of citrus fruit, particularly in a 

market where transport from producer to consumer may take several weeks and storage in packinghouses can 

exceed 3 months. Green mould of citrus, caused by Penicillium digitatum (Pers.: Fr.) Sacc., is the most 

economically important postharvest disease of citrus in arid growing regions of the world (Zhang & Swingle, 

2005; El-Mougy et al., 2008 and Montesinos-Herrero et al., 2011). The pathogen infects through fruit injuries 

that mainly occur during harvest and subsequent postharvest handling (Brown, 1979 and Eckert & Eaks, 1989). 

In storage, the disease may result in complete collapse and liquefaction of infected fruit. Juices dripping from 

infected fruit can readily spread the pathogen to healthy fruit (Eckert & Eaks, 1989). 

 Two commercially registered postharvest fungicides, imazalil and thiabendazole, have been used 

commercially for citrus postharvest treatments (Bus, 1992; Lopez-Garcia et al., 2003; Adaskaveg et al., 2004; 

Smilanick et al., 2005, 2006a and 2008; Zhang, 2007; Plooy et al., 2009 and Sanchez-Torres & Tuset, 2011). 

Extensive and repeated use of these fungicides for a long period of time has caused development of fungicide 

resistant populations within Penicillium species in some commercial packinghouses (Adaskaveg et al., 2004 and 

Smilanick et al., 2006b). The USEPA has considered these two old fungicides as likely carcinogenic 

compounds, and there is a potential that these fungicides may be removed from markets due to increasingly 

restrictive regulations of the USEPA (Zhang, 2007). Therefore, effective and relatively safe alternative 

compounds to these two traditional fungicides are needed. In the past few years, new compound, fludioxonil has 

been registered for citrus postharvest treatment for decay control (USEPA, 2004). Azoxystrobin is also in the 

process of USEPA registration for citrus postharvest use. Each of these two new compounds belongs to a 

different chemical class, thus having a different mode of actions against postharvest fungal pathogens. The 

USEPA has classified fludioxonil and azoxystrobin as reduced-risk compounds (Adaskaveg et al., 2004). This 

indicates that these two new compounds should have more favorable properties compared to the two old 

fungicides. The two new chemicals have extensively been evaluated for green mold control (Smilanick et al., 

2006b; Zhang, 2007; Kanetis et al., 2007 and McKay, et al., 2012). 

 Sodium bicarbonate (NaHCO3), commonly known as baking soda, was selected for integration with the 

fungicides. It is a common food additive for pH adjustment, taste, texture modification and spoilage control and 

has been shown to have antimicrobial activity against P. digitatum on citrus fruit (Smilanick et al., 1999 & 

2005; Zamani et al., 2008 and McKay et al., 2012). Also, the addition of sodium bicarbonate improved the 

performance of citrus postharvest fungicides for management of green mold decay. It improves the activity of 

imazalil (Smilanick et al., 2005), thiabendazole (Smilanick et al., 2006a), pyrimethanil (Smilanick et al., 2006b) 

and propiconazole (McKay et al., 2012) for the control of green mold. 
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 The focus of this study was to evaluate the potential of four fungicides (imazalil, thiabendazole, fludioxonil, 

azoxystrobin) and sodium bicarbonate used alone or in combination with fungicides for the green mold control 

on orange fruit. 

 

Materials and Methods 

 

Fungus: 

 

 An identified isolate of Penicillium digitatum, the causal agent of green mould of citrus fruits, was obtained 

from Plant Disease Institute, Agricultural Research Center, Giza. 

 

Compounds: 

 

Fungicides:  

 

 Four fungicides were used, i.e. imazalil, (IUPAC) (±)-1-(β-allyloxy-2,4-dichlorophenylethyl)imidazole 

(Fungaflor, 80 % E.C.), thiabendazole, (IUPAC) 2-(thiazol-4-yl)benzimidazole (Tecto, 50 % S.C.), fludioxonil, 

(IUPAC) 4-(2,2-difluoro-1,3-benzodioxol-4-yl)pyrrole-3-carbonitrile ( Celest, 10 % F.S.) and azoxystrobin, 

(IUPAC) methyl(E)-2-{2-[6-(2-cyanophenoxy)pyrimidin-4-yloxy]phenyl}-3-methoxyacrylate (Amistar, 25 % 

S.C.). 

 

Sodium bicarbonate: NaHCO3 

 

In vitro fungitoxicity test: 

  

 A study was conducted to estimate the fungicidal activity of the tested fungicides and sodium bicarbonate. 

Each fungicide was diluted in sterile distilled water, then added to cooled PDA medium at concentrations of 

0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1.0 and 5.0 µg a.i. / ml. Sodium bicarbonate was amended in PDA medium at 

concentrations of 250, 500, 1000, 1500,2000,2500 and 3000 µg / ml. In other trials, PDA media amended with 

different concentrations of each fungicide were further amended with 1000, 2000 and 3000 µg / ml sodium 

bicarbonate. The poisoned media were poured in plates (9 cm diameter), other plates containing compounds-free 

medium were used as control treatment. The medium was seeded by 0.4 cm diameter disk, removed from 7 day-

old culture of the fungus, on solidified medium and incubated for 7 days at 25
o
 C. Each treatment was replicated 

four times. Growth on the fungicides, sodium bicarbonate and their mixtures amended media was determined by 

measuring the colony diameter (cm). The percentage of growth inhibition was calculated relative to the control 

treatment. The concentration giving 50 % liner growth inhibition (EC50) was determined by regression analysis 

of the log probit transformed data (Finney, 1971). 

 

Control of green mold: 

  

 This trial was conducted to investigate the efficiency of fungicides and sodium bicarbonate applied alone or 

in mixtures for controlling the incidence of artificial infection with green mold on navel orange under laboratory 

conditions. Healthy uniform navel oranges were used in this trial. The fruits were washed with soap, rinsed with 

fresh water, and washed again with 70 % ethanol for surface sterilization. After drying, the fruits were 

inoculated artificially with P. digitatum. Inoculation was performed according to Eckert & Kolbezen (1977) by 

making a scratch 1.0 cm long and 0.1 mm deep in the rind on both sides of each fruit and then applying dry 

spores dust to the scratches with a small brush. Twenty four hours after inoculation, orange fruits were treated 

with the tested fungicides, sodium bicarbonate and their mixtures by using dipping method in the solutions for 

30 seconds. Fungicides were evaluated either separately or in mixtures with sodium bicarbonate at 250, 500, 

1000, 1500 and 2000 µg a.i. / ml, whereas sodium bicarbonate was evaluated separately at 1x10
4
, 2x10

4
 and 

3x10
4
 µg / ml, as recommended concentrations, and in mixtures with the fungicides at 1000, 2000 and 3000 µg / 

ml. All treatments were replicated 3 times and each replicate contained 8 oranges. Other fruits were dipped in 

water only as control treatments. The treated fruits were air – dried, and inspected for decay 15 days after 

storage in plastic bags at 25
o
 C. The efficacy of each treatment was determined according to the equation 

described by Samoucha & Cohen (1989) as follows: PCE = 100 (1- x / y), where PCE percentage of control 

efficacy, x = number of decayed fruits in treatment and y = number of decayed fruits in control treatment. The 

results were statistically analyzed according to Snedecor & Cochran (1969). 
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Results and Discussion 

 

Sensitivity of the fungus to fungicides and sodium bicarbonate: 

  

 In vitro sensitivity of Penicillium digitatum to fungicides and sodium bicarbonate was determined. The 

concentrations that inhibit 50 % of the fungal growth (EC50 values) of the tested compounds are listed in Table 

(1). The results showed that increasing the concentration of imazalil, thiabendazole, fludioxonil and 

azoxystrobin gradually reduced the growth of the tested fungus. For example, these fungicides at 0.1 µg / ml 

reduced growth of P. digitatum by 51.89, 29.67, 72.22 and 55.56 %, respectively. Such inhibition rates recorded 

81.44, 55.56, 79.67 and 83.33 %, respectively when the same fungicides applied at 0.5 µg / ml. Moreover, at 5.0 

µg / ml, fludioxonil and azoxystrobin completely inhibited the fungal growth, whereas imazalil and 

thiabendazole exhibited 96.33 and 90.78 % inhibition, respectively. Similar results were obtained with sodium 

bicarbonate which caused inhibition rates of 7.44, 11.11, 29.67, 42.56, 70.33, 75.89 and 87.00 % when applied 

at 250, 500, 1000, 1500, 2000, 2500 and 3000 µg / ml, respectively. 

 
Table 1: Growth inhibition percent of Penicillium digitatum grown on PDA medium amended with different concentrations (µg a.i* / ml) of 

fungicides and sodium bicarbonate. 

Concentrations 

µg a.i*/ml 
 

Fungicides Sodium bicarbonate 

Imazalil Thiabendazole Fludioxonil Azoxystrobin Concentrations 
µg a.i*/ml 

Inhibition 
% Inhibition 

% 
Inhibition % Inhibition % Inhibition % 

0.001 1.89 3.67 7.44 1.89 250 7.44 

0.005 1.89 3.67 11.11 3.67 500 11.11 

0.01 7.44 5.57 20.44 9.33 1000 29.67 

0.05 24.11 14.78 40.78 25.89 1500 42.56 

0.1 51.89 29.67 72.22 55.56 2000 70.33 

0.5 81.44 55.56 79.67 83.33 2500 75.89 

1.0 85.22 77.78 88.89 87.11 3000 87.00 

5.0 96.33 90.78 100.0 100.0 -- -- 

EC50** 0.148 0.31 0.06 0.11  1367 

*active ingredient 

**EC50 = A concentration as µg a.i / ml that give 50 % inhibition of the fungal growth. 

 

 The results also indicated that fludioxonil exhibited the highest fungicidal effect on the mycelial growth of 

P. digitatum followed by azoxystrobin, imazalil and thiabendazole with EC50 values of 0.06, 0.11, 0.148 and 

0.31 µg / ml, respectively, whereas sodium bicarbonate was the least effective agent against the fungus (EC50 = 

1367 µg / ml). 

 Similar results were recorded by (Lopez-Garcia et al., 2003; Smilanick et al., 2008; Plooy et al., 2009 and 

Sanchez-Torres & Tuset, 2011) on imazalil and thiabendazole against P. digitatum under laboratory condition. 

Based on the EC50 values, the isolate of P. digitatum is considered to be more sensitive to imazalil than 

thiabendazole. Mahmoud & Khalifa (2005) found that ergosterol biosynthesis inhibitors such as imazalil are 

more potent to P. digitatum growth than those inhibit the spindl formation such as thiabendazole. It has been 

suggested that ergosterol biosynthesis inhibitors could be used for controlling fungi-resistant to benzimidazole 

fungicides (Eckert & Wild, 1983 and Mahmoud, 1986).  

 The results indicated that fludioxonil and azoxystrobin fungicides exhibited high fungicidal effects against 

the mycelial growth of P. digitatum with EC50 values of 0.06 and 0.11µg / ml, respectively. These findings are 

in accordance with those previously recorded. Zhang (2007) and Kanetis et al. (2008a) reported that EC50 values 

of fludioxonil on P. digitatum were 0.02 and 0.02 - 0.04 µg / ml, respectively. Also, Kanetis et al. (2007) found 

that azoxystrobin effectively suppressed sporulation of P. digitatum. 

 The results also indicated that sodium bicarbonate at high concentrations (2000, 2500 and 3000 µg / ml) 

possess an inhibitory effect to mycelial growth of P. digitatum. This result was confirmed by Smilanick et al. 

(1999) who found that sodium bicarbonate at14.1 mM effectively inhibited the germination of P. digitatum 

spores. Also, they found that sodium bicarbonate was fungistatic because spores removed from the solution 

germinated in potato dextrose broth. Obagwu & Korsten (2003) showed that sodium bicarbonate had an 

inhibitory effect on spore germination and subsequent development of P. digitatum 1n vitro. Zamani et al. 

(2009) found that sodium bicarbonate solutions at different concentrations decreased spore germination of P. 

digitatum from 11% to 83%. 

 

Effect of sodium bicarbonate on the fungicidal activity: 

  

 Data tabulated in Table (2) show the effects of sodium bicarbonate on the fungitoxic action of the tested 

fungicides against P. digitatum. The results clearly indicated that the EC50 values of fungicide - sodium 
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bicarbonate mixtures were lower than that of the values of the corresponding fungicide alone which indicated 

that the addition of sodium bicarbonate enhanced the potency of the fungicides. 

 
Table 2: The effect of sodium bicarbonate on the activity of different fungicides against Penicillium digitatum.. 

Fungicides EC50 of the 

fungicides  

(µg / ml) 

EC50 of the fungicides + sodium bicarbonate 

1000 µg / ml 2000 µg / ml 3000 µg / ml 

0.00 fungicide 1367 EC50* S.E. ** EC50* S.E. ** EC50* S.E. ** 

Imazalil 0.148 0.08 1.85 0.053 2.79 0.04 3.70 

Thiabendazole 0.31 0.14 2.21 0.10 3.10 0.062 5.00 

Fludioxonil 0.06 0.042 1.43 0.037 1.62 0.019 3.16 

Azoxystrobin 0.11 0.073 1.51 0.036 3.06 0.023 4.78 

* EC50 = A concentration as µg a.i / ml that give 50 % inhibition of the fungal growth. 
* *S.E. = Synergistic Effect = EC50 of the fungicide alone / EC50 of the mixture 

 

 The results showed that the potency of the tested fungicides against P. digitatum markedly increased by 

adding sodium bicarbonate. For example, imazalil had EC50 value of 0.148 µg / ml when used separately but 

recorded EC50 values of 0.08, 0.053 and 0.04 µg / ml and fungitoxic activity increments of 1.85, 2.79 and 3.70 

folds when mixed with 1000, 2000 and 3000 µg / ml sodium bicarbonate, respectively. Similar trends were 

observed with the other tested fungicides, as their fungitoxic activities were increased by 2.21, 3.10 and 5.00 

folds for thiabendazole, by 1.43, 1.62 and 3.16 folds for fludioxonil and by 1.51, 3.06 and 4.78 folds for 

azoxystrobin when such fungicides were combined with 1000, 2000 and 3000 µg / ml sodium bicarbonate, 

respectively. 

 Generally, the fungicidal activity of the tested fungicides was increased by adding sodium bicarbonate. 

These data are in agreement with those reported in previous studies (Smilanick et al., 2008; Dore et al., 2009; 

Montesinos-Herrero et al., 2011 and McKay et al., 2012). 

 

Control of green mold: 

 

 Effect of fungicides at 250, 500, 1000, 1500 and 2000 µg / ml and sodium bicarbonate at 1000, 2000 and 

3000 µg / ml were evaluated separately and in combinations for controlling green mold disease on orange fruits. 

Moreover, the effects of sodium bicarbonate at 1x10
4
, 2x10

4
 and 3x10

4
 µg / ml, as recommended 

concentrations, were separately evaluated. Results in Table (3) show that the separate treatments of both 

fungicides at 250, 500 and 1000 µg / ml and sodium bicarbonate at all concentrations except 2x10
4
 and 3x10

4
 µg 

/ ml slightly controlled the incidence of green mold disease, but other concentrations of fungicides (1500 and 

2000 µg / ml) and sodium bicarbonate (2x10
4
 and 3x10

4
 µg / ml) sufficiently controlled it. The separate 

treatments of fludioxonil and azoxystrobin exhibited the highest controlling rates followed by imazalil, 

thiabendazole and finally sodium bicarbonate with corresponding controlling rates of 91.63, 87.50, 79.13, 75.00 

and 70.88 % at their higher concentrations. Such findings are in agreement with those previously reported. Bus 

(1992) cited that fungicides belonging to the imidazole (imazalil) and benzimidazole (thiabendazole) groups are 

commercially applied to control postharvest citrus decay. Smilanick et al. (2006b) and Zhang (2007) stated that 

imazalil showed a persisted activity for sporulation suppression of P. digitatum. Also, Lopez-Garcia et al. 

(2003) indicated that imazalil is an inhibitor of ergosterol biosynthesis and thiabendazole acts avoiding tubulin 

polymerization and inhibit mitosis. 

 On the other hand, the recent registration of fludioxonil and azoxystrobin introduced new classes of 

fungicides with new modes of action that allow the effective control of decay caused by widespread populations 

of Penicillium spp. that are resistant against the older fungicides imazalil and thiabendazole (McKay et al., 

2012). The antisporulation activity of some compounds such as fludioxonil and azoxystrobin may be increased 

when applied in a fruit coating (Kanetis et al., 2007). Cochran et al. (2003) reported that fludioxonil and 

azoxystrobin significantly reduced green mold incidence on Valencia oranges. Schirra et al. (2005) found that 

fludioxonil is very effective and almost completely controlled postharvest green mold on Tarocco oranges when 

applied at 100 mg / L at 50
o
 C. Zhang (2007) and Smilanick et al. (2008) reported that fludioxonil at 250 mg / L 

did not significantly reduce the green mold incidence on oranges, whereas concentrations between 500 and 2000 

mg / L caused sufficient, but not completely, controlling. 

 In addition, many researchers (Palou et al., 2001; Smilanick et al. 1999&2008 and Kanetis et al., 2008b) 

reported that the postharvest pathogens of citrus using drench or soak treatments with alkaline solutions of 

carbonate or bicarbonate salts may be managed. Sodium bicarbonate is inexpensive, readily available and could 

be used with minimal risk of injury to the fruit. However, it is a poor eradicant unable to kill spores and its 

inhibitory effect is not very persistent. Its inhibitory activity depends on the presence of salt residues within the 

wound infection sites occupied by the fungus and on interactions between this residue and constituents of the 

peel (Palou et al., 2001). They reported a reduction of up to 90 % in the incidence of green mold after treating 
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artificially inoculated fruit with different concentrations of sodium bicarbonate. However, McKay et al. (2012) 

found that sodium bicarbonate was significantly more effective when used at 3 % than at 1 %. 

 
Table 3: Percentage of control efficiency of sodium bicarbonate and fungicides alone or mixtures against incidence of green mold on orange 

fruits caused by Penicillium digitatum. 

 

 
Compounds 

concentrations (µg / ml) Percentage of control efficiency 

                        Separate 
                      treatments 

 

 
Separate 

treatments 

Candidate concentrations of Sodium bicarbonate 

1000  
µg / ml 

2000  
µg / ml 

3000  
µg / ml 

LSD at 
5% 

4.13 8.38 12.5 4.85 

 

Sodium bicarbonate 

(1x104)* 45.88 - - - - 

(2x104)* 58.38 - - - - 

(3 x104)* 70.88 - - - - 

 

 

Imazalil 

250 8.38 16.63 25.00 33.38 8.25 

500 12.50 25.00 37.50 45.88 9.27 

1000 33.38 45.88 54.13 66.63 9.67 

1500 62.5 75.00 83.38 91.63 10.13 

2000 79.13 87.50 95.88 100.0 8.25 

 

 

Thiabendazole 

250 8.38 12.50 20.88 25.00 7.43 

500 12.50 16.63 20.88 33.38 7.54 

1000 25.00 33.38 41.63 54.13 7.93 

1500 58.38 70.88 79.13 91.63 8.14 

2000 75.00 87.50 91.63 95.88 9.34 

 
 

Fludioxonil 

250 12.50 20.88 29.13 37.50 7.93 

500 25.00 37.50 50.00 62.50 10.62 

1000 45.88 66.63 79.13 87.50 11.76 

1500 70.88 79.13 87.50 95.88 7.85 

2000 91.63 95.88 100.0 100.0 7.14 

 
 

Azoxystrobin 

250 8.38 16.63 25.00 29.13 7.56 

500 20.88 29.13 41.63 62.50 8.24 

1000 41.63 58.38 70.88 83.38 10.62 

1500 66.63 83.38 95.88 95.88 9.34 

2000 87.50 91.63 95.88 100.0 7.27 

LSD at 5%  7.56 7.93 8.14 8.25 - 

* The common concentration of sodium bicarbonate reviewed from the literature 

 

 Results in Table (3) also showed that the addition of sodium bicarbonate to the fungicidal treatments greatly 

increased their efficiencies against the incidence of the disease. The addition of 3000 µg / ml sodium 

bicarbonate to the tested fungicidal treatments, imazalil, thiabendazole, fludioxonil and azoxystrobin, each at 

1000 and 1500 µg / ml raised their fungicidal activities against green mold disease from 33.38, 25.00, 45.88 and 

41.63 % to 66.63, 54.13, 87.5 and 83.38 % and from 62.50, 58.38, 70.88 and 66.63% to 91.63, 91.63, 95.88 and 

95.88 %, respectively. Moreover, the fungicidal activities of the tested fungicides at their higher concentration 

(2000 µg / ml) ranged from 75 to 91.63 % which raised to 95.88 – 100 % when the same concentration was 

combined with 3000 µg / ml sodium bicarbonate. Such findings were previously confirmed by Smilanick et al. 

(1999) who reported that the incidence of green mold after the combination of sodium bicarbonate and imazalil 

was significantly less than the imazalil or sodium bicarbonate treatments alone. Superior control of green mold 

after inoculation with P. digitatum was observed when mixtures of sodium bicarbonate and fungicides were 

used (Smilanick et al., 2006b& 2008 and McKay et al., 2012). Moreover, Montesinos-Herrero et al. (2011) 

found that the EC50 of imazalil to a sensitive isolate of P. digitatum at pH 5.9 would be 20.0 x 10
-3

 mg / L, while 

at pH 7.2 the EC50 would be reduced to 5.7 x 10
-3

 mg / L. It is conceivable that the synergism between sodium 

bicarbonate and fungicide treatments occurred due to (1) the increase in fungicide toxicity at higher pH values in 

the wounds where fungicide is in contact with the pathogen, (2) alteration and migration of fungicide residue 

within the wounds at higher pH, if a larger portion of the fungicide was neutral and more oil soluble, its 

distribution within the wound site may have been altered. 

 Treatment with sodium bicarbonate, an alkaline solution, induced natural resistance and structural changes 

within wounds on lemons when co-applied with imazalil (Dore et al., 2009). Addition of sodium bicarbonate is 

useful to reduce concentrations of the fungicides used, which would reduce fungicide costs, to obtain some 

control of fungicide-resistant isolates of P. digitatum. However, disposal of sodium bicarbonate raises 

regulatory issues in some location, because the solution has a high electrical conductivity and pH, and it 

contains sodium, which make disposal of the used solution difficult. Therefore, compounds that could improve 

fungicide performance as sodium bicarbonate does, yet avoid or minimize these disposal problems, would be 

valuable (Smilanick et al., 2008). 

 Generally, the purposes to use this combination to reduce the fungicide concentrations and hence minimize 

residues on fruits and the chemical costs.  
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