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Abstract  
Postharvest losses caused by phytopathogenic fungi can be severe, and low and high temperatures 

can significantly inhibit pathogen development from harvest to marketing. Colletotrichum spp. are 
important post-harvest pathogens of apple, causing losses from 30-80%. The losses are mostly 
managed by fungicide applications, as well as by keeping of fruits in adequate storage. Therefore, effect 
of different storage conditions (cold storage, ultra-low oxygen cold storage, storage at 35°C) of apple 
fruits on Colletotrichum spp. virulence was studied in vivo, and compared with an effect of low and 
high temperatures on mycelial growth of the pathogens in vitro. It was found that both, high and low 
temperatures significantly affect pathogen development, in vitro and in vivo, and that high temperatures 
(35°C) can completely inactivate virulence of C. acutatum, while low temperatures (≤2°C) can 
inactivate virulence of C. gloeosporioides. However, short-term storage of inoculted apple fruits at 5°C 
can cause more pronounced virulence of both Colletotrichum species once they reach room 
temperature. According to the obtained results, combination of postharvest heat treatment with a long-
term cold storage is proposed for complete elimination of Colletotrichum spp. on apple fruits. 
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1. Introduction
Apple fruit quality is significantly affected by pre-harvest technological measures, timing 

and mode of harvest, non-parasitic disease treatments, storage conditions, and environmental 
conditions during sorting, packaging, transport and marketing [1], [2], [3]. Despite newly 
developed fungicides and improved storage technologies in 1960ties and 1970ties, which 
significantly prolonged storage period, postharvest losses caused by phytopathogenic fungi 
are still high [4]. The losses are mostly managed by fungicide applications [5]. However, the 
problems of pathogen resistance to many fungicides, lack of replacement fungicides and 
effects of fungicides on human health and the environment have promoted their restricted use 
and the need to employ alternative methods in control of postaharvest diseases [6]. By 
keeping apple fruits in adequate storage, as well as by application of postharvest heat 
treatments, losses caused by phytopathogenic fungi can be significantly reduced (low 
temperatures inhibit pathogen development from harvest to marketing).  

Colletotrichum spp. are important post-harvest pathogens of apple worldwide, causing 
losses from 30-80% [7], [8]. The species of this genus that commonly occur on apple fruits 
are C. gloeosporioides and C. acutatum. Under warm and humid conditions C. 
gloeosporioides and C. acutatum can cause enormous losses by destroying an entire crop of 
apples just a few weeks before harvest [9]. According to CABI and EPPO data sheets for 
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quarantine pests for Europe little detailed information on economic losses is available for C. 
acutatum, particilarly on apples. In France, on unsprayed strawberry crops, the disease caused 
up to 80% losses, while in Australia the damage on celery amounted 25-50% [10] Moreover, 
it has been reported that in Portugal C. acutatum can affect up to 100% of the fruit on olive 
tree during humid autumns where susceptible cultivars are grown [11].  

Different susceptibility to low and high temperatures of isolates of these two species from 
different hosts has previously been recorded by several authors, including our studies. C. 
gloeosporioides is known to be more susceptible to low temperatures (≤ 5.5 °C) [7], [8]. 

The aim of the paper was to investigate how long and short-term storage of apple fruits 
artificially inoculated with C. gloeosporioides and C. acutatum at low and high temperatures 
affect virulence of these two pathogenic species. 

 
 

2. Material and methods 
a. Fungal pathogens 
Effect of temperature on mycelial growth and virulence was tested on two 

morphologically and genetically different isolates of C. acutatum (non-chromogenic isolate 
HA-3 and chromogenic isolate K-4) and one isolate of C. gloeosporioides (MR-1). For both 
assays, the isolates were cultured on Potato Dextrose Agar medium (PDA), at 25 °C, for 
seven days. Different susceptibility to high and low temperatures was expected to be more 
pronounced between morphologically and genetically different isolates of Colletotrichum spp. 

In the previous study [5], morphological differences between these isolates in 
microscopic and macroscopic characteristics were observed on five different nutrient media, 
and the isolates were identified to the species level by conventional PCR using species-
specific primers. In the same study [5], genetic differences were registered by ITS sequence 
analysis in software MEGA V. 5 [12], and all three isolates were separated in different 
clusters by Maximum Parsimony and Maximum likelyhood methods. 

b. In vitro assay 
Temperature affects almost every fungal activity [13]. Therefore, mycelial growth of the 

isolates of Colletotrichum spp. was monitored at the following temperatures: 2, 4, 5, 6, 7, 20, 
25, 28, 33 and 35°C. Mycelial plugs of colony old seven days cultivated on PDA were placed 
on PDA medium and incubated at the above given temperatures. Growth of the isolates was 
assessed after four and seven days of incubation by measuring diameter of developed colonies 
in two perpendicular directions.  

c. Virulence assay 
Apple fruits, c.v. Golden Delicious (firmness 7.3 kG, starch rating 2.7 (scale 1 to 6), TSS 

11.5%, acidity 0.7%), were surface-sterilized, injured with a sterile cork borer (Ø 4 mm and 3 
mm deep) and artificially inoculated with seven-days old mycelium plugs (Ø 3 mm) of C. 
gloeosporioides and C. acutatum cultured on PDA. Sterile PDA plugs were used in control. 
After inoculation, the fruits were placed in chambers and incubated for three weeks at 5±1, 
35±1 and 21±2 °C, for two months in Ultra Low Oxygen (ULO) cold storage (1±0.3 °C, 0.8% 
O2 and 1% CO2) and for six months in cold storage (2±0.5 °C). The fruits incubated at 5±1, 
35±1 °C and in cold storage were additionally incubated for three weeks at 21±2 °C. 
Diameter of developed necrotic lesions (mm) was measured after three weeks of additional 
incubation at 21±2 °C and compared with the diameter recorded on fruits incubated only at 
21±2 °C for three weeks. 
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d. Statistical analysis 
The obtained data were processed by factorial ANOVA using Software Statistica 12 [14]. 

Duncan’s multiple range test was used to test significance of differences (p≤0.05) between 
mean values of measured diameters of developed necrotic lesions. 

 
3. Results and discussion 

In vitro assay 
According to the factorial ANOVA (Table 1), mycelial growth was significantly different 

at different temperatures as well as between the isolates. The interaction of these two factors 
also significantly affected mycelial growth (p < 0.01). However, temperature was the most 
significant source of variation (SS = 82 924.9). 

 
Table 1. Results of factorial ANOVA for diameter of mycelial growth of 

Colletotrichum spp. isolates incubated at different temperatures 
 

Source of variation 
Sum of 
Squares 

Degrees of 
freedom 

Mean 
square 

F-
value 

Level of 
significance 

SS Df MS F P 
Temperature 82 924.9 11 7 538.6 7 285.7 0.00** 
Isolate 6 626.3 2 3 313.1 3 202.0 0.00** 
Temperature*Isolate 15 255.4 22 693.4 670.2 0.00** 
Error 111.7 108 1.0   

* Statisticaly significant (p<0.05); ** Statisticaly highly significant (p<0.01) 

 
Mycelial growth of the isolates on PDA medium after incubation of seven days at 

different temperatures is shown in the Table 2. 
According to Duncan’s multiple range test (Table 2), differences in mycelial growth at 

different temperatures were significant. At temperatures of 2 and 4°C, no mycelial growth for 
any of the tested isolates was registered after incubation of seven days, as well as for the first 
four days of incubation at 5°C. However, after five-day incubation at 5°C, both C. acutatum 
isolates started to grow, while C. gloeosporioides did not express mycelial growth at this 
temperature. Reverse situation was observed at 35°C. No mycelial growth was registered for 
C. acutatum isolates while C. gloeosporioides grew at this temperature. All isolates expressed 
mycelial growth within interval from 6 to 33°C.  

Temperature of 25°C proved to be the optimal temperature for growth of all isolates. At 
temperatures ≥20°C C. gloeosporioides expressed significantly faster mycelial growth compared 
to C. acutatum. However, at temperatures <20°C non-chromogenic C. acutatum isolate grew 
significantly faster compared to C. gloeosporioides. Chromogenic isolate of C. acutatum had 
significantly faster growth compared to C. gloeosporioides at temperatures < 10°C. 

 
Table 2. Duncan’s multiple range test: significance of differences between means of diameter of 

mycelial growth of Colletotrichum spp. isolates incubated at different temperature 
 

Temperature Isolate 
Mean diameter of mycelial 

growth (mm) ±Sd 

2°C 
C. acutatum (HA-3) 0.01±0.01 a 
C. acutatum (K-4) 0.01±0.01 a 
C. gloeosporioides (MR-1) 0.01±0.01 a 

4°C 
C. acutatum (HA-3) 0.01±0.01 a 
C. acutatum (K-4) 0.01±0.01 a 
C. gloeosporioides (MR-1) 0.01±0.01 a 
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5°C 
C. acutatum (HA-3) 1.00±0.01 ab 
C. acutatum (K-4) 1.00±0.01 ab 
C. gloeosporioides (MR-1) 0.01±0.01 a 

6°C 
C. acutatum (HA-3) 4.5±0.71 d 
C. acutatum (K-4) 2.5±0.71 bc 
C. gloeosporioides (MR-1) 1.00±0.01 ab 

7°C 
C. acutatum (HA-3) 8.75±1.41 f 
C. acutatum (K-4) 4.00±1.41 cd 
C. gloeosporioides (MR-1) 3.75±0.71 cd 

10°C 
C. acutatum (HA-3) 18.75±1.41 i 
C. acutatum (K-4) 8.25±2.12 f 
C. gloeosporioides (MR-1) 13.25±0.71 g 

20°C 
C. acutatum (HA-3) 49.25±1.41 l 
C. acutatum (K-4) 46.75±0.71 k 
C. gloeosporioides (MR-1) 62.00±4.24 o 

25°C 
C. acutatum (HA-3) 50.25±1.41 l 
C. acutatum (K-4) 63.25±1.41 o 
C. gloeosporioides (MR-1) 80.50±0.71 q 

28°C 
C. acutatum (HA-3) 26.00±0.71  j 
C. acutatum (K-4) 54.50±3.54 m 
C. gloeosporioides (MR-1) 78.25±1.41 p 

33°C 
C. acutatum (HA-3) 14.75±4.24 h 
C. acutatum (K-4) 6.50±0.71 e 
C. gloeosporioides (MR-1) 58.25±1.41 n 

35°C 
C. acutatum (HA-3) 0.01±0.01 a 
C. acutatum (K-4) 0.01±0.01 a 
C. gloeosporioides (MR-1) 4.50±0.71 d 

*Values followed with the same letter are at the same level of significance; (±Sd) –Standard deviation 

 
Virulence assay 
According to factorial ANOVA (Table 3), tested isolates expressed significantly different 

virulence on apple fruits (p<0.01). Storage conditions also significantly affected virulence of 
the isolates, and so did the interaction of these two factors (p< 0.01).  

 
Table 3. Results of factorial ANOVA for diameter of developed necrotic lesions on artificially 

inoculated apple fruits by Colletotrichum spp., stored under different conditions and 
after additional incubation at 21±2°C 

 

Source of variation 
Sum of Squares 

Degrees of 
freedom 

Mean square F-value Level of significance 

SS Df MS F P 
Isolate 90 760.5 3 30 253.5 937.08 0.00** 
Storage conditions 64 627.1 4 16 156.8 500.44 0.00** 
Isolate * Storage conditions 39 905.9 12 3 325.5 103.00 0.00** 
Error 5 811.3 180 32.3   

*Statisticaly significant (p<0.05); **Statisticaly highly significant (p<0.01) 

 
Low temperatures (≤ 5±1°C) inhibited virulence of the tested isolates, keeping the 

infections latent, until the fruits were placed at room temperature (21±2°C). During storage at 
35±1°C, no symptoms were observed on fruits inoculated with C. acutatum, while C. 
gloeosporioides caused symptoms on apple fruits under the high temperature. After additional 
incubation of fruits at 21±2°C, Duncan’s multiple range test (Table 4) showed that that long-
term storage (two to six months) of apple fruits at ≤ 2°C, regardless other conditions (O2 and 
CO2 content), completely inactivates the virulence of C. gloeosporioides, while the virulence 
of C. acutatum is significantly decreased. However, a short term storage (three weeks) at 
5±1°C causes significantly increased virulence of all three tested isolates compared to their 
virulence after incubation solely at 21±2°C. Three-week storage at 35±1°C completely 



 Effect of Different Storage Conditions of Apple Fruits on 
Colletotrichum Species Virulence  

Romanian Biotechnological Letters, Vol. 21, No. 1, 2016  11229

inactivated virulence of non-chromogenic isolate of C. acutatum, while virulence of 
chromogenic isolate of this species and C. gloeosporioides was significantly inhibited. 
However, such a long exposure to high temperature severely affected fruit quality. 

Regardless storage conditions, if virulence of the pathogen is not completely 
inactivated, symptoms occur four days after incubation of fruits at room temperature (21±2°C).  

 
 

Table 4. Duncan’s multiple range test: significance of differences between means of diameter of necrotic 
lesions (mm) on artificially inoculated apple fruits by Colletotrichum spp., stored under different 

conditions and after additional incubation at 21±2 °C for three weeks 
 

Storage conditions Storage duration Isolate 
Mean diameter of necrotic 
lesions (mm) ±Sd 

ULO 1±0.3°C 
Two months+ 21 day 
at 21±2 °C 

C. acutatum (HA-3) 60.2 ±6.3 cd        
C. acutatum (K-4) 51.6 ±3.8 b      
C. gloeosporioides (MR-1) 0.0 ±0.0 a 
Control 0.0 ±0.0 a 

c.s. 2±0.5°C 
Six months + 21 day 
at 21±2 °C 

C. acutatum (HA-3) 49.5 ±3.6 b      
C. acutatum (K-4) 57.6 ±3.7 c      
C. gloeosporioides (MR-1) 0.0 ±0.0 a 
Control 0.0 ±0.0 a 

5±1°C 
21 day +  
21 day at 
21±2 °C 

C. acutatum (HA-3) 70.5 ±7.9 e      
C. acutatum (K-4) 79.6 ±7.2 f      
C. gloeosporioides (MR-1) 60.6 ±4 cd        
Control 0.0 ±0.0 a 

21±2°C 21 day 

C. acutatum (HA-3) 63.4 ±7.5 d     
C. acutatum (K-4) 72.5 ±4 e 
C. gloeosporioides (MR-1) 47.5 ±19 b      
Control 0.0 ±0.0 a 

35±1°C 
21 day + 
21 day at 21±2 °C 

C. acutatum (HA-3) 0.0 ±0.0 a 
C. acutatum (K-4) 1.3 ±0.8 a 
C. gloeosporioides (MR-1) 2.8 ±1.0 a 
Control 0.0 ±0.0 a 

*ULO – Ultra Low Oxygen storage (8% O
2

 and 1% CO
2

); c.s. – cold storage with regular atmosphere 

**Values followed with the same letter are at the same level of significance; (±Sd) –Standard deviation 

 
In vitro on PDA medium, C. gloeosporioides expresses no mycelial growth at temperatures 

≤ 5°C, while growth of C. acutatum is present at 5°C, but not at ≤ 4°C.  According to the results 
of this trial, C. gloeosporioides is susceptible to low temperatures and loses its virulence after 
storage at ≤ 2°C, which is in agreement with the previously obtained results [7]. Moreover, 
spores of C. acutatum have been reported to survive much cooler temperatures than spores of C. 
gloeosporioides [7]. This result is very significant concerning that during a four-year study in 
apple storages in Serbia, among all Colletotrichum spp. isolates, only 18% were C. 
gloeosporioides [5]. Therefore, at present, dominant causal agent of apple bitter rot in Serbia is 
species (or complex of species) C. acutatum [5]. The reason for the prevalence of C. acutatum 
over C. gloeosporioides may be found in its tolerance to low temperatures and more frequent 
storage of apple fruits in cold storage at temperatures < 5°C. According to [15], C. acutatum is 
becoming increasingly dominant with > 97% caused infections among Colletotrichum spp., 
while C. gloeosporioides causes about 3% of the infections.   

Some authors [7] noted that cold storage of avocado fruits at 5.5°C is not enough to prevent 
C. acutatum and C. gloeosporioides infections with pre-formed appresoria. Thus, apple fruits 
can and should be stored < 4°C, as these temperatures significantly inhibit C. acutatum 
infections and ≤ 2°C prevent C. gloeosporioides infections with pre-formed appresoria.  
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C. acutatum isolates expressed greater sensitivity to high temperatures compared to C. 
gloeosporioides. As previously registered [8], as well as in this study, on PDA medium at 35°C 
no mycelial growth of C. acutatum is registered. On apple fruits, during storage at 35±1°C, the 
virulence of the isolates of C. acutatum is also completely inhibited. However, after fruits are 
placed at room temperature, only chromogenic isolate of C. acutatum has the ability to colonize 
apple fruits, while non-chromogenic isolate loses its virulence. The fact that temperature of 
35°C completely inactivated or significantly inhibited virulence of Colletotrichum spp. points to 
effectiveness of heat treatments of apple fruits as a pre-storage physical measure that can 
improve apple fruit quality. Of course, duration of treatment is subject to the discussion. 
According to some authors [16], exposure of 4 days to 38°C proved to be effective. The same 
authors suggest that the heat treatment expresses antifungal activity through direct interaction 
with the fungus, as well as via physiological responses of the fruit tissue. Other authors [17] also 
claim that extended periods of higher temperature may trigger reduced sensitivity of the host to 
the pathogen by the formation of an inhibitory substance in the peel. Moreover, postharvest heat 
treatment is not only valuable for fruit decay reduction, it also has beneficial effects on 
modifying ripening [18]. According to Rodikov [19] heat treatments of apple fruits after harvest 
and prior to storage completely eliminate the risk of fruit browning.  

 
4. Conclusion 

Low and high temperatures significantly affect mycelial growth and virulence of 
Colletotrichum spp. 

Temperature of 5°C is a limiting temperature at which no mycelial growth of C. 
gloeosporioides is present, while this is the lowest temperature at which C. acutatum expresses 
mycelial growth. Limiting temperature at which no mycelial growth of C. acutatum is present is 
4°C. The lowest temperature for mycelial growth od C. gloeosporioides amounts 6°C. 

Concerning that virulence of C. gloeosporioides can be completely inactivated during 
apple fruit storage at low temperatures (1-2°C), and of C. acutatum by apple fruit exposure to 
high temperatures (35°C), combination of postharvest heat treatment with a long-term cold 
storage is proposed as a combination of physical measures which, besides other positive 
effects, can provide complete elimination of Colletotrichum spp. on apple fruits.  
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