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Abstract 

The infection process of Colletotrichum acutatum on ripe fruit of highbush 
blueberry (V. corymbosum) ‘Elliott’ (resistant) and ‘Jersey’ (susceptible) was studied 
using differential interference contrast microscopy. Ripe berries were inoculated 
with a drop of conidial suspension of C. acutatum and incubated at 100% relative 
humidity. Epidermal peels were evaluated at selected times after inoculation. In both 
cultivars, C. acutatum had penetrated the cuticle by 48 hpi, but adopted a different 
infection strategy in the susceptible versus the resistant cultivar. In ‘Jersey’, 
intracellular growth of the pathogen led to the formation of numerous acervuli with 
orange conidial masses. In ‘Elliott’, the fungus showed restricted, mostly 
subcuticular growth. Acervuli were delayed in their development and contained few 
conidia. Also, an accumulation of amorphous globules was seen around intracellular 
hyphae in ‘Elliott’ but not in ‘Jersey’, suggesting an active resistance response to 
infection in ‘Elliott’. Chemical analysis of blueberry fruit extracts from both 
cultivars at various time points after inoculation showed elevated levels of 
anthocyanins in ‘Elliott’ but not in ‘Jersey’ fruit after infection. ‘Elliott’ fruit also 
had a lower pH and sugar content than ‘Jersey’ fruit, but these variables did not 
change significantly during the infection process. Further research is needed to 
elucidate the role of chemical factors in the resistance response. 

 
INTRODUCTION 

Anthracnose fruit rot, caused by the fungus Colletotrichum acutatum, is a major 
disease of blueberries and is responsible for substantial pre- and post-harvest losses 
worldwide (Milholland, 1995). C. acutatum is also an important pathogen of strawberries, 
apples, grapes, cranberries, avocados and citrus (Freeman et al., 1998). In blueberries the 
disease manifests itself as sunken areas on ripe fruit supporting gelatinous, orange spore 
masses. Pre-harvest yield losses of 10-20% have been reported, and postharvest losses 
during storage can approach 100% (Milholland, 1995). 

The early stages of fungal development during the infection process are essentially 
the same for all Colletotrichum species and include conidial adhesion to the host surface, 
germination, production of germ tubes that differentiate to form melanized appressoria, 
and penetration of the host cuticle via penetration pegs originating from appressoria 
(Perfect et al., 1999; O’Connell et al., 2000). However, major differences between 
Colletotrichum species become apparent after penetration. Detailed light and electron 
microscopy studies have shown that there are two basic infection strategies employed by 
Colletotrichum species: intracellular hemibiotrophy and subcuticular, intramural 
necrotrophy (Roberts & Snow, 1984; O’Connell et al., 1985; Bailey & Jeger, 1992; Pring 
et al., 1995; Latunde-Dada et al., 1996; Wharton & Julian, 1996). 

Most blueberry cultivars are susceptible to anthracnose fruit rot but some resistant 
blueberry cultivars have been identified (Polashock et al., 2005). However, the 
mechanism of disease resistance in these cultivars is unknown. Host-pathogen 
interactions have only been well characterized in a few Colletotrichum-fruit pathosystems 
including avocado, citrus, and mango (Brown, 1977; Timmer and Brown, 2000), and 
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most of the information on resistance mechanisms of fruit to Colletotrichum spp. comes 
from studies carried out on the avocado-C. gloeosporioides pathosystem (Prusky, 1996; 
Prusky et al, 2000). 

Previous research has given us an understanding of the infection process on 
susceptible blueberries (Schilder and Wharton, 2005). However, very little is known 
about the infection process on a resistant blueberry cultivar such as Elliott. ‘Elliott’ has 
consistently shown field resistance to anthracnose fruit rot in Michigan (Schilder et al., 
2002) and also was highly resistant to artificial inoculation with C. acutatum (Polashock 
et al., 2005). Additionally, little is known about the mechanisms of chemical defense in 
blueberry fruit to plant pathogens. However, several studies have been carried out on the 
antifungal properties of extracts from ripe blueberry fruit from wild highbush blueberry 
plants as they relate to fruit decay and herbivore preference (Cipollini and Stiles, 1992; 
1992; 1993). Although these studies did not identify specific antifungal compounds, they 
indicated that the main types of antifungal compounds present in ripe blueberry fruit were 
water-soluble phenolics and acids. 

The primary goal of this research was to examine the host-pathogen interaction of 
C. acutatum with the resistant ‘Elliott’ and the susceptible ‘Jersey’ using differential 
interference contrast microscopy. Another objective was to investigate chemical factors in 
‘Elliott’ fruit that may play a role in resistance to infection by C. acutatum. Part of this 
research was previously published (Wharton and Schilder, 2008). 

 
MATERIALS AND METHODS 
 
Cytology of Infection 

Ripe ‘Elliott’ and ‘Jersey’ berries were collected from a commercial field in Grand 
Junction, MI, USA, where background infections were controlled with a standard 
fungicide program through the season. No fungicides were applied within 2-3 weeks prior 
to harvest. A pathogenic isolate of C. acutatum (143a) was obtained from blueberry fruit 
of cv. Jersey growing in Grand Junction, MI, USA. The isolate was maintained on ¼-
strength PDA at 25°C. For fruit inoculations, a conidial suspension (5 x 105 conidia/ml) 
of C. acutatum was prepared. Inoculated fruit were incubated on wire mesh screens at 
25°C with 100% relative humidity. Fruit were observed for 8 days after inoculation and 
epidermal peels were harvested from inoculated fruit at 12-hour intervals from 12-168 
hours post inoculation. The tissues were prepared and mounted as described in Wharton 
and Schilder (2008). All samples were examined with DIC microscopy using a Zeiss 
LSM 5 Pascal confocal microscope (Carl Zeiss Corp., Oberkochen, Germany). 

 
Chemical Extraction and Analysis 

Ripe ‘Elliott’ and ‘Jersey’ berries were shipped from Santiago, Chile (Hortifrut 
S.A.) on 26 February 2007 and arrived on 27 February 2007. Upon arrival, fruit was 
immediately refrigerated. Fruit was inoculated with either a 10-µl droplet or sprayed with 
a fine mist of an aqueous suspension containing 1 x 106 conidia/ml. Sterile water was 
used as a control. For chemical analysis, 100 mg of blueberry epidermal peels were 
collected from the inoculation site at various time intervals after inoculation (0, 24, 48, 
72, 96, 120 and 144 hours post inoculation). Samples were immersed in 1 ml of 80% 
methanol and 0.1% HCL and incubated overnight at 4°C. Samples were then dried down 
in a DNA120 SpeedVac (Thermo Fisher Scientific, Waltham, MA, USA) and 
resuspended in 50 µl of 80% methanol / 0.1% HCL. Finally, 1 µl of concentrated extract 
was added to 1 ml of 80% methanol / 0.1% HCL and the absorbance was measured in a 
spectrophotometer at various wavelengths (200-700 nm). Differences were noted between 
the cultivars at 540 nm, which was then used to quantify anthocyanin content.  

For analysis of pH and sugar content, detached ‘Elliott’ and ‘Jersey’ berries were 
spray inoculated with a conidial suspension of 1 x 106 conidia/ml. Sterile deionized water 
served as a control. Ten blueberries were collected at the same time intervals after 
inoculation as described above and homogenized. The pH was determined with a pH 
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meter (Accumet AB15, Thermo Fisher Scientific, Waltham, MA, USA) and the soluble 
sugar content with a Brix refractometer (RF15, Extech Instruments, Melrose, MA, USA). 

 
RESULTS AND DISCUSSION 
 
Cytology of Infection 

The microscopy study showed a different infection strategy in the resistant 
‘Elliott’ versus the susceptible ‘Jersey’. In the susceptible cultivar, C. acutatum had 
penetrated the blueberry epidermis and produced an intracellular infection vesicle as well 
as primary and secondary hyphae which proliferated in epidermal and hypodermal cells 
between 48-96 hours post inoculation (hpi). At 96 hpi, knotted hyphal aggregates began 
to develop which gave rise to acervuli between 108-120 hpi, completing the infection 
process. In contrast, subcuticular infection vesicles developed in ‘Elliott’ around 48 hpi 
(Fig. 1A), and at 72 hpi, localized cell death suggesting a hypersensitive reaction was 
seen directly below the appressoria in some epidermal cells (Fig. 1B). At 96 hpi, 
amorphous globules, hypothesized to be phenolic compounds, had accumulated around 
intracellular hyphae in the resistant cultivar (Fig. 1C). Finally, at 144 hpi, knotted hyphal 
aggregates were observed in collapsed epidermal cells. These developed into small 
acervuli containing few conidia (Fig. 1D).  

Macroscopically, the difference between the resistant and susceptible cultivar 
became apparent after 5 days when ‘Jersey’ berries started to look sunken and acervuli 
with orange conidial masses appeared on the fruit surface. At 8 days, conidial masses 
started to coalesce and cover the entire fruit (Fig. 2A). ‘Elliott’ berries remained firm and 
acervuli were not visible until 8 days after inoculation. Acervuli were few and constricted 
with small orange cirrhi (Fig. 2B).  

 
Chemical Extraction and Analysis 

In the chemical analysis, a sharp increase in absorbance at ~540 nm (absorbance 
peak for anthocyanins) was seen at 72-96 hpi in ‘Elliott’ blueberries, but not in inoculated 
‘Jersey’ berries or the noninoculated controls (Fig. 3). While this test was not precisely 
quantitative, it suggests that cv. Elliott responds differently to infection than cv. Jersey, 
and that anthocyanin production was elevated in response to inoculation with C. 
acutatum. The timing of the increase (~72-96 hpi) corresponded well with the appearance 
of amorphous globule deposits around hyphae in cells observed in the microscopy study. 
While previous research has shown an association between anthocyanins and defense 
responses (Hipskind et al., 1996), more studies are necessary to determine whether the 
anthocyanins identified in these experiments play an active role in blueberry fruit defense 
against anthracnose fruit rot.  

It has been hypothesized that the higher acidity and low soluble sugar content of 
‘Elliott’ fruit may play a role in its resistance to C. acutatum as it may result in an 
inhospitable environment for pathogen colonization. Chemical analysis showed that the 
pH and sugar content did not change significantly after inoculation in either cultivar 
(Figs. 3 and 4) indicating that these characteristics are constant within the environment of 
the blueberry fruit and are not induced upon infection. However, there was a statistically 
significant difference between the cultivars, with ‘Elliott’ berries having lower pH and 
sugar content than the susceptible ‘Jersey’. While the effect of pH and sugar content on 
the infection process is poorly understood, Cipollini and Stiles (1992) noted an increase in 
antifungal activity of ripe blueberry extracts in the presence of added organic acids.  

 
CONCLUSIONS 

The microscopy study provides evidence for an active defense response to 
infection by C. acutatum consisting of an elicitation of localized cell death (~72 hpi) and 
visual accumulation of compounds around intracellular hyphae in the resistant cultivar 
Elliott. Furthermore, chemical analysis of epidermal peel extracts from C. acutatum-
inoculated Elliott fruit showed a build-up of anthocyanins, which was not observed in the 
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susceptible cultivar Jersey. Further research is needed to understand the defense response 
in ‘Elliott,’ including a thorough investigation of host chemical factors that affect the 
infection process as well as the identification and characterization of defense genes 
induced upon inoculation. An improved understanding of the interaction of the fungus 
Colletotrichum acutatum with its blueberry host will lead to novel strategies for 
management of anthracnose fruit rot and possibly other diseases caused by this important 
plant pathogen. 
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Figures 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Differential interference contrast microscopy images of ‘Elliott’ blueberries at 

various time points after inoculation with Colletotrichum acutatum. A) 
Subcuticular infection vesicle of C. acutatum on epidermal cell at 48 hours post 
inoculation (hpi). B) A hypersensitive response in epidermal cell at 72 hpi. C) 
Amorphous globules (arrow) around intracellular hyphae at 96 hours hpi. D) 
Small acervulus in a collapsed epidermal cell on the fruit surface at 144 hpi.  
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Fig. 2. Sporulation of Colletotrichum acutatum at 8 days after inoculation on A) the 

susceptible blueberry cultivar Jersey, and B) the resistant blueberry cultivar 
Elliott. Boxed areas in A and B are magnified to provide a close-up view of 
conidial masses in C) ‘Jersey’ and D) ‘Elliott’. Bar = 0.2 mm. 

 
 
 
 
 
 

0

0.4

0.8

1.2

1.6

2

0 24 48 72 96 120 144  
 
Fig. 3. Absorption spectra at 540 nm (anthocyanins) of methanol extracts of blueberry 

fruit at different time points following inoculation with C. acutatum. Inoculated 
‘Elliott’ (▲), noninoculated ‘Elliott’ (∆), inoculated ‘Jersey’ (●), noninoculated 
‘Jersey’ (○). 
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Fig. 4. The pH of ‘Elliott’ and ‘Jersey’ blueberries in response to inoculation with C. 

acutatum. Inoculated ‘Elliott’ (▲), noninoculated ‘Elliott’ (∆), inoculated 
‘Jersey’ (●), noninoculated ‘Jersey’ (○). 
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Fig. 5. Brix values (°Bx) representing the percentage of soluble sugars of ‘Elliott’ and 

‘Jersey’ blueberries in response to inoculation with C. acutatum. Inoculated 
‘Elliott’ (▲), noninoculated ‘Elliott’ (∆), inoculated ‘Jersey’ (●), noninoculated 
‘Jersey’ (○). 
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