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Abstract
Fruit anthracnose caused by Colletotrichum species is a major disease of olive (Olea eu-
ropaea) worldwide. In this study, we tested in vitro the susceptibility of eight widely 
grown Italian olive cultivars and one Spanish cultivar to five Colletotrichum species. The 
Italian cultivars were Carolea, Cassanese, Coratina, Dolce Agogia, Frantoio, Leccino, 
Ottobratica and Sant'Agostino. The Spanish cultivar, included as a reference, was 
Picual. The five Colletotrichum species, included in pathogenicity tests, were C. acu-
tatum, C. gloeosporioides, C. godetiae, C. karsti and C. nymphaeae. Olive drupes at compa-
rable ripening stage were wound-inoculated with a conidial suspension and the severity 
of infections was rated at various time intervals after inoculation using a scale of 0 to 
6. The results were expressed in terms of relative area under disease progress curve 
(rAUDPC). C. acutatum was the most aggressive while C. karsti was the least aggressive 
among the Colletotrichum species tested. Frantoio and Leccino were the least suscep-
tible cultivars while Ottobratica, Coratina and Carolea were the most susceptible to 
all Colletotrichum species. Separate experiments aimed to evaluate the effect of both 
inoculation method and drupe ripening stage on the interaction between Colletotrichum 
species and olive cultivars. Only C. acutatum and C. nymphaeae induced symptoms in 
nonwounded drupes. In general, the disease severity in green drupes was significantly 
lower than in mature drupes; however, the rankings of olive cultivars for their suscepti-
bility to Colletotrichum species on both green and mature drupes showed similar trends.

K E Y W O R D S
area under disease progress curve (AUDPC), Colletotrichum acutatum, ITS and TUB2, Olea 
europaea, phylogenetic analysis

1  |  INTRODUC TION

Olive anthracnose (OA), caused by Colletotrichum species, is the 
most damaging disease of olive fruit worldwide and, together with 
Mediterranean olive fruit fly (Bactrocera oleae) and olive leaf spot 

(Venturia oleaginea), is a major phytopathological concern for olive 
crops in the Mediterranean region (Cacciola et al.,  2012; Kolainis 
et al.,  2020; Moral et al.,  2018; Scibetta et al.,  2020; Talhinhas 
et al., 2011, 2015). It causes a substantial deterioration of oil quality, 
the severity of which depends on the proportion of infected fruits, 
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the Colletotrichum species inciting the disease and the olive cultivar 
(Gouvinhas et al.,  2019; Moral et al.,  2018; Peres et al.,  2021). In 
some areas of southern Italy, where environmental conditions, such 
as a warm, rainy and humid climate during fruit ripening, are disease 
conducive, OA is endemic, with severe epidemic outbreaks occur-
ring frequently. Besides environmental conditions, the susceptibility 
of olive cultivars, the ripening stage of drupes and the differences in 
virulence of Colletotrichum species responsible for the disease are 
major driving factors triggering the onset and conditioning the se-
verity of epidemics. A direct correlation was observed between the 
severity of OA outbreaks and attacks by the Mediterranean olive fly 
or the Queensland fruit fly (B. tryoni), as wounds caused by these 
insect pests on olive drupes facilitate pathogen entry (Graniti 
et al., 1993; Sergeeva & Spooner-Hart, 2011; Talhinhas et al., 2018). 
So far, around 18 Colletotrichum species, most within the C. acu-
tatum, C. gloeosporioides and C. boninense species complexes, have 
been reported to be associated with OA worldwide, but not all spe-
cies are equally aggressive or are responsible for disease outbreaks 
(Antelmi et al., 2018; Cacciola et al., 2012; Faedda et al., 2011; Moral 
et al.,  2021; Moreira et al.,  2021; Schena et al.,  2014; Talhinhas 
et al., 2005, 2015, 2018). The Colletotrichum species associated most 
frequently with olive anthracnose outbreaks in the Mediterranean 
macroregion are C. acutatum, C. godetiae (syn. C. clavatum) and C. 
nymphaeae, all of which are in the C. acutatum species complex. 
Species in the C. gloeosporioides species complex, such as C. gloeospo-
rioides sensu stricto (subsequently referred to as C. gloeosporioides), 
and those in the C. boninense species complex, such as C. karsti, 
occur sporadically and in a lower proportion. Although the role of C. 
gloeosporioides in OA outbreaks is controversial, some isolates of this 
species were virulent in tests on detached olive drupes; in contrast, 
in the same experiments, isolates of C. karsti were only weakly 
pathogenic (Schena et al., 2014). However, both species are common 
pathogens of citrus in the Mediterranean macroregion (Ramos 
et al., 2016; Riolo et al., 2021). The distribution and prevalence of 
Colletotrichum species may vary in different olive-growing countries 
or areas within the same country, and even on different organs of 
the tree (Cacciola et al.,  2012; Chattaoui et al.,  2016; Kolainis 
et al.,  2020; Materatski et al.,  2018; Moreira et al.,  2021; Mosca 
et al., 2014; Peres et al., 2021; Talhinhas et al., 2009, 2018). Seasonal 
fluctuations of Colletotrichum populations and the presence of dif-
ferent species have also been observed (Schena et al., 2017). Until 
recently, C. godetiae, originally described as C. clavatum, was the 
prevalent species associated with OA outbreaks in Calabria (south-
ern Italy) (Faedda et al., 2011; Moral et al., 2021). However, in the 
last decade, C. acutatum has prevailed over C. godetiae and is pres-
ently the most frequent species associated with the disease in this 
region (Pangallo et al., 2022; Schena et al., 2017). Interestingly, C. 
acutatum has recently been reported for the first time as causal 
agent of olive anthracnose in Albania and Greece (Cara et al., 2021; 
Iliadi et al.,  2018); these were the countries from which it is very 
probable C. godetiae, the species responsible for the first epidemic 
outbreaks of OA in the 1950s, was inadvertently introduced into 
southern regions of Italy (Cacciola et al.,  2012). Moreover, C. 

acutatum, which is supposed to be a species native to the southern 
hemisphere, is already widespread in some olive-growing regions of 
Portugal and Tunisia (Chattaoui et al., 2016; Talhinhas et al., 2015). A 
similar shift in Colletotrichum population associated with OA is prob-
ably occurring in olive orchards in Portugal. C. godetiae, which is 
presently the prevalent species in the north-eastern part of the 
country, is being replaced by the more aggressive C. nymphaeae, 
which has been already dominant in olive orchards of the south-
western part of the country for many years (Materatski et al., 2018; 
Talhinhas et al.,  2011, 2015, 2018). Also, in several olive-growing 
countries where OA is present, differences in susceptibility among 
olive cultivars were observed and genetic resistance to the disease 
was considered as part of an integrated strategy to manage OA 
(Cacciola et al., 2012; Moral et al., 2008, 2015, 2017, 2018; Talhinhas 
et al., 2018). Differences in field susceptibility have been reported 
among different olive cultivars in Italy, Spain and Portugal (Cacciola 
et al.,  2012; Moral et al.,  2017; Talhinhas et al.,  2018). Talhinhas 
et al. (2015) evaluated the susceptibility of eight olive cultivars com-
monly grown in Portugal to the infections of diverse Colletotrichum 
species in the C. acutatum and C. gloeosporioides species complexes, 
including C. acutatum, C. godetiae, C. nymphaeae, C. fioriniae, C. rhom-
biforme and C. gloeosporioides. They found a high variability in viru-
lence among Colletotrichum species as well as a significant cultivar × 
Colletotrichum isolate interaction. Moral et al.  (2017) screened a 
large collection of olive cultivars of worldwide origin for susceptibil-
ity to natural OA infections in a major olive-growing area in Spain, 
where the largely prevalent Colletotrichum species was recently 
demonstrated to be C. godetiae (Moral et al., 2021). These authors 
selected a representative cultivar for each susceptibility class (highly 
susceptible, susceptible, moderately susceptible, resistant and 
highly resistant), using Picual as representative of resistant cultivars 
and Frantoio as representative of highly resistant cultivars. 
Inoculation of detached olive drupes under controlled environmen-
tal conditions has been used by many researchers as a rapid test to 
evaluate the pathogenicity of Colletotrichum isolates and the suscep-
tibility of olive cultivars to anthracnose (Moral et al., 2008; Moral & 
Trapero, 2009; Talhinhas et al., 2015; Schena et al., 2014). With a 
few exceptions, the results of artificial inoculations on detached 
drupes were consistent with the rating of olive cultivars in field trials 
for susceptibility to OA infections (Moral & Trapero, 2009). As in the 
case of natural OA infections, the susceptibility of olive drupes arti-
ficially inoculated with Colletotrichum increased with maturity. No 
standard protocol has been universally accepted for in vitro artificial 
inoculations of olive drupes to test their susceptibility to 
Colletotrichum infections. Moral et al. (2008) evaluated the effect of 
wounding on the susceptibility of detached drupes to artificial inoc-
ulation with Colletotrichum and concluded that although wounding 
was not necessary for fruit infection, it enhanced the severity of 
symptom expression. This is consistent with the observation that in 
the field, susceptibility to OA increases when fruit are wounded by 
olive fly (Graniti et al.,  1993; Mateo-Sagasta,  1968; Sergeeva & 
Spooner-Hart,  2011; Talhinhas et al.,  2018). According to Moral 
et al.  (2008), in assays on detached olive drupes, differences in 
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resistance between olive cultivars were more easily detected when 
a high concentration of inoculum (105–106 conidia/ml) and less ma-
ture (green) drupes were used. Talhinhas et al. (2015) inoculated un-
wounded mature olive drupes with a drop of conidial suspension 
(106 conidia/ml) to test the virulence of isolates of diverse species of 
Colletotrichum on a set of olive cultivars commonly grown in Portugal. 
Conversely, Schena et al. (2014) used wounded mature drupes and a 
mycelium plug as inoculum to evaluate the differences in pathoge-
nicity of Colletotrichum species of the C. gloeosporioides and C. bonin-
ense species complexes.

In this study, we aimed to investigate the interaction between 
popular Italian olive cultivars and the Spanish cultivar Picual with 
five different species of Colletotrichum, (C. acutatum, C. gloeosporioi-
des, C. godetiae, C. karsti and C. nymphaeae); the olive cultivar Picual 
was included as a reference due to its known resistance to OA in field 
(Gouvinhas et al., 2019; Moral et al., 2017; Moral & Trapero, 2009; 
Talhinhas et al.,  2015). In addition, the effect of the inoculation 
method (with or without wounding) and the ripening stage (green 
and mature) of olive fruits on the Colletotrichum species x olive culti-
var interaction was evaluated.

2  |  MATERIAL S AND METHODS

2.1  |  Fungal isolates and production of inoculum

This study included 10 fungal isolates of five different Colletotrichum 
species, C. acutatum, C. gloeosporioides, C. godetiae, C. karsti and C. 
nymphaeae. All isolates, except C9D2C, RD9B and C12D1A, were 
identified in previous studies based on morphological characteris-
tics and phylogenetic sequence analysis of the internal transcribed 
spacer regions of rDNA (ITS), intervening 5.8S nrDNA, as well as 
part of the β-tubulin gene (TUB2) regions as barcode markers (Aloi 
et al., 2021; Cacciola et al., 2020). The following isolates were used 
in pathogenicity tests: isolate C9D2C and UWS149 of C. acutatum 
s.s.; isolates RD9B and AC24 of C. gloeosporioides; isolates OLP12 

and OLP16 of C. godetiae; isolates RB012 and RB428 of C. nym-
phaeae; isolates CAM, C12D1A and ALL2I of C. karsti (Table 1). The 
isolates C12D1A and ALL21 of C. karsti were selected in the prelimi-
nary screening on olive drupes; they were the most virulent in a set 
of 10 C. karsti isolates, including five isolates from olive collected in 
southern Italy. All isolates included in this study were sourced from 
the culture collection of the Molecular Plant Pathology Laboratory 
of the Department of Agriculture, Food and Environment of the 
University of Catania, Italy.

A conidial suspension of each isolate at a concentration of 
106 conidia/ml in sterile distilled water (SDW) was prepared from 
10-day-old cultures grown on potato dextrose agar (PDA; Oxoid 
Ltd) at 25°C and used as inoculum. To produce the inoculum, single-
conidium isolates were cultured in Petri dishes containing PDA. 
Dishes were incubated at 23 ± 2°C with a 12-h photoperiod of fluo-
rescent light (40 μmol·m−2·s−1). After 1 week incubation, dishes were 
flooded with SDW and mycelium was scraped with a spatula. The 
suspension was filtered through four layers of sterile gauze, and the 
concentration of inoculum was measured with a haemocytometer 
and then adjusted to obtain 106 conidia/ml.

2.2  |  Molecular characterization of fungal isolates

The RD9B, C9D2C and C12D1A isolates, which had not been previ-
ously identified, were grown on PDA for 7 days at 25 ± 1°C. Mycelium 
of each isolate was harvested with a sterile scalpel, and the genomic 
DNA was extracted using a PowerPlant Pro DNA isolation Kit (MO 
BIO Laboratories, Inc.), following the manufacturer's protocol. The 
DNA was preserved at −20°C. The ITS1–5.8S–ITS2 region and the 
fragment of the β-tubulin gene (TUB2) between exons 2 and 6 were 
amplified with primers ITS5 and ITS4 and primers βt2a and βt2b 
(Glass & Donaldson,  1995; White et al.,  1990), respectively, and 
sequenced to confirm the isolate species. PCR amplifications were 
performed on a GeneAmp PCR System 9700 (Applied Biosystems). 
All PCRs were carried out using Taq DNA polymerase recombinant 

TA B L E  1  GenBank accession numbers and sources of isolates of Colletotrichum used in this study

Isolate code Species Host species Organ
Geographical  
origin

GenBank accession

ITS-rDNA T

UWS149 C. acutatum Olea europaea Fruit Australia MT997785 MW001517

C9D2C C. acutatum O. europaea Fruit Calabria MZ502315 MZ508448

AC24 C. gloeosporioides Citrus sinensis Leaf Sicily MT997808 MW001540

RD9B C. gloeosporioides O. europaea Fruit Calabria MZ502314 MZ508447

OLP 12 C. godetiae O. europaea Fruit Calabria JN121131 JN121218

OLP 16 C. godetiae O. europaea Fruit Calabria JN121137 JN121224

ALL2I C. karsti C. sinensis Twig Sicily MT997861 MW001546

CAM C. karsti Camellia sp. Leaf Sicily KC425664 KC425716

C12D1A C. karsti O. europaea Fruit Sicily ON231821 ON246203

RB012 C. nymphaeae O. europaea Fruit Spain JQ948201 JQ949852

RB428 C. nymphaeae Jugla  sp. Bud France MG58986 MG666308
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(Invitrogen) in a total volume of 25 μl containing PCR buffer (1×), 
dNTP mix (0.2 mM), MgCl2 (1.5 mM), forward and reverse primers 
(0.5 μM each), Taq DNA polymerase (1 U) and 1 μl of genomic DNA. 
Reaction conditions were 94°C for 3 min; followed by 35 cycles of 
94°C for 30 s, 58°C (ITS region)/60°C (TUB2) for 30 s, and 72°C for 
30 s; followed by an additional 10 min extension at 72°C.

Amplified products were analysed by agarose gel electropho-
resis and single bands of the expected size were purified with the 
QIAquick PCR Purification Kit (Qiagen) and sequenced with both 
forward and reverse primers by Macrogen Europe (Amsterdam, 
Netherlands). The ChromasPro v. 1.5 software was used to evalu-
ate the reliability of sequences and to create consensus sequences. 
Unreliable sequences in which both forward and reverse sequences, 
or one or the other, were not successful or contained doubtful bases 
were resequenced. The ITS and TUB2 sequences obtained in the 
present study were deposited in GenBank and the accession num-
bers are presented in Table 1. Validated sequences representative 
of all species identified within the C. acutatum, C. boninense and C. 
gloeosporioides species complexes were phylogenetically analysed 
to determine the relationship between different isolates and define 
their taxonomic status. Sequences from ex-type or authentic culture 
were included in the analysis as reference (Table 2).

2.3  |  Morphological characteristics and optimum 
growth temperature of fungal isolates

Agar plugs (5 mm) were taken from the edge of actively growing 
cultures on PDA and transferred onto the centre of 9-cm diameter 
Petri dishes containing PDA. Dishes were incubated at 25°C either in 
the dark for 10 days, to determine both the colony morphology and 
radial growth rate, or with continuous fluorescent light, to observe 
microscopic morphological traits. Conidial and mycelial suspensions 
were prepared in SDW from 10-day-old cultures and examined 
microscopically.

Optimum temperatures for radial growth were determined for 
all isolates used in this study. Isolates of C. acutatum (UWS149), C. 
gloeosporioides (AC 24) and C. karsti (ALL 2I), characterized in previ-
ous studies, were used as reference (Riolo et al., 2021). Agar plugs 
(5 mm) were taken from the edge of actively growing cultures on 
PDA and transferred onto the centre of 9-cm diameter Petri dishes 
containing PDA. Dishes were incubated at 5, 7, 10, 12, 15, 20, 25, 30 
and 35°C in the dark with three replicates per temperature and per 
isolate. Two orthogonal diameters were measured per colony after 3, 
5 and 7 days' incubation. The experiment was conducted twice with 
similar results, so, the results of only one experiment are reported.

2.4  |  Plant material for pathogenicity tests

The following nine olive (Olea europaea) cultivars were included in 
this study to evaluate their susceptibility to infection by diverse 
Colletotrichum species: Carolea, Cassanese, Coratina, Dolce Agogia, 

Frantoio, Leccino, Ottobratica, Picual and Sant'Agostino. All the cul-
tivars were of Italian origin, with the only exception of Picual, which 
was included as a reference.

The ripening stage of olive drupes was determined by their co-
lour according to the maturation index (MI) of Guzmán et al. (2015), 
with value 0 corresponding to >50% bright green and value 4 to 
100% blackish-purple or black. In tests aimed at evaluating only the 
Colletotrichum species × olive cultivar interaction, drupes with MI 
values between 3 and 4 were used. However, in comparative tests 
aimed at evaluating the effect of ripening stage and wounding on 
the Colletotrichum species × olive cultivar interaction, we used both 
mature (MI 4) and green (MI 2) drupes of Coratina collected from the 
same trees during the véraison (onset of ripening). Olive fruits were 
collected from 15-year-old olive trees from two distinct experimen-
tal orchards in Calabria (southern Italy): one in the municipality of 
Mirto-Crosia, province of Cosenza (DATUM WGS 84, 39°36′54.5″ N 
16°46′11.7″ E) and another in the municipality of Rende, province of 
Cosenza, (DATUM WGS 84, 39°21′59.4″ N 16°13′44.4″ E). Drupes 
of the same cultivar from the two orchards, and from three distinct 
trees per orchard, were pooled together. Drupes were stored for 3 h 
inside a refrigerated bag, before being transported to the laboratory 
and were inoculated the day after collection. Before the inoculation, 
they were surface disinfected by immersion in a 0.5% NaOCl solu-
tion for 30 s, rinsed in sterile distilled water, blotted dry and placed 
in incubation trays.

2.5  |  Inoculation and rating of disease severity

Drupes were punctured with a sterile needle in an equatorial posi-
tion and a 20 μl droplet of the conidial suspension (106 conidia/ml), 
prepared as described above, was pipetted onto the surface of the 
wound. Control drupes received 20 μl of SDW.

In the first set of experiments, four fungal isolates (one isolate 
per Colletotrichum species) and nine olive cultivars were tested. The 
experimental design was a complete randomized block with four 
replications. In each block, 25 drupes were inoculated per isolate × 
cultivar combination, that is, a total of 500 drupes per cultivar were 
used in each experiment, including the noninoculated control. After 
inoculation, drupes were incubated in a humid chamber at 23 ± 1°C, 
with 80% relative humidity and a photoperiod of 16 h of light and 8 h 
of dark. Health conditions of inoculated drupes were assessed at 3, 
5 and 7 days postinoculation (dpi).

In the second set of experiments, the Colletotrichum species 
× olive cultivar interaction was evaluated using different isolates 
of the Colletotrichum species tested, and also including C. nym-
phaeae, which was the species responsible for severe epidemics 
in south-western part of Portugal. Ten isolates (two for each of 
the five Colletotrichum species tested, C. acutatum, C. gloeospo-
rioides, C. godetiae, C. karsti and C. nymphaeae) and four olive 
cultivars (Coratina, Frantoio, Leccino and Ottobratica) were in-
cluded. All isolates were from olive except for the isolates CAM 
and ALL2I of C. karsti and isolate AC24 of C. gloeosporioides. 
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Olive drupes were inoculated by wounding, as described previ-
ously. After inoculation, drupes were incubated in plastic boxes 
at 23 ± 1°C, with 80% relative humidity and a photoperiod of 16 h 
of light and 8 h of dark. The severity of symptoms on inoculated 
drupes was rated at 3, 5 and 7 dpi. The experimental design was 
a complete randomized block with four replicates and six drupes 
per replicate.

The third set of experiments evaluated the effect of both 
wounding and maturity stage on the response of drupes to inocu-
lation with isolates of diverse Colletotrichum species. Both mature 
(MI 4) and green (MI 2) drupes of Coratina were inoculated sin-
gly with four Colletotrichum species (two diverse isolates of each 
species). The following fungal isolates were included: isolates 
C9D2C and UWS149 of C. acutatum, isolates RB012 and RB428 
of C. nymphaeae, isolates OLP12 and OLP16 of C. godetiae, and 
isolates RD9B and AC24 of C. gloeosporioides. Both mature and 
green drupes were split into two subgroups encompassing drupes 
inoculated by wounding and drupes inoculated without wound-
ing. A 20 μl drop of a conidial suspension (106 conidia/ml) in 0.5% 
water agar was pipetted on unwounded drupes in the equatorial 
position. Wounded drupes received the same amount of inocu-
lum and were inoculated with the method described previously. 
After inoculation, both wounded and unwounded drupes were 
incubated in plastic boxes at 23 ± 1°C, with 80% relative humidity 
and a photoperiod of 16 h of light and 8  h of dark. The experi-
mental design was a complete randomized block with four repli-
cates and six drupes per replicate. The severity of symptoms on 
wounded and unwounded drupes was monitored up to 7 and 14 
dpi, respectively.

The disease severity index (DSI) on olive fruits was scored on 
an empirical scale in accordance with Talhinhas et al.  (2015): 0, no 
symptoms; 1, mycelium only; 2, small necrosis (<5 mm diameter) and 
absence of sporulation; 3, large necrosis (>5 mm diameter) and ab-
sence of sporulation; 4, few spore masses on the inoculation point; 
5, abundant spore masses expanding away from the inoculation 
point; 6, spore masses entirely covering the fruit (Figure 1).

The symptoms were recorded daily after inoculation and the ab-
solute area under the disease progress curve (AUDPC) was calcu-
lated conforming with Talhinhas et al. (2015). Then, the relative area 
under disease progress curve (rAUDPC) was estimated and is shown 
in the figures.

Each set of experiments was performed for two consecutive 
years, with similar results, so the results of only the second year are 
reported (2020 for the first set and 2021 for the second and third 
sets).

2.6  |  Statistical analysis

All the data were normalized by square root transformation and then 
subjected to analysis of variance (ANOVA) followed by Tukey's hon-
estly significant difference (HSD) test as a post hoc test (R software). 
Differences at p ≤ 0.05 were considered significant.

3  |  RESULTS

3.1  |  Phylogenetic analysis

Phylogenetic analysis was carried out on the combined data set 
of sequences from ITS and TUB2 regions of all single-conidium 
Colletotrichum isolates tested in this study (Table 1), along with se-
quences of the reference isolates of C. acutatum (UWS 149), C. gloe-
osporioides (AC24) and C. karsti (CAM) and the reference sequences 
of Colletotrichum species separated within the C. gloeosporioides, C. 
boninense and C. acutatum species complexes. The phylogenetic tree 
(Figure  2) produced had similar topology and a high concordance 
with those reported by the authors who revised the systematics of 
these species complexes using multigene sequence analysis (Damm 
et al., 2012a, 2012b; Weir et al., 2012).

3.2  |  Growth temperature assays

Between temperatures of 12 and 35°C, the C. gloeosporioides iso-
lates grew faster than the isolates of the C. acutatum species com-
plex, as expected. All tested isolates of both C. gloeosporioides and C. 
karsti as well as the isolates of C. acutatum and C. godetiae showed 
an optimum temperature for radial growth at 25°C and grew faster 
at 20 than at 30 or 35°C (Figure  3). None of the isolates grew at 
5°C and growth was not resumed when the Petri dishes were trans-
ferred to 25°C after 7 days of incubation at 5°C. However, at 30 and 
35°C, C. gloeosporioides isolates were less inhibited than isolates of 
the other species. In particular, the radial growth of the two tested 

F I G U R E  1  Rating scale used in this study to assess the 
disease severity index of olive anthracnose on olive drupes. 0, no 
symptoms; 1, mycelium only; 2, small necrosis (<5 mm diameter) 
and absence of sporulation; 3, large necrosis (>5 mm diameter) and 
absence of sporulation; 4, few spore masses on the inoculation 
point; 5, abundant spore masses expanding around the inoculation 
point; 6, spore masses entirely covering the fruit   [Colour figure 
can be viewed at wileyonlinelibrary.com]
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C. gloeosporioides isolates at 30° C was reduced only by 8.7% and 
4.5%, respectively, compared with the growth at 25°C, and by 25% 
and 18%, respectively, at 35°C. In contrast, the growth of the two 
C. karsti isolates at 30°C was reduced by 30% and 37.5% compared 
with growth at 25°C, while at 35°C it was inhibited by 55% and 
42.5%, respectively. The growth of the two isolates of C. acutatum 
was also dramatically reduced at 30°C, by 59% and 61.5%, respec-
tively. Similarly, the radial growth of C. godetiae isolates at 30°C was 
reduced by 60.5% and 62%, respectively, compared with growth at 
25°C, and by 60% for both isolates, compared with their growth at 
20°C. Conversely, at 10°C, the C. godetiae and C. karsti isolates grew 
significantly faster than C. gloeosporioides and C. acutatum isolates.

3.3  |  Pathogenicity assays

In the first set of pathogenicity assays, isolates of all Colletotrichum 
species were pathogenic to wound-inoculated drupes of olive cul-
tivars while no disease symptoms were recorded in control fruits. 
However, isolates differed markedly in virulence. Also, olive cultivars 

showed substantial differences in susceptibility to the infection by 
diverse Colletotrichum species. Statistical analysis of values of dis-
ease intensity over time (rAUDPC) revealed significant differences 
in both virulence among Colletotrichum isolates and susceptibility 
among olive cultivars and showed a significant isolate × cultivar in-
teraction (p < 0.05) (Figure 4).

The most virulent among the isolates tested was the C. acutatum 
isolate, while the most resistant to this aggressive Colletotrichum 
species among the olive cultivars tested was Leccino, although the 
response of this cultivar did not differ significantly from that of 
Frantoio. Moreover, Leccino was the cultivar that segregated most 
clearly from the others for its low susceptibility to C. gloeosporioi-
des infections. The mean rAUDPC values in this cultivar were 0.38 
for C. acutatum, 0.04 for C. gloeosporioides, 0.11 for C. godetiae and 
0.05 for C. karsti. Only Frantoio showed resistance to artificial in-
fections of C. acutatum, and it was comparable with that of Leccino. 
The susceptibility of Picual to this Colletotrichum species did not dif-
fer significantly (p > 0.05) from the susceptibility of cultivars com-
monly regarded as very susceptible to OA infections in field, such 
as Carolea, Coratina and Ottobratica. The least virulent among the 

F I G U R E  2  Phylogenetic tree obtained using combined internal transcribed spacers (ITS) and β-tubulin (TUB2) sequences of isolates of 
Colletotrichum species used in the present study (in bold) along with reference isolates of C. karsti, C. gloeosporioides and other representative 
species in the C. boninense, C. gloeosporioides and C. acutatum complexes. The evolutionary history was inferred using the maximum-
likelihood method based on the Tamura–Nei model and the tree with the highest log likelihood is shown. The percentage of trees in which 
the associated taxa clustered together is shown next to the branches
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262  |    RIOLO et al.

isolates tested was the C. karsti isolate,, which was weakly patho-
genic on all olive cultivars. No significant difference (p < 0.05) in 
susceptibility to this Colletotrichum species was detectable among 
the olive cultivars tested, probably due to a low level of virulence 

(Figure 4). Conversely, more clear differences in susceptibility were 
observed among olive cultivars inoculated with the C. godetiae 
isolate. Dolce Agogia, Frantoio, Leccino and Picual were the least 
susceptible while Carolea and Coratina were the most susceptible 

F I G U R E  3  Mean radial growth rates of isolates of Colletotrichum acutatum (Ca), C. gloeosporioides (Cg), C. godetiae (Cgo) and C. karsti (Ck) 
on potato dextrose agar at different temperatures  [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  4  Mean olive anthracnose intensity over time (relative area under the disease progress curve [rAUDPC]) on drupes of nine olive 
cultivars inoculated with isolates of Colletotrichum acutatum, C. gloeosporioides, C. godetiae or C. karsti (one isolate per species). Severity of 
symptoms on inoculated olive drupes was assessed daily for 7 days and rated on a 0 to 6 scale according to the size of necrotic lesion and 
the abundance of fungal sporulation. Values sharing a common letter are not statistically different according to Tukey's honestly significant 
difference (HSD) test (p ≤ 0.05). Analysis of variance F (8,81) value of C9D2C: 9.6, p ≤ 0.05; RD9B: 9.4, p ≤ 0.05; CAM: p > 0.05; OLP 12: 5.3, 
p ≤ 0.05  [Colour figure can be viewed at wileyonlinelibrary.com]
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to this Colletotrichum species. The last two cultivars, together with 
Ottobratica, were also among the most susceptible to C. acutatum 
and C. gloeosporioides with mean rAUDPC values of 0.6 and 0.46, 
respectively, for Carolea, 0.65 and 0.47, respectively, for Coratina, 
and 0.74 and 0.6, respectively, for Ottobratica. Both the Picual and 
Dolce Agogia cultivars that were relatively resistant to C. godetiae 
(mean rAUDPC values 0.09 and 0.05, respectively), proved to be 
highly susceptible to C. acutatum (mean rAUDPC values 0.57 and 
0.68, respectively).

The results of the second set of experiments confirmed the olive 
cultivars tested differed in susceptibility to Colletotrichum species 
(Figure  5). Coratina and Ottobratica were shown to be suscepti-
ble while Frantoio and Leccino were relatively resistant to all the 
Colletotrichum species tested. C. acutatum was confirmed to be the 
most virulent among the Colletotrichum species tested, followed by 
C. nymphaeae. Conversely, C. karsti was again the least aggressive. 
No significant difference in virulence was observed between iso-
lates of the same Colletotrichum species.

In the third set of experiments, only the isolates of C. acutatum and 
C. nymphaeae induced symptoms on unwounded drupes, and exclu-
sively on mature ones, although in the parallel test on wounded drupes, 
Coratina was confirmed to be very susceptible to infections by these 
two Colletotrichum species (Figure 6). On wounded drupes, isolates of 
both C. acutatum and C. nymphaeae proved to be very aggressive with 
mean rAUDPC values for UWS149 and C9D2C C. acutatum isolates 

on ripe drupes of 0.72 and 0.6, respectively, and mean rAUDPC val-
ues for RB012 and RB428 C. nymphaeae isolates of 0.52 and 0.46, 
respectively. Conversely, isolates of C. godetiae were the least aggres-
sive, with mean rAUDPC values for OLP12 and OLP16 isolates on ripe 
olives of 0.14 and 0.16, respectively. C. gloeosporioides isolates, with 
mean rAUDPC values for RD9B and AC24 isolates on ripe olives of 
0.32 and 0.21, respectively, were more aggressive than isolates of C. 
godetiae, but less aggressive than isolates of both C. acutatum and C. 
nymphaeae. In general, symptoms were more severe on mature than 
on green drupes (Figure 6). However, the susceptibility of green drupes 
to diverse Colletotrichum species correlated with the susceptibility of 
mature drupes. No significant difference in virulence was observed be-
tween isolates of the same Colletotrichum species (Figure 6).

4 | DISCUSSION

The introduction of molecular taxonomy contributed greatly to 
the accurate identification and characterization of cryptic species 
previously merged in the C. acutatum, C. boninense and C. gloe-
osporioides species complexes. This, in turn, promoted a notable 
advancement in both the study and knowledge of the structure of 
Colletotrichum populations associated with OA and the disease ep-
idemiology in different geographical areas (Cacciola et al., 2012; 
Kolainis et al., 2020; Moral et al., 2021; Moral & Trapero, 2009; 

F I G U R E  5  Olive anthracnose intensity over time (relative area under the disease progress curve [rAUDPC]) on drupes of four olive 
cultivars inoculated with isolates of Colletotrichum acutatum, C. gloeosporioides, C. godetiae, C. karsti or C. nymphaeae (two isolates per 
species). Severity of symptoms on inoculated olive drupes was assessed daily for 7 days and rated on a 0 to 6 scale according to the size of 
necrotic lesion and the abundance of fungal sporulation. Values sharing a common letter are not statistically different according to Tukey's 
honestly significant difference (HSD) test (p ≤ 0.05)  [Colour figure can be viewed at wileyonlinelibrary.com]
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Moreira et al.,  2021; Talhinhas et al.,  2011, 2018). The present 
study revealed differences in temperature requirements for myce-
lium growth of diverse Colletotrichum species associated with OA. 
Similar results were obtained by Moral et al. (2012) in experiments 
aimed at evaluating the effect of temperature on conidial germina-
tion of diverse Colletotrichum species. These differences between 
species might have epidemiological implications; however, they are 
not sufficient to explain why some species prevail over others in 
different olive-growing areas. Beside climatic conditions, a major 
driving factor of OA epidemics is the susceptibility of olive culti-
vars to the disease. Different levels of in-field susceptibility to OA 
among Italian olive cultivars were previously reported (Cacciola 
et al., 2012; Graniti et al., 1993). In a field screen of the suscepti-
bility to OA of olive cultivars of worldwide origin, Frantoio, a cul-
tivar of Italian origin, was selected as representative of the "highly 
resistant" category, with a higher resistance level than Picual, a 
common cultivar in Portugal and Spain, which was classified as 
"resistant" (Moral et al., 2017). However, to the best of our knowl-
edge, the present study is the first time that a set of olive cultivars 
of Italian origin has been screened in comparable conditions for 
their susceptibility to diverse species of Colletotrichum associated 
with OA. Both Frantoio and Picual were included in this study as 
references.

In the pathogenicity assays on detached olive fruits, Frantoio was 
confirmed to be resistant to all the species of Colletotrichum tested, 
while Picual behaved as resistant to C. godetiae but was found to 
be susceptible to the more virulent C. acutatum and C. gloeospo-
rioides. Interestingly, so far, C. godetiae has been the prevalent 
Colletotrichum species associated with olive anthracnose in Spain. 
Carolea, Coratina and Ottobratica were found to be very suscepti-
ble, irrespective of the Colletotrichum species tested. Coratina, orig-
inating from the Apulia region, is the most common Italian cultivar 

and is grown in around 90,000 ha, most of which are in the province 
of Bari (Lombardo, 2003). Ottobratica is mainly grown in the alluvial 
plain of Gioia Tauro, in the province of Reggio Calabria (southern 
Italy), a vast olive-growing area of around 20,000 ha where OA is 
endemic. Indeed, consistent with the in vitro tests, in the Gioia Tauro 
Plain, Ottobratica is considered one of the local cultivars most sus-
ceptible to OA (Cacciola et al., 2012; Graniti et al., 1993). Leccino, a 
popular cultivar originally restricted to Tuscany and Umbria regions 
and presently grown also in numerous other regions of central and 
southern Italy (Lombardo, 2003), was shown to be as resistant as, 
and in some tests more resistant than, Frantoio, even to the most 
aggressive Colletotrichum species. This olive cultivar has also been 
proven to be tolerant of the quick decline syndrome caused by 
the bacterium Xylella fastidiosa (Boscia et al.,  2017; Giampetruzzi 
et al., 2020). The resistance of Leccino to OA might be interesting 
not only in view of its widespread diffusion in commercial olive or-
chards, but also as a genetic source of resistance in breeding pro-
grammes of olive cultivars.

In agreement with previous results of Talhinhas et al.  (2015) 
and Moral et al. (2021), C. acutatum and C. nymphaeae were more 
virulent than C. godetiae. Both C. acutatum and C. nymphaeae 
were able to sporulate on infected drupes of susceptible olive 
cultivars, which contributed to the high scores they attained in 
the pathogenicity tests (DSI values 5 and 6 in the rating scale) 
of our study. The production of a large amount of conidia might 
increase the fitness of these two species and give them an ep-
idemiological advantage over other Colletotrichum species in-
fecting olive drupes. Conversely, in agreement with a previous 
study by Schena et al. (2014), C. karsti was scarcely aggressive on 
olive fruits. Despite its polyphagy and widespread diffusion this 
Colletotrichum species was also shown to be a weak pathogen on 
other host plants, such as apple and citrus (Riolo et al., 2021). This 

F I G U R E  6  Olive anthracnose intensity over time (relative area under the disease progress curve [rAUDPC]) on ripe or green 
drupes of olive cultivar Coratina, which were either wounded or nonwounded and inoculated with isolates of Colletotrichum acutatum, 
C. gloeosporioides, C. godetiae or C. nymphaeae (two isolates per species). Severity of symptoms on inoculated olive drupes was assessed daily 
for 7 days for ripe olives and for 14 days for green drupes. Severity of symptoms was rated on a 0 to 6 scale according to the size of necrotic 
lesion and the abundance of fungal sporulation. Values sharing a common letter are not statistically different according to Tukey's honestly 
significant difference (HSD) test (p ≤ 0.05)  [Colour figure can be viewed at wileyonlinelibrary.com]
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would confirm that the presence of C. karsti on olive fruits with 
symptoms is incidental and its role in OA epidemic outbreaks is 
marginal. Conversely, our study did not help to clarify the con-
troversial role of C. gloeosporioides as causal agent of OA; we 
found that on detached olive drupes this Colletotrichum species 
was even more virulent than C. godetiae, although C. godetiae has 
long been, or still is, the dominant Colletotrichum species associ-
ated with OA in several olive-growing areas of the Mediterranean 
region, including Andalusia (Spain), Greece, southern Italy and 
north-eastern provinces of Portugal (Cacciola et al., 2012; Moral 
et al., 2021; Talhinhas et al., 2018). However, in contrast to C. acu-
tatum and C. nymphaeae, we found that neither C. gloeosporioides 
nor C. godetiae were able to infect unwounded olive drupes. This 
is in agreement with Schena et al.  (2014), who also found that 
wounding was a prerequisite for successful infections, particularly 
with less virulent Colletotrichum species, and for repeatability of 
results. However, Moral et al.  (2008) and Talhinhas et al.  (2015) 
reported that wounding is not necessary to have infections by 
Colletotrichum species on detached olives. A possible explanation 
is that green olive drupes used in our study were less mature than 
those used by Moral et al. (2008) and Talhinhas et al. (2015), and 
neither of those studies used Coratina in their tests on detached 
olive drupes. Nevertheless, our study confirmed the findings of 
Moral et al.  (2008) and Talhinhas et al.  (2015) that the suscep-
tibility of detached olive drupes to artificial inoculations with 
Colletotrichum species correlated with in-field susceptibility to 
OA.

Another important aspect of our pathogenicity study was the 
evaluation of the symptoms early after inoculation (3, 5 and 7 dpi). 
This could have led to an underestimation of the severity of symp-
toms in green olives, but an early rating of symptoms on wounded 
ripening drupes provides a more reliable assessment of disease se-
verity, especially in comparative studies. The rating of the severity 
of symptoms from 14 up to 35 dpi could result in an overestimation 
as well as a bias of interpretation of the severity of symptoms, as 
even less aggressive Colletotrichum strains can colonize senescent 
tissues.

Our evaluation of olive cultivars was in agreement with the 
findings of Talhinhas et al.  (2015), who examined the susceptibil-
ity of eight olive cultivars commonly grown in Portugal to diverse 
Colletotrichum species. They also revealed considerable variabil-
ity in both the susceptibility of olive cultivars and the virulence of 
Colletotrichum species tested and a significant interaction between 
olive cultivar and Colletotrichum species. In our study, this inter-
action was clearly exemplified by the cultivars Picual and Dolce 
Agogia, which were resistant to C. godetiae but susceptible to C. acu-
tatum. It can be inferred that cultivars considered resistant in one 
geographical area where a weakly pathogenic Colletotrichum species 
prevails, may behave as susceptible in areas where a more aggres-
sive Colletotrichum species is dominant, provided that environmental 
conditions are conducive to the disease.

A better understanding of both the population structure of 
Colletotrichum in an olive-growing area and the susceptibility of 

olive cultivars to the infections by different Colletotrichum spe-
cies are prerequisites for developing an effective management 
strategy for OA. However, there is evidence that the structure of 
a Colletotrichum population in a given area may change, possibly 
rapidly, over time, depending on several factors including climate, 
disease management strategies, the introduction of more aggressive 
exotic Colletotrichum species from other olive-growing areas, a host 
jump of a Colletotrichum species already present on other plants, or 
the replacement of local olive cultivars with new, more suscepti-
ble cultivars. With regard to Italy, C. nymphaeae, the most common 
causal agent of strawberry anthracnose in this country and origi-
nally misidentified as C. acutatum and later as C. simmondsii (Agosteo 
et al., 2002; Faedda et al., 2011), has only recently been reported as 
causal agent of OA (Antelmi et al., 2018). Moreover, recent findings 
show an ever-mounting presence of C. acutatum, which is outcom-
peting the less aggressive C. godetiae and becoming the prevalent 
Colletotrichum species associated with OA in the Gioia Tauro Plain 
(southern Italy) (Schena et al.,  2017). An additional explanation of 
the displacement of C. godetiae by C. acutatum in southern Italy 
could be the faster growth, especially at high temperatures, of C. 
acutatum compared with C. godetiae. It can be envisaged that the 
severity of OA outbreaks in olive-growing areas of Italy will increase 
in the coming years as a consequence of the emergence of these two 
aggressive Colletotrichum species. Perhaps it is not accidental that 
Leccino, Frantoio, Dolce Agogia and Sant'Agostino, all relatively re-
sistant to C. godetiae, are widespread in central Italy where only this 
Colletotrichum species was reported to be associated with occasional 
OA outbreaks (Cacciola et al., 2012). Another Colletotrichum species 
in the C. gloeosporioides species complex, C. theobromicola, which 
was found to be associated with anthracnose outbreaks in Australia 
and was demonstrated to be very aggressive in artificial inoculations 
on detached olive drupes (Schena et al.,  2014), has been recently 
reported to be responsible for anthracnose outbreaks in Uruguay in 
association with C. acutatum (Moreira et al., 2021). C. theobromicola 
has not be reported so far in olive-growing regions of the Northern 
hemisphere, but its introduction into the Mediterranean region 
might have phytosanitary implications.

Overall, the results of this study reinforced that Colletotrichum 
species in a given olive-growing area need to be identified precisely 
and that local olive cultivars need to be screened for OA suscepti-
bility accordingly. However, the genetic resistance of cultivars might 
become ineffective if there is a shift in the Colletotrichum population, 
which seems likely according to previously mentioned literature. This 
implies there is a need for continuous monitoring of Colletotrichum 
populations in olive orchards and a more integrated and flexible OA 
management strategy.
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