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Abstract

:

Olive anthracnose, caused by Colletotrichum fungi, is responsible for major fruit yield losses and poor olive oil quality worldwide. In the Mediterranean basin, some Colletotrichum spp. appear to be replacing others, possibly due to climate change and modification in cultural systems. To update the situation in Portugal, 525 olive groves were surveyed throughout the country over two years, revealing a decrease in disease incidence, associated with scarcer rainfall and new cropping systems using less susceptible cultivars. A collection of 212 isolates was obtained, and phylogenetic analyses using a multi-locus sequencing approach (five and six loci in the acutatum and gloeosporioides species complex, respectively) revealed the presence of seven Colletotrichum species within the collection. Compared to surveys conducted in the first decade of the 21st century, the species composition of olive anthracnose pathogens in Portugal remains mostly unchanged, with C. nymphaeae as the prevalent species, followed by C. godetiae, but with C. acutatum geographically expanding and with C. alienum and C. cigarro being reported for the first time as causal agents of olive anthracnose in Portugal. A close attention to pathogen population shifts, in the context of climate change and modification of cultivation systems, is fundamental for anticipating plant protection measures.
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1. Introduction


Olive (Olea europaea L. subsp. europaea) is the largest permanent crop worldwide accounting for 25% of the permanent crops in the world. Europe is the main continent where olives (65.7%) and olive oil (73.1%) are produced worldwide [1], with production concentrated mainly in the European Mediterranean countries. Olive trees are an integral part of the Portuguese landscape and olive oil is present in nearly all traditional cuisines. Despite being a small country, Portugal is in the top 10 of olive (ninth) and olive oil (eighth) producing countries, with olive groves being the largest agricultural crops in the country (379,565 ha) [2].



One of the fungal diseases that affects olive production and olive oil quality most worldwide is anthracnose, caused by several species of Colletotrichum [3,4,5]. On fruit, the disease appears during olive ripening, usually after the onset of autumn rains. The characteristic symptoms consist of sunken brown to black lesions on the fruit, which in moist conditions ooze mucilaginous masses of pink to orange conidia that emerge from acervuli. As the disease progresses, the infected fruits rot, resulting in fruit drop or mummification. Defoliation and dieback of branches can also occur in severe epidemics, causing polyetic effects on the yield in subsequent years. Olive oils obtained from Colletotrichum-infected fruit present chemical and sensory defects that may prevent their direct use as virgin oils or result in a downgrading of the oil category, with severe economic losses for the olive grower [5,6]. These negative effects on olive oil were shown to be dependent on the Colletotrichum species–cultivar interaction [5].



Colletotrichum species responsible for olive anthracnose are remarkably diverse, and can be grouped into the acutatum, boninense and gloeosporioides species complexes [7,8,9] with a wide range of relative population frequencies [10,11,12,13]. Presently, at least 18 species of Colletotrichum are described as affecting olive trees worldwide: C. acutatum, C. fioriniae, C. godetiae, C. lupini, C. nymphaeae, C. rhombiforme and C. simmondsii (acutatum complex); C. boninense and C. karsti (boninense complex); and C. aenigma, C. alienum, C. cigarro, C. fioriniae, C. fructicola, C. gloeosporioides, C. godetiae, C. perseae, C. queenslandicum, C. siamense and C. theobromicola (gloeosporioides complex) [4].



Previous studies carried out in Portugal revealed that C. nymphaeae (formerly known as group A2 of C. acutatum [14]) was dominant, while C. godetiae (group A4 of C. acutatum [14]) was prevalent in the northeastern region (Trás-os-Montes), and these species, along with C. acutatum s.str. (group A5 of C. acutatum [9]) and C. gloeosporioides s.str., occurred at similar proportions in the southernmost region (Algarve) [10]. For this reason, the Algarve region was considered a hot spot of host–pathogen diversity in Portugal. Differences in Colletotrichum species virulence suggested that the most common population in Portugal (C. nymphaeae) was also the most virulent [11,12,14], with important olive cultivar x pathogen population interactions [15]. Information from other parts of the world reveals mixed scenarios [15], for example, in Spain where the dominant olive anthracnose pathogen is C. godetiae [4], or Italy where C. godetiae is replaced by C. acutatum in the south of the country [16]. Also, in Spain, recent studies show a tendency for C. godetiae to displace C. nymphaeae (without total exclusion) when both species are co-inoculated on olive fruit [17].



The last systematic survey for olive anthracnose in Portugal dates back to the last decade. Since then, olive farming has undergone a fast intensification process in Portugal, mainly in Alentejo (southern region), the most important olive and olive oil producing region of the country, where traditional rainfed plantations are being extensively replaced by intensive and super-intensive irrigated olive groves. As a result, traditional olive cultivars are being replaced by new ones which are more productive and better adapted to the new production systems. In addition, Portugal, as well as other Mediterranean regions, is experiencing the effects of climate change, primarily affecting the southern regions of Portugal. Although the effect of climate change on olive anthracnose is not fully addressed in the literature, the effect of environmental conditions on host–pathogen interaction is known, involving the modulation of plant resistance and of pathogen virulence mechanisms. On the pathogen side, environmental variables, such as temperature and water availability, influence many stages of plant infection (sporulation, pathogen growth, and expression of virulence genes) as well as dispersal and pathogen overwintering [18]. It is reported that higher winter temperatures may be associated with severe olive anthracnose outbreaks in southern Italy due to continued infections of the pathogen [19]. Also, as a result of warming temperatures, it is expected that strains of pathogens better adapted to these conditions will emerge [18], which in the case of olive anthracnose could also be reflected in shifts in pathogen populations. Therefore, this new framework fully justifies the need to update previous data and verify whether the populations of Colletotrichum fungi have changed, as reported for other countries [13,20,21,22,23]. Thus, the objectives of this study were (i) to analyze the incidence and severity of olive anthracnose in the main growing regions of Portugal and to compare them to those obtained in the first decade of the century; and (ii) to perform genotypic and phenotypic characterization of Colletotrichum isolates associated with olive anthracnose in order to identify possible shifts in species composition and population frequency.




2. Materials and Methods


2.1. Disease Survey and Fungal Isolation


To investigate the population structure of the olive anthracnose pathogens, surveys were conducted during autumn of 2018 and 2019 in different districts of Portugal (Figure 1 and Figure 2), at the fruit maturation stage. In total, 525 sites were surveyed (286 during 2018; 239 during 2019) and, for each collection site, the presence/absence of anthracnose symptoms and signs on fruit was recorded. In each site surveyed (i.e., in each olive grove), at least five randomly selected olive trees were sampled and at least 30 fruits were collected by randomly selecting these from the sampled trees. Further, the asymptomatic presence of inoculum was assessed by incubating symptomless fruit in a wet chamber (100% relative humidity, 22 °C) aiming to induce the development of acervuli.



The pathogen was isolated from fruit with typical anthracnose lesions by scraping the acervular conidial masses onto Petri dishes containing potato dextrose agar (PDA, BD-Difco, Sparks, MD, USA) amended with a bacterial growth inhibitor (chloramphenicol 250 µg/mL), and incubated for 7 days at 25 °C, in darkness. Single-spore cultures were obtained on PDA and used to perform further experiments.




2.2. Molecular Characterization


From the surveys, a collection of 212 Colletotrichum spp. isolates was established. Total genomic DNA was extracted from mycelium scraped from the PDA plates according to the protocol previously described [24]. DNA concentration measurements were conducted on Microplate Reader Biotek Synergy HT (BioTek Instruments, Winooski, VT, USA) and diluted to 10 ng/μL.



2.2.1. ISSR Analysis


Inter-Simple Sequence Repeat analysis was performed using the primers (AG)8YT (Y = C + T) [25] and (CAG)5 [26] to access the genetic diversity of the 212 Colletotrichum isolates obtained. For comparative purposes, a collection of 19 isolates previously characterized as C. acutatum (three isolates), C. fioriniae (three isolates), C. godetiae (five isolates), C. gloeosporioides (two isolates), C. nymphaeae (five isolates), and C. rhombiforme (one isolate) was also included in this analysis (Table S1). PCR amplifications, cycle conditions, electrophoresis, and analyses of band patterns were conducted according to the methodology described previously [27]. The annealing temperature for the primer (CAG)5 was 60 °C [28].




2.2.2. PCR Amplification and Sequencing


According to the ISSR analysis and based on cultural and morphological traits, a set of 47 isolates was established for multi-locus phylogenetic analyses. For the isolates that grouped in the acutatum species complex (n = 36), five loci, actin (ACT), β-tubulin 2 (TUB2), histone H3 (HIS3), nuclear ribosomal RNA-Internal Transcribed Spacer (ITS), and a 200-bp intron of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were amplified using, respectively, the primer pairs ACT-512F/ACT-783R [29] T1 [30]/Bt2B [31], CYLH3F/CYLH3R [32], V9G [33]/ITS4 [34], and GDF1/GDR1 [35]. For the isolates that were grouped in the gloeosporioides species complex (n = 11), six loci were used: ACT, TUB2, ITS, GAPDH, glutamine synthetase (GS), and an intergenic spacer between the 3′ end of the Apn2 gene and the mating type gene mat1-2-1 (ApMAT) amplified with the primer pairs GSF1/GSR1 [36] and AMF1/AMR1, respectively [37]. PCR mixtures contained 1× DreamTaq Buffer (Thermo Scientific, Vilnius, Lithuania) with 2 mM of MgCl2, 0.24 μM of each primer, 32 μM of each dNTP, 0.6 units DreamTaq DNA polymerase, and 30 ng of genomic DNA or 3 μL of ultra-pure water PCR grade for the negative controls, in a final volume of 15 μL. For the amplification of TUB2, 5% of DMSO was also added to the PCR mixture. The amplifications were carried out in a S1000 Thermal Cycler (Bio-Rad, Hercules, CA, USA) and the cycle conditions were 94 °C for 5 min, followed by 40 cycles at 94 °C for 30 s, 52 °C for 30 s (ACT and HIS3), or 55 °C (ITS), or 56 °C (TUB2), or 58 °C (GS and GAPDH), or 60 °C (ApMAT), and 72 °C for 60 s, and a final elongation at 72 °C for 10 min. After confirmation by agarose gel electrophoresis, amplicons were sequenced by StabVida (Portugal). Sequences were assembled and edited to resolve ambiguities, using the SeqMan module of the Lasergene software package v5.05 (DNAStar, Madison, WI, USA). Consensus sequences for all isolates were compiled into a single file (Fasta format) and novel sequences were lodged in GenBank accession numbers PP506774-PP506995 and PP508293-PP508342.
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Figure 1. Survey of olive anthracnose in Portugal in 2018; pie charts represent the proportion of groves with symptoms in the field, symptoms upon incubation or no symptoms per region (n represents the number of olive groves surveyed); the map depicts the species of Colletotrichum (if any) identified in each location. 
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Figure 2. Survey of olive anthracnose in Portugal in 2019; pie charts represent the proportion of groves with symptoms in the field, symptoms upon incubation or no symptoms per region (n represents the number of olive groves surveyed); the map depicts the species of Colletotrichum (if any) identified in each location. 
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2.2.3. Phylogenetic Analyses


Colletotrichum sequences especially those representing the ex-type strains of the acutatum and gloeosporioides species complexes were obtained from GenBank and used as reference sequences (Table S2). Consensus sequences generated in this study and the reference sequences were aligned using MAFFT version 7 [38] and edited manually, if necessary, on MEGA 11 [39]. The alignments for each locus were combined in a single file using the program SEQUENCEMATRIX 1.8 [40]. The best-fit nucleotide substitution model for each locus was calculated in MrModelTest v 2.4 [41], according to the Akaike information criterion. MrBAYES 3.2.7 [42] was used to perform the Bayesian analyses of the combined loci dataset incorporating the nucleotide substitution models selected by MrModelTest for each locus, which were GTR+G for ACT and HIS3, GTR+I for ITS, HKY+G for GAPDH, and TUB2, for the acutatum complex dataset; and GTR+G for GS and TUB2, GTR+I for ITS, HKY+G for ACT and ApMAT, and HKY+I for GAPDH, for the gloeosporioides complex dataset. The Markov Chain Monte Carlo sampling was set to 10 million generations, with two independent runs with four chains, and with the temperature set to 0.2. The tree samples of the two cold chains were compared every 1000 generations and stopped when the average standard deviation of split frequencies fell below 0.01. Burn-in was set at 25% after which the likelihood values were stationary, and the remaining trees were used to calculate posterior probabilities. Trees from different runs were then combined and summarized in a majority rule 50% consensus tree. Maximum likelihood (ML) was implemented in the CIPRES Science Gateway V 3.3 [43] using RAxML-HPC2 on XSEDE (8.2.12) using the GTRCAT model and 1000 rapid bootstrap inferences. The resulting trees were plotted using FigTree v. 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree). Alignments and phylogenetic trees were lodged in TreeBASE (http://www.treebase.org; study number S31264).





2.3. Morphological Characterization


Colletotrichum isolates were inoculated on PDA and synthetic nutrient-poor agar (SNA, [44]) with two 1 cm2 squares of filter paper on the agar surface. Cultures contained on PDA plates were incubated at 25 °C and, after 7 days of incubation, the colony diameter was measured and the cultural characteristics observed. Colony colors were rated according to the color chart of Rayner [45]. The SNA plates were incubated at 20 °C under white fluorescent light with a 12 h photoperiod. Morphological characters were examined using a Leica DM 2500 microscope with differential interference contrast illumination, and the images were captured with a Leica DFC295 digital camera using the software Leica Application Suite (LAS) version 3.3.0. Microscopic preparations were carried out in clear lactic acid. Conidial measures and descriptions were obtained from conidia that oozed from acervuli. Hyphal appressoria were observed on the reverse side of SNA plates. For each informative structure, 30 measurements were obtained. Measurements are presented as minimum–first quartile–third quartile–maximum.



Perithecia were induced in minimal salt medium agar with three autoclaved birch toothpicks in an “N” configuration on the medium surface to provide a substrate for the sexual structures [46]. The plates were incubated at 22 °C under white fluorescent light with a 12 h photoperiod, and the development of perithecia was examined up to 12 weeks after inoculation. Each experiment comprised three plates per isolate and was conducted twice.




2.4. Pathogenicity Assays


Olive fruit of the cultivar ‘Galega Vulgar’, at comparable ripening stages (3.3 to 3.5 according to [47]), were washed in water, surface-sterilized by being immersed in a 5% sodium hypochlorite solution (0.35% active chlorine) for 1 min, rinsed with sterile water, and dried on sterile tissue paper. Colletotrichum isolates of C. acutatum (19301A), C. alienum (19331), C. cigarro (18312B, 19148, 19151, 19300, 19329B, 19330A), C. fioriniae (19124A), C. gloeosporioides (19175), C. godetiae (19165), and C. nymphaeae (19112) were cultured on PDA at 25 °C for 7 days in the dark, prior to fruit inoculation. Nonwounded olives were inoculated by the deposition of a droplet (10 μL) of each conidial suspension (1 × 106 conidia mL−1) onto the fruit epidermis. Negative controls were treated similarly, but the inoculum was replaced with 10 μL of sterile distilled water. Twelve replicates were used for each isolate. After inoculation, the fruits were maintained in a moist chamber at 22 °C in the dark over the first 24 h and then under a 12 h photoperiod and examined every 4–5 days. The experiments were conducted twice.



The disease severity on olive fruit was scored until 35 days after inoculation (dai) according to a 0–6 scale: 0, no symptoms; 1, mycelium only; 2, small necrosis (<5 mm diameter), but no sporulation; 3, large necrosis (>5 mm diameter), but no sporulation; 4, few conidial masses on the inoculation point; 5, abundant conidial masses expanding away from the inoculation point; 6, conidial masses entirely covering the fruit [15]. A disease severity index (DSI) was calculated after 9, 15, and 35 dai using the following formula:


  D S I   ( % ) =    ∑  ( c l a s s   f r e q u e n c y × s c o r e   o f   r a t i n g   c l a s s )     t o t a l   n u m b e r   o f   f r u i t × m a x i m a l   d i s e a s e   i n d e x   × 100  











The calculated DSI values were used to estimate the area under the disease progress curve (AUDPC) using the trapezoidal method [48] and the relative AUDPC (rAUDPC) was obtained by dividing each AUDPC by the highest theoretical AUDPC. One-way analysis of variance (ANOVA) was performed on rAUDPC as a function of the isolate, and the means were compared by Tukey’s honestly significant difference (HSD) test with a level of significance of 0.05 using the software STATISTICA version 8.0 (StatSoft). To guarantee the homogeneity of variances, the 9 dai data were logarithmically transformed.



Re-isolations from the inoculated fruit were made onto PDA plates and the emergent colonies compared to the original isolates to fulfil Koch’s postulates.





3. Results


3.1. Disease Survey


From the 286 different sites (olive groves) surveyed during autumn 2018 to investigate the presence of olive anthracnose, disease symptoms were observed in the field only at 11 sites (Figure 1). Symptoms were induced in samples from 38 sites after incubation of the symptomless fruits in a wet chamber, thus meaning that disease and/or inoculum were present in 17% of the sites and that in 83% of the sites no anthracnose was detected nor induced upon incubation. However, these proportions varied along the territory. Symptoms in the field were only detected in the south, in the Alentejo (Beja, Évora, and Portalegre districts) and Algarve (district of Faro) regions (in 6% and 14% of the sites surveyed, respectively), but the proportion of sites with anthracnose inoculum (symptoms in the field and symptoms upon incubation) was 35% in Alentejo, 33% in Beira Baixa (district of Castelo Branco), and 19% in Algarve. Whereas most sites in the Algarve where inoculum was detected also exhibited anthracnose symptoms, most sites with inoculum in Alentejo and Beira Baixa were asymptomatic in the field. At Trás-os-Montes and Beira Alta (districts of Bragança, Guarda, and Vila Real), anthracnose was only detected after fruit incubation, and only in two closely located sites. Therefore, no anthracnose disease was detected in 99% of sites in this region.



In 2019, symptoms were detected in the field in 29% of the sites surveyed and induced upon incubation in a wet chamber in another 29% of sites (Figure 2), meaning that anthracnose was not detected in 42% of sites (due to the sporadic detection of anthracnose in Trás-os-Montes and Beira Alta in 2018, these regions were not surveyed in 2019). These proportions varied over the country. No symptoms were detected in the field in Algarve, but 61% of the sites in this region revealed the presence of inoculum by inducing anthracnose symptoms upon incubation. At Alentejo, anthracnose was detected in 18% of sites, but anthracnose inoculum was present in 43% of sites. A similar situation could be depicted in Beira Baixa (13% and 44%, respectively). At Ribatejo e Oeste, however, anthracnose symptoms were detected in the field at 72% of the sites surveyed and another 16% of sites showed the presence of symptoms upon incubation, meaning that anthracnose inoculum remained undetected in only 11% of sites in this region.



Global disease incidence was higher in 2019 (29% olive groves exhibiting symptoms in the field) than in 2018 (4%). The asymptomatic presence of inoculum was also higher in 2019 (29% of samples) than in 2018 (13%). The analysis of accumulated rainfall from September to December, measured in a selection of meteorological stations from the Instituto Português do Mar e da Atmosfera (IPMA; www.ipma.pt; accessed on 6 July 2023) network, shows that both 2018 and 2019 had rainfall values below the 30-year normal curve for each station (Figure 3), with no notable differences between 2018 and 2019 that might explain the differences in incidence. Rainfall in the previous months (January to August) was 147% in 2018 as compared to the average and 53% in 2019 (data from IPMA for the Faro, Beja, Castelo Branco, and Bragança weather stations), suggesting that the precipitation in that period also cannot explain the higher anthracnose incidence in 2019. Regarding temperature, the analysis of the anomaly in mean temperature values (https://www.ipma.pt/pt/oclima/monitorizacao/; accessed on 18 March 2024) countrywide reveals that late winter (February and March) was cooler than average in 2018 and mostly warmer than the average in 2019. In both years, a period of lower-than-average temperatures was recorded at the beginning of summer (in June in 2018 and in July in 2019), with the rest of the spring being similar to the average (except for May 2019, which was quite warmer). The two summers were distinct: mean temperatures were above average in 2018 and within average in 2019. In both autumns, mean temperatures fluctuated between values either slightly above or slightly below average.




3.2. Molecular Characterization


3.2.1. ISSR Analysis


The ISSR primers produced multi-band patterns for each of the isolates present in the collection and for the 19 Colletotrichum isolates used as a reference for the species C. acutatum, C. fioriniae, C. gloeosporioides, C. godetiae, C. nymphaeae, and C. rhombiforme. The primer (AG)8YT generated 9 to 20 band fragments per isolate with an average of 16.4, and the primer (CAG)5 generated 7 to 18 band fragments per isolate with an average of 11.1. Both primers were able to produce band patterns suitable to discriminate among the different species assigned to the reference isolates (Table S3).



A dendrogram was constructed, depicting similarity between the banding patterns of isolates (Figure S1). Most of the isolates (n = 154) clustered with the reference isolates of C. nymphaeae with a Dice similarity coefficient of 85.4% and a bootstrap (BS) of 100%, 19 isolates clustered along C. acutatum (similarity = 94%, BS = 100%), 19 isolates clustered with C. godetiae (similarity = 89.6%, BS = 100%), 8 isolates clustered along C. gloeosporioides (similarity = 87.2%, BS = 100%),) and 4 with C. fioriniae (similarity = 82.2%, BS = 100%). Eight isolates did not group with any of the reference isolates used, although seven of them, 18312B, 19148, 19151, 19300, 19329B, 19330A, and 19342C, formed a well-defined cluster in the ISSR dendrogram with a similarity coefficient of 85% and a bootstrap value of 100%. Isolate 19331 did not group with any of the isolates tested. None of our isolates clustered with C. rhombiforme.




3.2.2. Phylogenetic Analyses


Acutatum Species Complex


The 36 isolates assigned to species in the acutatum complex according to ISSR analysis (i.e., C. acutatum, C. fioriniae, C. godetiae, and C. nymphaeae) were subjected to phylogenetic analysis using a five-locus concatenated dataset (ACT, TUB2, HIS, ITS, and GAPDH). Sequences from 129 strains representing 39 species of the acutatum species complex were retrieved from GenBank along with two representatives of C. orchidophilum (CBS 631.80 and CBS 632.80), used as outgroups, and added to the analysis creating a final dataset with 167 strains (Table S2).



The alignment comprised 1805 characters [ACT: 1–202; GAPDH: 203–460; HIS3: 461–832; ITS: 833–1324; TUB2: 1325–1805], including gaps, of which 1310 characters were constant, 177 characters were parsimony-uninformative, and 378 characters were parsimony-informative. The Bayesian analysis of the combined alignment resulted in a total of 151,082 trees of which 113,312 were sampled to calculate the majority-rule consensus tree and posterior probabilities, with a log likelihood value of −8263.03. The best scoring RAxML tree had a final likelihood value of −7995.807650.



The topologies obtained by the Bayesian consensus tree and ML analysis were identical in the five-locus concatenated data, and therefore only Bayesian consensus trees are presented with bootstrap support values (BS > 50%) and posterior probability values (PP > 0.90) near each node (Figure 4).



Twenty-one isolates clustered in a clade (BS = 88; PP = 0.99) that comprises several isolates of C. nymphaeae, including the ex-type strain of this species (CBS 515.78) but also the ex-type strains CBS 134233 of C. citri (regarded as a synonym of C. nymphaeae) and CGMCC3.16082 of C. simulanticitri. Twelve isolates (18105, 18123, 19112, 19182, 19213, 19262, 19281, 19285, 19290, 19291B, 19317, 19342A; group A) had the same nucleotide sequences in the five loci analyzed and were exactly equal to the isolates obtained from olives in Spain (Col-150) and Portugal (CBS 231.49, CBS 129945, Col-634, and PT800). The isolate 19190 also clustered with the isolates of group A, differing in TUB2 (1 bp). The isolate 18212 differed from the isolates of group A in TUB2 (1 bp) and in HIS3 (5 bp), and in the concatenated dendrogram it clustered with isolates obtained from strawberry in Canada, Israel, and Spain. The isolates 19125, 19131, 19149B, and 19154 (group B) clustered with isolate PT799 (from olives in Portugal) with a BS of 98% and a PP of 1 and differed from the isolates of group A in ITS (2 bp) and ACT (2 bp). The isolates 19122B, 19136, and 19153 (group C) clustered with isolate PT794 (from olives in Portugal) with a BS of 97% and a PP of 1. Theses isolates differed from the isolates of group A and B by 8 and 12 nucleotides, respectively, ITS (1 and 3 bp), ACT (1 and 3 bp), GAPDH (2 bp), and TUB2 (4 bp). Concerning the similarity to the ex-type strain CBS 515.78, 7 to 11 bp differences were observed: ACT (1 and 2 bp in groups C and B, respectively), GAPDH (2 bp in groups A and B, 18212 and 19190), HIS3 (2 bp for groups A, B, C, and 19190, 7 bp for 18312), ITS (2 bp groups A, B, 18212 and 19190, 3 bp in group C) and in TUB2 (1 bp groups A, B, C, and 2 bp in 19190).



Eight isolates clustered in a clade (BS = 89; PP = 100) that comprised isolates identified as C. godetiae including the ex-type strain of this species. The isolates 18036, 18216, 19134, 19139, 19164A, and 19165 clustered (BS = 84; PP = 1) with isolates obtained from olives in Greece (CBS 193.32), Italy (CBS 130251), Spain (Col-50), and Portugal (PT797), and the sequences of these isolates were exactly identical to the ones of the isolates CBS 193.32 and CBS 130251. The isolates 19137 and 19293 differed in 2 bp and 3 bp, respectively, in ACT and in 1 bp in GAPDH from the other six isolates obtained, resulting in these isolates clustering apart. Concerning the similarity to the ex-type strain CBS 133.44, the eight isolates were identical in ITS and TUB2 and differed in ACT (3 bp for isolate 19293, 2 bp for isolate 19137, and 1 bp for the remaining isolates), GAPDH (1 bp for isolates 191317 and 19293, and 2 bp for the rest of the isolates), and HIS3 (2 bp).



Four isolates clustered in a clade (BS = 89; PP = 100) that comprised the ex-type strain of C. fioriniae, CBS 128517 and also the ex-type strains of C. orientale (F10PGBYS08) and C. radermacherae (GZCC 21-0814), synonyms of C. fioriniae. The isolates 19333A and 19342C differ from the ex-type strain of C. fioriniae (CBS 128517) only in 1 bp in ITS and the isolates 19124A and 19329A differ in 10 bp (1 bp in ACT, 2 bp in GAPDH, 4 bp in HIS3, and 2 bp in TUB2). The sequences of the isolates 19124A and 19329A were identical to the ones of isolates CBS 129946 (from olive in Portugal), CBS 129947 (from grapevine in Portugal), and CBS 128529 (from strawberry in New Zealand) and differed in 2 bp in TUB2 from isolate F10PGBYS08 (from apple in China).



The isolates 19291A, 19301A, and 19338A clustered in a clade (BS = 100; PP = 1) that encompassed C. acutatum isolates. These three isolates differed from isolate CBS 129952 (from olives in Portugal) in 1 bp in GAPDH, from CBS 127539 (from rooibos in South Africa) in 1 bp in GAPDH and TUB2, and from the ex-type strain of C. acutatum CBS 112996 (from papaya in Australia) in 5 bp in GAPDH and 1 bp in TUB2.




Gloeosporioides Species Complex


For the 11 isolates initially assigned to the gloeosporioides complex by ISSR analysis and/or morphological characterization (which includes the eight isolates that were not assigned to a species by ISSR), the phylogenetic analysis was performed using a six-locus concatenated dataset (ACT, GAPDH, GS, ITS, ApMAT, TUB2). The complete dataset consisted of sequences from 106 strains, including 43 ex-type strains and two C. boninense isolates (CBS 123755 and LF644) used as outgroups (Table S2). The alignment comprised 3249 characters [ACT: 1–237; GAPDH: 238–470; GS: 471–1384; ITS: 1385–1854; ApMAT: 1855–2614; TUB2: 2615–3249] including gaps, of which 1794 characters were constant, 626 characters were parsimony-uninformative, and 829 characters were parsimony-informative. Also, for each locus, individual trees were obtained. The Bayesian analysis of the combined alignment resulted in a total of 129,002 trees of which 96,752 were sampled to calculate the majority-rule consensus tree and posterior probabilities, with a log likelihood value of −16,215.55. The best scoring RAxML tree had a final likelihood value of −16,128.251903.



The topologies obtained by the Bayesian consensus tree and ML analysis were identical in the six locus-concatenated data and therefore only Bayesian consensus trees are presented with bootstrap support values (BS > 50%) and posterior probability values (PP > 0.90) near each node (Figure 5).



One isolate (19331) was identified as C. alienum as the nucleotide sequences of ACT, GAPDH, GS, ITS, and TUB2 were similar to the ones of the ex-type strain ICMP 12071 (from apple in New Zealand). A 1-bp difference in ApMAT was found for isolates obtained from olive in Australia (Col-211) and Uruguay (isolate OL98). No nucleotide sequence available in GenBank was 100% identical to that of the ApMAT fragment sequenced for isolate 19331, with all differences being 1 bp or more.



Seven isolates were identified as belonging to C. cigarro. These isolates differed from the ex-type strain of C. cigarro (ICMP 18539, from olive in Australia) in 1 to 3 bp (isolates 19148, 19151, 19300, 19329B and 19330A), in 9 bp (18312B), and in 13 bp (19342B). These differences were observed in ApMAT (1 bp: 18312B, 19148 19151, 19300, 19329B; 19330A; 3 bp: 19342B), in GS (1 bp: 19300; 2 bp: 19151; 9 bp: 18312B and 19342B), GAPDH (2 bp: 19329B and 19330A), and in TUB2 (1 bp: 19342B). The isolates 18312B and 19342B cluster with isolates F317 and Isol.53 (from olive in Italy) from which they do not differ in GS, ITS, and TUB2 (except 19342B that differed in 1 bp). The isolates 19329B and 19330A were similar to isolate CVG628 (from blueberry in Italy; retrieved from GenBank as C. helleniense) in GAPDH but differed in 1 bp in ACT and GS and 2 bp in ApMAT. In our phylogenetic analysis, this isolate did not group with the ex-type strain of this species, CBS 142418, suggesting that this strain may rather belong to C. cigarro.



Three isolates (18036, 19123, 19175) clustered into the C. gloeosporioides clade (BS = 100; PP = 1). The sequences of ApMAT, GAPDH, GS, ITS, and TUB2 were identical to the ones of the ex-type strain of C. gloeosporioides IMI 35678 (from orange in Italy) for isolate 18036, and differed in 4 nucleotides (1 in ITS and 3 in ApMAT) or in 18 nucleotides (5 in GAPDH, 12 in GS, and 1 in ITS) for isolates 19123 and 19175. The isolate 19123 was similar to isolate Col-41 from olives in Spain in ApMAT, GAPDH, ITS, and TUB2, and isolate 19175 was similar in ApMAT, GS, ITS, and TUB2 to isolate PT110 from olives in Portugal.






3.3. Morphological Characterization


Detailed morphological observations were conducted for the same 47 Colletotrichum isolates selected for phylogenetic analysis and assigned to seven Colletotrichum species, in which four species belonged to the acutatum complex and three to the gloeosporioides one. Among the latter, C. alienum and C. cigarro are reported for the first time in Portugal as causal agents of olive anthracnose. A morphological description of each species is provided below.



3.3.1. Acutatum Species Complex


Colletotrichum acutatum J.H. Simmonds, Queensland J. agric. Anim. Sci. 25: 178A. 1968 (Figure 6A–E).



A sexual morph was not observed. An asexual morph was observed on synthetic nutrient agar (SNA). Acervuli peach formed on filter paper. Setae were not observed. Conidia were hyaline, smooth-walled, aseptate, straight, cylindrical-to-fusiform with both ends acute, (7.3–)11.4–14.3(–16.5) × (2.7–)3.7–4.4(–5.3) μm mean ± SD = 12.6 ± 1.9 × 4 ± 0.5 μm. L/W ratio = 3.1. Appressoria were solitary, medium brown, smooth-walled, ellipsoidal-to-obovate, entire edge, and sometimes undulate, (5.3–)8.1–9.4(–13.4) × (4.8–)5.8–7.3(–8.4) μm, mean ± SD = 9 ± 1.8 × 6.4 ± 0.9 μm. L/W ratio = 1.4. Chlamydospores were not observed.



Culture characteristics: Colonies on potato dextrose agar (PDA) had a 56 to 60 mm diameter after 7 days at 25 °C, and were flat with an entire margin; their surface was rose to red with white margins, aerial mycelium was white to pale mouse gray, and reverse was red to rose with a white margin.



Colletotrichum fioriniae (Marcelino & Gouli) R.G. Shivas & Y.P. Tan, Fungal Diversity 39: 117. 2009 (Figure 6F–J).



A sexual morph not observed. An asexual morph was observed on SNA. Acervuli, which were salmon to orange, formed on filter paper. Setae were not observed. Conidia were hyaline, smooth-walled, aseptate, straight, and fusiform with both ends acute, (10.6–)12.2–13.8(–16.7) × (3.6–)4.2–4.7(–5.2) μm, mean ± SD = 13.1 ± 1.3 × 4.4 ± 0.3 μm. L/W ratio = 3. Appressoria were solitary or in loose groups, pale to medium brown, smooth-walled, ellipsoidal, clavate to irregular outline, entire edge or undulate, (6.9–)7.5–8.8(–14.1) × (5.2–)5.9–6.8(–7.6) μm, mean ± SD = 8.8 ± 2.1 × 6.3 ± 0.6 μm. L/W ratio = 1.4. Chlamydospores were not observed.



Culture characteristics: Colonies on PDA had a 51 to 60 mm diameter after 7 days at 25 °C, and were flat with an entire margin; their surface was purplish gray to white, pale purplish gray in the middle to grayish rose and a white margin, and reverse pale vinaceous to vinaceous buff to white, grayish rose with a white margin, and with conidial masses that were salmon to orange.



Colletotrichum godetiae Neerg., Friesia 4: 72. 1950 (Figure 6K–V).



A sexual morph was not observed. An asexual morph was observed on SNA. Acervuli luteus which were orange formed on filter paper. Setae present (isolates 19164A and 19293) were medium brown, smooth-walled, 1–2-septate, 45–75 μm long, and base-cylindrical, with a 4–5 μm diam, tip ± acute. Conidia were hyaline, smooth-walled, aseptate, straight, and cylindrical-to-clavate with one end round and the other slightly acute (8.6–)12.6–14.4(–18.6) × (3.2–)4.3–4.9(–5.9) μm, mean ± SD = 13.5 ± 1.5 × 4.6 ± 0.5 μm. L/W ratio = 3. Appressoria were solitary, medium-brown, smooth-walled, and clavate-to-elliptical, with the edge entire or undulate (6.6–)9.1–11.5(–14.4) × (3.9–)5–6.1(–7.8) μm, mean ± SD = 10.4 ± 1.9 × 5.5 ± 0.8 μm, L/W ratio = 1.9. Chlamydospores were not observed.



Culture characteristics: Colonies on PDA had a 43 to 54 mm diameter after 7 days at 25 °C, and were flat with an entire margin; surface olivaceous gray, with a vinaceous buff in the middle, to olivaceous gray with a white margin, with the reverse similar to surface.



Colletotrichum nymphaeae (Pass.) Aa, Netherlands J. Pl. Pathol., 84: 110 (1978) (Figure 6Q–V).



= Colletotrichum simulanticitri Z.F. Yu, Journal of Fungi 8 (2, no. 185): 24 (2022)



A sexual morph was not observed. An asexual morph was observed on SNA. Acervuli which were saffron to orange formed on filter paper. Setae were medium brown, with the basal cell sometimes pale brown, smooth-walled, 0–2-septate, 35–70 μm long, with the base cylindrical, 3–4 μm diam, tip ± acute observed only in the isolates 18212, 19122B,19131, 19190, 19262, 19285, 19291B, and 19317. Conidia were hyaline, smooth-walled, aseptate, straight, cylindrical to cylindrical-clavate with one end round and the other end was round or slightly acute (8.4–)11.4–13.3(–16.8) × (2.8–)3.9–4.3(–5.3) μm, mean ± SD = 12.3 ± 1.5 × 4.1 ± 0.4 μm, L/W ratio = 3. Appressoria were solitary, medium-brown, smooth-walled, clavate-to-elliptical, or irregular in outline, entire, with an undulate to lobate margin (5.5–)7.8–10(–14.8) × (3.9–)5.9–7.1(–11.1) μm, mean ± SD = 9.2 ± 1.7 × 6.6 ± 1 μm. L/W ratio = 1.4. Chlamydospores were not observed.



Culture characteristics: Colonies on PDA had a 43 to 60 mm diameter after 7 days at 25 °C, and were flat with the entire margin. The surface mouse was gray to white, or olivaceous gray with white margins, reverse white with grayish fructification, mouse gray, or olivaceous gray, with white margins.



Notes: Colletotrichum simulanticitri was described from a leaf spot of Ageratina adenophora and Betula sp. in China [49]. The three isolates from this study were included in our phylogeny and grouped in the C. nymphaeae clade. The ex-type strain of C. simulanticitri (YMF1.07302) and the ex-type strain of C. nymphaeae (CBS 515.78) have a sequence similarity of 99.59% in ACT (245/246 identities which includes one gap), 100% in CHS-1 (226/226), 99.19% in GAPDH (245/247), and 99.26% in ITS (538/542 which includes two gaps). On the other hand, isolates CBS 127608 and IMI 360386, identified as C. nymphaeae in a phylogenetic study with 70 isolates of this species [8], differ from the type strain in 6 or 11 nucleotides, respectively (0 or 3 in ACT, 2 or 1 in CHS-1, 2 or 5 in GAPDH, and 2 in ITS), thus presenting similar to or greater nucleotide differences than those observed in the isolate YMF1.07302 of C. simulanticitri to the ex-type strain of C. nymphaeae. Furthermore, the etymology of species epithet simulanticitri refers to the similarity of this species to C. citri, which was already regarded as a synonym of C. nymphaeae when this species was described [50].




3.3.2. Gloeosporioides Species Complex


Colletotrichum alienum B.S. Weir & P.R. Johnst., Stud. Mycol. 73: 139 (2012) (Figure 7A–H).



A sexual morph was observed on the toothpicks on minimal salt medium (MSM): Perithecia were pale brown to brown, and dark-walled globose to sub-globose, with a short ostiolar neck, often in clusters. Asci were eight-spored, 53–62 × 9–13 μm. Ascospores were hyaline, aseptate, smooth, cylindric, curved, tapering slightly to each end (14.5–)15.5–17.2(–18.3) × (3.5–)4.2–4.6(–5.4) μm, mean ± SD = 16.3 ± 1 × 4.4 ± 0.3 μm, L/W ratio = 3.7. An asexual morph was observed on SNA. Setae were not observed. Conidia were cylindric with broadly rounded ends (13.4–)14.7–16.1(–17.9) × (4.5–)5–5.3(–5.8) μm, mean ± SD = 15.4 ± 1.2 × 5.2 ± 0.3 μm, L/W ratio = 3. Appressoria were mostly simple, globose to cylindric (5.4–)10–11.7(–15.1) × (4.9–)5.8–7.9(–8.9) μm, mean ± SD = 10.9 ± 2.5 × 6.9 ± 1.2 μm, L/W ratio =1.6. Chlamydospores were not observed.



Culture characteristics: Colonies on PDA > 85 mm diameter after 7 days at 25 °C, flat with entire margin; aerial mycelium dense, cottony, pale gray in the middle to white, reverse dark gray in the middle with sporadic black flecks, pale gray to white towards the edge.



Colletotrichum cigarro (B.S. Weir & P.R. Johnst.) A. Cabral & P. Talhinhas, Plants (Basel) 9 (4): no. 502, 12 (2020) (Figure 7I–Q).



A sexual morph was observed on the toothpicks: Perithecia were pale brown to brown, dark-walled globose to sub-globose, with a short ostiolar neck, often in clusters. Asci were eight-spored, 55–75 × 9–13 μm. Ascospores were hyaline, aseptate, smooth, cylindric, curved, tapering slightly to each end (15.5–)18.1–19.8(–22.9) × (3.8–)4.3–5(–5.7) μm, mean ± SD = 19 ± 1.7 × 4.6 ± 0.5 μm, L/W ratio = 4.1. An sexual morph was observed on SNA. Setae were not observed. Conidia were cylindric with broadly rounded ends (10.1–)14.1–15.9(–17.8) × (3.1–)4.5–5.4(–6.3) μm, mean ± SD = 14.8 ± 1.4 × 4.9 ± 0.7 μm, L/W ratio = 3. Appressoria were simple, globose to fusiform, with the margin mostly lobate (7–)10.2–13.1(–17.3) × (4.1–)6.4–8.7(–11.8) μm, mean ± SD = 11.7 ± 2.2 × 7.5 ± 1.6 μm, L/W ratio = 1.6. Chlamydospores were not observed.



Culture characteristics: Colonies on PDA had a ≥ 75 mm diameter after 7 days at 25 °C, and were flat with the entire margin being surface olivaceous gray to pale olivaceous gray, and reverse olivaceous black to olivaceous gray.



Colletotrichum gloeosporioides (Penz.) Penz. & Sacc., Atti Reale Ist. Veneto Sci. Lett. Arti., Serie 6, 2: 670. 1884 (Figure 7R–W).



A sexual morph was not observed. An asexual morph was observed on SNA. Setae were not observed. Conidia were hyaline, smooth-walled, aseptate, straight, and cylindrical with rounded ends (11.3–)13.6–15.6(–17.6) × (4.7–)5.5–6(–6.6) μm mean ± SD = 14.6 ± 1.3 × 5.7 ± 0.4 μm. L/W ratio = 2.5. Appressoria were solitary, brown or dark brown, smooth-walled, with an ovoid-to-ellipsoidal outline, with the entire edge being (6.5–)7.8–9.8(–11) × (4.5–)5.7–7.3(–8.9) μm, mean ± SD = 8.7 ± 1.2 × 6.6 ± 1.1 μm, L/W ratio = 1.3. Chlamydospores were not observed.



Culture characteristics: Colonies on PDA were ≥ 75 mm after 7 days at 25 °C, and flat with the entire margin surface being pale vinaceous gray, olivaceous gray to white, and the reverse being the same color.





3.4. Population Structure


Based on the molecular and morphological characterization conducted, it was possible to assign a Colletotrichum species to the 212 isolates (52 in 2018 and 160 in 2019) obtained in the surveys. Most of the isolates were identified as C. nymphaeae (n = 154, of which 38 were obtained in 2018 and 116 in 2019), 19 isolates were assigned to C. acutatum (6 in 2018 and 13 in 2019), 19 isolates clustered with C. godetiae (6 in 2018 and 13 in 2019), 8 isolates were ascribed to C. gloeosporioides (1 in 2018 and 7 in 2019), 7 isolates to C. cigarro (1 in 2018 and 6 in 2019), 4 as C. fioriniae, all obtained in 2019, and 1 to C. alienum (2019) (Table S1).



Isolates of C. nymphaeae (n = 154) were obtained from all the regions surveyed, being the most prevalent species in the country (72.6%), ranging from 43% in the Algarve to 93% in Beira Baixa. From the isolates identified as C. acutatum (n = 19), ten were from olive trees located in Algarve, representing 27% of the isolates obtained in this region; eight were from Ribatejo e Oeste (11% in this region); and one was from Alentejo. Isolates assigned to C. godetiae (n = 19) were obtained from olive groves located in Algarve, Alentejo, Ribatejo e Oeste, and Trás-os-Montes. Eight C. gloeosporioides isolates were obtained from olive trees grown in Algarve, Alentejo, and Ribatejo e Oeste. Isolates of C. cigarro (n = 7) were obtained from olives collected in Algarve and Ribatejo e Oeste. The four isolates of C. fioriniae were obtained from Algarve, Ribatejo e Oeste, and Beira Baixa. One isolate identified as C. alienum was obtained from olive fruit collected in Ribatejo e Oeste (municipality of Caldas da Rainha) (Figure 1, Figure 2 and Figure 8).



The population structure of Colletotrichum species obtained in the Algarve and Ribatejo e Oeste regions was more diversified than that found in any other regions surveyed. From the 120 sites surveyed at Trás-os-Montes, only two isolates were obtained, so it was not possible to determine the population structure in this region (Figure 1, Figure 2 and Figure 8).



Concerning the host of origin, isolates of C. nymphaeae were obtained from all olive cultivars and from oleaster (Olea europaea ssp. europaea var. sylvestris), although they were not isolated from ‘Maçanilha’ (Figure 9). This species was the most frequent anthracnose pathogen on ‘Galega Vulgar’ (84% of isolates) and on ‘Cordovil de Serpa’ (86% of isolates). In contrast, C. godetiae represents 75% of the isolates obtained from ‘Arbequina’ and 40% of those from ‘Maçanilha’, while this species represents only 2.7% of the strains isolated from ‘Galega Vulgar’. Similarly, C. acutatum represents 40% of the strains isolated from ‘Maçanilha’, but only 6.6% of those from ‘Galega Vulgar’. Considering the pathogen, C. nymphaeae was more frequently isolated from ‘Galega Vulgar’ (92% of all C. nymphaeae strains were obtained from this cultivar) than any other species: 83% of C. acutatum strains were obtained from ‘Galega Vulgar’, along with C. gloeosporioides (also 83%), and followed by C. fioriniae (67%), C. cigarro (50%), and C. godetiae (40%).



Besides comparing the results for disease presence and pathogen identity on a regional scale or according to the host cultivar, the fact that several sites were surveyed in both years enables a direct comparison of those parameters at a local scale (Table S4). The presence of symptoms in the field or its development upon incubation in these 23 sites follows the regional patterns described above. In no location have there been shifts in pathogen species; although, in 2019, in a couple of locations at Alentejo, C. godetiae co-occurred along with C. nymphaeae, whereas a similar situation occurred in Algarve with C. nymphaeae and C. acutatum.




3.5. Pathogenicity on Detached Olive Fruit


The first symptoms on the inoculated fruit started 4–5 days after inoculation (dai) for the 12 isolates of Colletotrichum tested, although differences in the disease progress were observed among isolates. For instance, 55% of the inoculated fruit with the isolate 19112 of C. nymphaeae (at 9 dai) exhibited abundant spore masses expanding away from the inoculation point (rated 5 on the 0–6 scale) and the calculated rAUDPC was 67%, while most of the fruits inoculated with isolates of C. alienum (19331), C. cigarro (18312B, 19148, 19151, 19300, 19329B and 19330A), C. gloeosporioides (19175), and C. godetiae (19165) were rated 2 and 3 with the rAUDPC ranging between 38 and 52%. The isolates of C. acutatum (19301A) and C. fioriniae (19124A) were mostly rated three and four, with the rAUDPC being approximately 60%.



At 15 dai, most of the fruits inoculated with C. nymphaeae (19112) were completely rotted, showing abundant conidia in gelatinous matrices (soapy fruit), and the rAUDPC was 73% (DSI = 89%), while for fruit inoculated with the isolates of C. alienum, C. cigarro, C. gloeosporioides, and C. godetiae, the rAUDPC ranged between 42 and 57% (DSI = 54–75%), and for the isolates of C. acutatum and C. fioriniae between 76 and 80% (DSI = 76–81%), respectively. These results suggest that C. nymphaeae is capable of inducing anthracnose symptoms in olive fruit from the cultivar ‘Galega Vulgar’ earlier than any of the other species tested in this study. At the end of the experiments, the inoculated fruit showed typical anthracnose symptoms with the rAUDPC ranging from 57 to 85% (DSI = 76–96%), and perithecia were observed on the fruit inoculated with the isolates of C. alienum and C. cigarro. Koch’s postulates were fulfilled as fungi with the same morpho-cultural and phylogenetic characteristics of the inoculated isolates were re-isolated from fruit, and never from the controls, indicating that these species are able to cause anthracnose disease on the olive fruit (Figure 10 and Figure 11).





4. Discussion


Olive anthracnose has been known in the Iberian Peninsula for centuries and the disease is consistently found in neglected olive groves, even in unfavorable autumns, increasing in incidence and severity under favorable environmental conditions [3]. In Portugal, studies conducted in the first decade of the 21st century showed an average disease incidence of 41% (i.e., anthracnose symptoms found in nearly half of the olive groves surveyed), with another 14% of sites showing the asymptomatic presence of inoculum [11]. In the present study, the disease incidence recorded in Portugal was 4% in 2018 and 29% in 2019. The asymptomatic presence of inoculum was detected in 13% of sites in 2018 and 29% in 2019. These represent situations where no disease was reported but where the fungus was present and potentially capable of causing disease if favorable conditions occurred (wet periods in the field or infection events during fruit storage or transport). Olive anthracnose incidence in Portugal in 2018 and 2019 was lower than the average from the previous decade, and this can be related to autumn rainfall being consistently lower than the average in general and specifically over those two years. The differences in disease incidence between 2018 and 2019 could also be correlated to the temperature values by the end of winter, as mean temperatures in Portugal were below average in February and March 2018 and above average in the same months in 2019. After harvest in autumn, olive anthracnose inoculum is reported to remain on leaves and branches, where conidia are able to survive and undergo secondary conidiation [11], although inoculum levels decrease over summer presumably because of hot and dry conditions. In contrast, above-average temperatures in late winter, when air humidity is still high (typically reaching saturation during the night), may favor inoculum survival and multiplication on leaves and branches, as reported for other pathosystems [18] and as empirically suggested regarding olive anthracnose [19]. Besides climatic factors, the reduction in anthracnose incidence from the first to the second decade of the century can also be related to the profound changes in olive cropping systems, both because cultivars less susceptible to anthracnose (such as ‘Arbequina’ and ‘Arbosana’) and are being implemented in high-density olive groves (displacing the highly susceptible ‘Galega Vulgar’, which is not well adapted to hedge systems) and because such high-profit systems allow a higher number of fungicide treatments than traditional olive groves.



In the present study, a collection of 212 Colletotrichum isolates obtained from olive fruit in the main olive-growing regions of Portugal (n = 525 sites; two-year survey) was characterized, based on morphological, molecular, and pathogenicity traits. Despite the value of morphological data, phylogenetic analyses were necessary to properly identify Colletotrichum species, especially those included in the acutatum, boninense, and gloeosporioides species complexes. Due to the high number of isolates obtained, we carried out a first screening of species complexes or presumptive species present in our collection using morphological data and ISSR analysis (n = 212 isolates). After this step, which made it possible to group the isolates into the acutatum and gloeosporioides species complexes, and sometimes into species, representative isolates from each group were selected for phylogenetic analyses (n = 47 isolates). None of the isolates obtained in the present study were grouped into the boninense complex.



The delimitation of species in the genus Colletotrichum based on morphology and ITS phylogeny is uncertain; hence, it is recommended to combine multi-gene phylogenetic analysis with morphological descriptions [8,9,51]. In addition to morphology and ITS, loci such as ACT, CHS-1, GAPDH, HIS3, and TUB2 have been recommended to resolve species in the acutatum complex, with GAPDH and TUB2 showing a better performance in species recognition [8]. For the gloeosporioides complex, an additional three loci are used (ApMAT, CAL, and GS; [9,52]), among which ApMAT and GS have been recommended as sufficient to identify species in this complex [52]. Based on phylogenetic analyses and morphological characteristics, our results revealed that Colletotrichum isolates collected from olive fruit in our survey belonged to seven species, C. acutatum, C. fioriniae, C. godetiae, and C. nymphaeae in the acutatum complex, whereby C. nymphaeae was the most prevalent, and C. alienum, C. cigarro, and C. gloeosporioides were present in the gloeosporioides complex.



In fungal plant pathogens, insufficient taxon sampling in combination with low taxonomic resolution are among the main reasons for the ambiguity of species boundaries. When a new species is described, it is necessary to follow some guidelines to avoid an inflation of taxonomic issues with the introduction of invalid and unnecessary names [53]. Two examples are the species C. orientale (as ‘orientalis’) [54] and C. radermacherae [55] that were reduced to synonyms of C. fioriniae in a recent study [56] because the morphological differences observed between the ex-type strains of these three species were not considered sufficient to distinguish them as different species, also corroborated by less than 2% differences in the nucleotide sequences of five loci (ACT, CHS-1, GAPDH, ITS, and TUB2).



In our phylogenetic analysis, aiming to reflect the intraspecific variability within C. nymphaeae [8] sequences, 27 strains of this species were retrieved from GenBank, including three strains initially assigned to C. citri [57] and synonymized with C. nymphaeae [50]. From this analysis, C. simulanticitri [49] was also grouped in the C. nymphaeae clade and is, most probably, another synonym of C. nymphaeae. To reinforce this statement, it should be stressed that only four nucleotide differences were found between the ex-type strains of C. nymphaeae (CBS 515.78) and C. simulanticitri (YMF1.07302) in the four loci available for the latter species (ACT, CHS-1, GAPDH, and ITS), which is less than the nucleotide differences observed between CBS 515.78 and CBS 127608 or IMI 360386 that were assigned to C. nymphaeae by our multi-locus phylogenetic analyses and by coalescent-based species delimitation methods (PTP, mPTP, and BPP) [8,58]



In this study seven isolates were identified as C. cigarro, a putative cryptic species complex. The species limits between C. cigarro and the neighboring C. fructivorum, C. hedericola, C. helleniense, C. jiangxiense, C. kahawae and C. rhexiae are still not well established and more in-depth studies are needed [59,60].



The virulence diversity of isolates representing C. acutatum, C. fioriniae, C. godetiae, C. nymphaeae, and C. gloeosporioides obtained in Portugal was previously evaluated in several olive cultivars, including ‘Galega Vulgar’. Although cultivar x pathogen interactions occurred, ‘Galega Vulgar’ proved to be one of the most susceptible cultivars to anthracnose [15]. In the present pathogenicity studies, these species were represented by only one isolate each (positive controls) because our main objective was to demonstrate the pathogenicity of the species C. cigarro and C. alienum, until now unknown as causal agents of olive anthracnose in Portugal. For this reason, in addition to the species mentioned above, the pathogenicity studies included a higher number of representative isolates of C. cigarro (n = 6) and only one in the case of C. alienum, as it corresponded to the only isolate obtained by us. Taken together, all isolates of C. cigarro proved to be pathogenic on olive fruit, with no significant differences between the isolates, although two of them (19030A and 19329B) proved to be significantly less virulent than C. acutatum, C. fioriniae, and C. nymphaeae. Nevertheless, these two isolates of C. cigarro were not significantly different from C. godetiae, C. alienum, or C. gloeosporioides. Similar virulence patterns between C. cigarro and C. gloeosporioides were observed in pathogenicity tests carried out on Italian olive cultivars, with those species being less virulent than C. acutatum [61]. In the present study, an intermediate behavior was recorded for C. alienum, being less virulent than C. acutatum, C. fioriniae, and C. nymphaeae at 9 dai, or than C. fioriniae and C. nymphaeae at 15 dai, or even than C. nymphaeae at 35 dai. Even so, the virulence of C. alienum was comparable to that of C. godetiae or C. gloeosporioides. Colletotrichum alienum was reported for the first time as one of the causal agents of olive anthracnose in Uruguay, being responsible, when inoculated on flowers and fruit, for disease incidence values comparable to those obtained upon inoculation with C. acutatum, C. fioriniae, C. nymphaeae, or C. theobromicola [23]. It should be noted that C. nymphaeae was significantly more virulent towards ‘Galega Vulgar‘ fruit than C. godetiae, at any time after inoculation, which confirms our previous findings [15], but it contrasts with the results obtained by other authors in which C. godetiae was more virulent than C. nymphaeae on this same olive cultivar [17]. This apparent inconsistency could be explained either by reasons inherent to intraspecific variability or by small differences between experimental procedures (e.g., fruit ripeness, inoculation method, and incubation temperature). Although tested on different olive cultivars, also in Italy, C. nymphaeae revealed greater virulence than C. godetiae and a virulence comparable to that of C. acutatum, [16], which is in line with our results.



The present study revealed C. nymphaeae as the most common olive anthracnose pathogen in Portugal, representing 73% of the 212 isolates analyzed, occurring in all regions surveyed and presenting a clear preference for ‘Galega Vulgar’. This prevalence follows the scenario depicted in the first decade of the 21st century, when C. nymphaeae accounted for 80% of the isolates associated with olive anthracnose [11]. By then, it was shown that C. nymphaeae was even more frequent in years with a higher disease incidence (probably due to its high virulence), and the lower frequency of isolation of C. nymphaeae in the present study may be related to the low disease incidence in 2018 and 2019. Colletotrichum nymphaeae associated with olive anthracnose is mostly restricted to southwestern Iberia [11,14,62,63], but has more recently been reported in northeastern Italy [21], Uruguay [23], and Brazil [64]. As one of the most virulent olive anthracnose pathogens [15], C. nymphaeae may become more impactful in the future and continue its spread to other olive-growing regions, as well as to other crops. To this end, it is worth stressing that C. nymphaeae has ca. 50 host plant species, in some cases is the most important anthracnose pathogen (e.g., strawberry anthracnose), and seems to be expanding geographically (e.g., numerous reports on diverse hosts in the American continent in recent years) [65].



Colletotrichum godetiae represents 9% of the olive anthracnose isolates analyzed in this study. This fungus was detected in all regions surveyed except Beira Baixa. These results follow those previously obtained (12% isolates in the 2000s) [11], although the low level of anthracnose detection at Trás-os-Montes in the present study (relatable to a combination of less favorable environmental conditions and the use of less susceptible cultivars, as previously discussed [11]) does not enable us to confirm if this species is still the most common in that region. Although less virulent than C. nymphaeae or C. acutatum, C. godetiae is still considered the most common olive anthracnose pathogen in the Mediterranean basin [4,17] and its current epidemic status in intensive almond orchards [66] raises concern about cross-infection from and to olive. In fact, C. godetiae is hosted by ca. 40 plant species, including other fruit crops such as apple, peach, and strawberry. As opposed to C. nymphaeae, this species is mostly restricted to Europe [65].



As for C. godetiae, C. acutatum also represents 9% of the olive anthracnose isolates analyzed in this study and was recorded in the Algarve, Alentejo, and Ribatejo e Oeste regions. In the past, this fungus accounted for 3.6% of isolates associated with olive anthracnose in Portugal and was restricted to the Algarve. Although this fungus is still common and is even expanding at the Algarve, where it represents 27% of the isolates (20% in the previous study), it has now been reported in Alentejo (a single isolate from Vila Alva, Cuba—interestingly, one of the refuge areas for olive anthracnose, where the disease is recorded even in unfavorable years) and in eight isolates from Ribatejo e Oeste (mostly from the Torres Novas–Tomar–Abrantes triangle, an area where both traditional and high-density olive groves are common). This geographic expansion is in line with the spread of this pathogen as an olive anthracnose pathogen in several countries. Known for a long time as a causal agent of olive anthracnose in South Africa and Australia [3,67], and reported as one of the most virulent olive anthracnose pathogens [15], this fungus is now reported in Mediterranean countries such as Italy, Albania, Greece, and Tunisia [13,61,68,69,70], and also in Pakistan [71], often as the most frequent pathogen and displacing other species, such as in parts of Italy and in Tunisia [3]. Although C. acutatum occurs on ca. 40 host species, this species seemed to be restricted to Oceania and Africa, and only recently expanded to the Mediterranean region on several other tree crops (almond, chestnut, citrus, and pomegranate) [65]. More recently, it expanded into the American continent, where it became the prevalent olive anthracnose pathogen in Uruguay [23] and also appeared associated with olive blossom blight and olive anthracnose in Brazil [64]. Given the rapid geographic expansion of C. acutatum, it is likely that it will become more important in the near future, not only as an olive anthracnose pathogen, but also as a pathogen of other crops.



In this study, eight C. gloeosporioides isolates were identified from the Algarve, Alentejo, and Ribatejo e Oeste regions. Coincidently, the frequency of detection of this species in the current study was precisely the same as that in the study conducted in the first decade of the 21st century: 3.8% [11]. Colletotrichum gloeosporioides is a widely polyphagous fungus (over 100 host species [65]), but it is not a highly virulent pathogen towards olives [15].



In this study, C. cigarro is recorded for the first time in Portugal as one of the causal agents of olive anthracnose. This fungus was detected at unrelated sites at the Algarve and at Ribatejo e Oeste. This species had previously been recorded as being associated with olive anthracnose in Italy and Australia [9,20,61]. Given the polyphagous nature of this fungus (ca. 30 host species [65]), current results raise concern about the future relevance of this fungus regarding anthracnose on olive and on other crops.



Four C. fioriniae isolates were identified in this study, scattered over the Algarve, Ribatejo e Oeste, and Beira Baixa, and maintaining the distribution pattern depicted in the past [11]. Although very common (namely in temperate regions), C. fioriniae most frequently occurs among other Colletotrichum species, being a less important pathogen on many of its ca. 80 host species [65]. This seems to be the case with C. fioriniae associated with olive anthracnose in Portugal as well as in different parts of the world: Australia, Italy, Turkey, and the USA [4,11,13,14,72]. Nevertheless, C. fioriniae is consistently placed as an important pathogen associated with apple bitter rotting [65], and the detection of one of the isolates in the present study in an apple growing area (Caldas da Rainha) raises concern regarding this fruit crop.



A single C. alienum isolate was detected in this study, also at Caldas da Rainha. This is the first report of olive anthracnose caused by C. alienum in Portugal and in the Northern Hemisphere, as previous records were from Australia and Uruguay [4,23]. In fact, previous records of this fungus in Portugal and Europe are limited to the Proteaceae [73], and the European Food Safety Authority has performed a pest categorization for this fungus considering its potential danger towards fruit crops, such as apple, avocado, mango, persimmon, and strawberry [74].



This study suggests that the incidence of olive anthracnose in Portugal is declining, which may be related to climate change, and specifically to a reduction in rainfall in autumn, and to the use of less susceptible cultivars under high-density systems with an increased use of fungicides to control the main leaf and fruit diseases of olive. The population structure of Colletotrichum spp. remains dominated by C. nymphaeae, an olive pathogen traditionally restricted to southwestern Iberia but that is now becoming of concern in other parts of the world. Colletotrichum acutatum, previously associated with olive anthracnose only in the Southern Hemisphere and later in the Algarve region of Portugal, has recently spread as an important pathogen in much of the Mediterranean basin and is also territorially spreading in Portugal. Conclusions from this study highlight the importance of detailed etiological and mycological studies, resulting in the pinpointing of less frequent pathogens, as in the case of C. alienum, that may help to anticipate future problems for olive and other crops.
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Figure 3. Accumulated rainfall in autumn 2018 and 2019 in Portugal (as measured at six meteorological stations) compared with 30-year normal curves; meteorological daily data and climatic normal retrieved from Instituto Português do Mar e da Atmosfera—IPMA; www.ipma.pt; accessed on 6 July 2023). 
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Figure 4. Fifty percent majority rule consensus tree from a Bayesian analysis based on a five-locus combined dataset (ACT, TUB2, HIS, ITS, and GAPDH) for Colletotrichum isolates of the acutatum complex. The RAxML bootstrap support values (BS, >70%) and Bayesian posterior probability (PP, >0.9) are displayed at the nodes (BS/PP). The tree was rooted with C. orchidophilum (CBS 631.80 and CBS 632.80). The scale bar indicates the expected substitutions per site. Isolates obtained in this study are indicated in green. Abbreviations: Alt—Alentejo, Alg—Algarve; BI—Beira Interior; RO—Ribatejo e Oeste; TM—Trás-os-Montes. Ex-type strains are emphasized with an asterisk* and the ex-type or authentic strain of synonymized taxon with (*). 
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Figure 5. Fifty percent majority rule consensus tree from a Bayesian analysis based on a six-locus combined dataset (ACT, GAPDH, GS, ITS, ApMAT, and TUB2) for Colletotrichum isolates of the gloeosporioides complex. The RAxML bootstrap support values (BS, >70%) and Bayesian posterior probability (PP, >0.9) are displayed at the nodes (BS/PP). The tree was rooted with C. boninense (CBS 123,55 and LF644). The scale bar indicates the expected substitutions per site. Isolates obtained in this study are indicated in green. Abbreviations: Alt—Alentejo, Alg—Algarve; RO—Ribatejo e Oeste. Ex-type strains are emphasized with an asterisk* and the ex-type or authentic strains of synonymized taxon with (*). 
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Figure 6. Morphological and cultural characters of Colletotrichum isolates from the acutatum complex: C. acutatum isolate 19301A (A–E); C. fioriniae isolate 19124B (F–J); C. godetiae isolate 19293 (K–P); C. nymphaeae isolates 19112 (Q–S,U,V) and 18212 (T). Colonies on PDA, upper (A,F,K,Q) and reverse (B,G,L,R) sides. Acervuli (C,H,M,S), seta (N,T), conidia (D,I,O,U) and appressoria (E,J,P,V) on SNA. Scale bars = 10 µm. Scale bar of (C) applies to (H,M,S), of (N) applies to (T), and of (D) applies to (E,I,J,O,P,U,V). 
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Figure 7. Morphological and cultural characters of Colletotrichum isolates from the gloeosporioides complex: C. alienum isolate 19331 (A–H); C. cigarro isolate 19151 (I–Q); C. gloeosporioides isolate 19175 (R–W). Colonies on PDA, upper (A,I,R) and reverse (B,J,S) sides. Conidia (C,D,K,L,T,U) and appressoria (E,M,V,W) on SNA. Perithecia (F,N,O), asci (G,P), and ascospores (H, Q) from MSM with toothpicks. Scale bars: 50 µm (F,N,O), 10 µm (C,G,P). Scale bar of (C) applies to (D,E,H,K–M,Q,T–W). 
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Figure 8. Frequency of Colletotrichum spp. associated with olive anthracnose in different districts of Portugal obtained from the surveys in 2018 and 2019. 
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Figure 9. Frequency of Colletotrichum spp. associated with olive anthracnose according to olive cultivars (and oleaster) obtained from the surveys of 2018 and 2019. 
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Figure 10. Relative area under the disease progress curve (rAUDPC) for olive fruit of cultivar ‘Galega Vulgar’ inoculated with isolates of Colletotrichum acutatum (CAC), C. alienum (CAL), C. cigarro (CCI), C. fioriniae (CFI), C. gloeosporioides (CGL), C. godetiae (CGO), or C. nymphaeae (CNY). Disease severity was assessed 9, 15, and 35 days after inoculation (dai) by using a 0 to 6 rating scale. Columns are the means of two independent assays with 12 inoculated fruits, per isolate each. For each dai, isolates with the same letter do not differ significantly according to Tukey’s honestly significant difference test at p = 0.05. 






Figure 10. Relative area under the disease progress curve (rAUDPC) for olive fruit of cultivar ‘Galega Vulgar’ inoculated with isolates of Colletotrichum acutatum (CAC), C. alienum (CAL), C. cigarro (CCI), C. fioriniae (CFI), C. gloeosporioides (CGL), C. godetiae (CGO), or C. nymphaeae (CNY). Disease severity was assessed 9, 15, and 35 days after inoculation (dai) by using a 0 to 6 rating scale. Columns are the means of two independent assays with 12 inoculated fruits, per isolate each. For each dai, isolates with the same letter do not differ significantly according to Tukey’s honestly significant difference test at p = 0.05.



[image: Horticulturae 10 00434 g010]







[image: Horticulturae 10 00434 g011] 





Figure 11. Detached ‘Galega Vulgar’ olive fruits inoculated with Colletotrichum isolates: 19331 of C. alienum (A–E); 18312B (F–J) and 19300 (K–O) of C. cigarro; 19112 (P–T) of C. nymphaeae; on inoculation day (A,F,K,P); 9 days after inoculation (dai) (B,G,L,Q); 15 dai (C,H,M,R); 35 dai (D,E,I,J,N,O,S,T). Perithecia, asci, ascospores, and conidia obtained from the inoculated fruit at 35 dai (E,J,O) and conidia (T). Scale bars: 1 mm (D), 50 µm (E) and 10 µm (T). Scale bar (D) also applies to (I,N,S) and (E) also applies to (J,O). 
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