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Abstract 
 

In the context of molecular techniques applied to Plant Pathology, this Ph.D. thesis has pursued the following 

major objectives: i) to develop new diagnostic protocols for fungal pathogens; ii) to study the metabolic and 

physiological effects determined by new and emerging fungal pathogens; iii) to contribute to develop 

management strategies of diseases caused by quarantine and/or emerging fungi on plant species typical of the 

Mediterranean region. To fulfill these objectives, the following specific studies have been developed:  

• “Fusarium circinatum an emergent and quarantine pathogen of pine worldwide: its detection and its 

interaction with Phytophthora species (P. cambivora and P. parvispora) on Pinus radiata seedlings.”  

This study has been developed by two different lines of research:  

§ “Transferability of PCR-based diagnostic protocols: An international collaborative case study 

assessing protocols targeting the quarantine pine pathogen, Fusarium circinatum.”  

In this study, different protocols for the molecular diagnosis of F. circinatum were compared 

and validated for the first time in 23 laboratories spread across Europe, South Africa and Chile, 

in the framework of the international collaborative study funded by COST Action FP1406 

“Pine pitch canker - Strategies for management of Gibberella circinata in greenhouses and 

forests - PINESTRENGTH ''. The protocols tested by the Laboratory of Molecular Plant 

Pathology of the Department of Agriculture, Food and Environment (Di3A) of the University 

of Catania were: (i) Real-time PCR by Lamarche et al. 2015 and (ii) real-time PCR by Luchi 

et al. 2018. 

Results from the two tested protocols were illustrated in Ioos et al (2019), Scientific Reports 

2019, 9, 8195. DOI: 10.1038 / s41598-019-44672-8. 

§ “Co-infections by Fusarium circinatum and Phytophthora spp. on Pinus radiata, a case study 

of complex interactions in the Pine pitch canker disease.” 

This study investigated i. the phenotypic response of pine to the infective process and ii. the 

relative expression levels of genes of plant encoding for pathogenesis-related proteins and 

antifungal secondary metabolites. Results obtained in this research showed that the phenotypic 

response of pine to the simultaneous action of the aforementioned pathogens is manifested by 

an increase of the severity of the symptoms at the early stages of the infection, allowing then 

to speculate that Phytophthora spp. can realistically contribute to the severity of the disease. 

Results from gene expression suggest that a real synergic effect as the result of the effects of 

both pathogens it is not clearly evident.  

• “Scabby canker caused by Neofusicoccum batangarum (Botryosphaeriaceae), an emergent disease of 

Opuntia ficus-indica in minor islands around Sicily: identification of the causal agent and 

characterization of both its phytotoxic secondary metabolites and the genetic variability of its local 

population.” 
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The specific objectives of this study were the following: i) determine the geographical distribution of 

the disease; ii) characterize N. batangarum isolates obtained from symptomatic plants of prickly pear 

in the smaller islands of Sicily; iii) check whether the range of potential host plants of this 

phytopathogenic fungus includes other Mediterranean species that could act as alternative hosts or as 

inoculum 'reservoir'; iv) determine the ability of N. batangarum to produce phytotoxic secondary 

metabolites (phytotoxins) in culture, which can play an active role in the pathogenesis of the disease; 

v) chemically identify the phytotoxins extracted from N. batangarum liquid filtrates and determine 

their phytotoxic effects on the host plant as well as on non-host plant species. In cross-pathogenicity 

tests, N. batangarum isolated from Opuntia ficus-indica plants was able to reproduce disease 

symptoms on the host plant and also infected other plant species. The fungus artificially inoculated by 

wounding induced cancers on several hosts. This result indicates that the pathogen has a very wide 

range of potential hosts. Six phytotoxins were obtained and identified from Neofusicoccum 

batangarum culture filtrates: (-) - (R) ‐mellein (1); (±) ‐botriisocoumarin A (2); (-) - (3R, 4R) - and (-

) - (3R, 4S) ‐4 hydroxymelline (3 and 4); (-) - terpestacin (5); and (+) - 3,4 ‐ dihydro - 4,5,8 - trihydroxy 

- 3 - methylisocoumarin, renamed (+) - neoisocoumarin (6). All six metabolites have been shown to 

have phytotoxic activity on both the host and non-host plants. The most active compounds proved to 

be (±) ‐botriisocoumarin A (2), (-) - terpestacin (5) and (+) - neoisocoumarin (6).  

Results from this study are part of two scientific publications: Masi et al., Toxins 2020, 12, 126. DOI: 

10.3390 / toxins12020126 and Aloi et al., Mediterranean Phytopathology 2020, 59 (2): 269-284. DOI: 

10.14601 / Phyto-11225. 

• “Identification of Neofusicoccum parvum (Botryosphaeriaceae) as the causative agent of gummy 

cankers of lemon (Citrus × limon) trees.”  

This study was aimed at identifying the causative agent of the observed disease. Neofusicoccum 

parvum, in the family Botryosphaeriaceae, was identified as the causal agent of bot gummosis of 

lemon (Citrus x limon) trees, in the two major lemon-producing regions in Italy. Gummy cankers on 

trunk and scaffold branches of mature trees were the most typical disease symptoms. Neofusicoccum 

parvum was the sole fungus constantly and consistently isolated from the canker bark of symptomatic 

lemon trees. It was identified on the basis of morphological characters and the phylogenetic analysis 

of three loci, i. e. the internal transcribed spacer of nuclear ribosomal DNA (ITS) as well as the 

translation elongation factor 1-alpha (TEF1) and β-tubulin (TUB2) genes. The pathogenicity of N. 

parvum was demonstrated by wound inoculating two lemon cultivars, ‘Femminello 2kr’ and 

‘Monachello’, as well as citrange (C. sinensis × Poncirus trifoliata) ‘Carrizo’ rootstock. In artificial 

inoculations, the fungus was very aggressive on lemons and weakly virulent on citrange, consistently 

with symptoms observed in the field as a consequence of natural infections. This is the first report of 

N. parvum, both in a wide and in a strict taxonomic sense, as a pathogen of lemon in Italy. 

• “Characterization of Alternaria species associated with heart rot of pomegranate fruit.” 
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This study was aimed at identifying Alternaria species associated with heart rot disease of 

pomegranate fruit in southern Italy and characterizing their mycotoxigenic profile. A total of 42 

Alternaria isolates were characterized. They were obtained from pomegranate fruits with symptom of 

heart rot sampled in Apulia and Sicily and grouped into six distinct morphotypes based on macro- and 

microscopic features. According to multi-gene phylogenetic analysis, including internal transcribed 

spacer (ITS), translation elongation factor 1-α (EF-1α), glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) and a SCAR marker (OPA10-2), 38 isolates of morphotypes 1 to 5 were identified as A. 

alternata, while isolates of morphotype 6, all from Sicily, clustered within the A. arborescens species 

complex. In particular, isolates of morphotype 1, the most numerous, clustered with the ex-type isolate 

of A. alternata, proving to belong to morphotype alternata. No difference in pathogenicity on 

pomegranate fruits was found between isolates of A. alternata and A. arborescens and among A. 

alternata isolates of different morphotypes. The toxigenic profile of isolates varied greatly: in vitro, 

all 42 isolates produced tenuazonic acid and most of them other mycotoxins including alternariol, 

alternariol monomethyl ether, altenuene and tentoxin. 

•  “Shoot dieback of citrus, a new disease caused by Colletotrichum species.” 

This study was aimed at identifying the Colletotrichum species associated with twig and shoot dieback 

of citrus, a new disease occurring in the Mediterranean region and also reported as emerging in 

California. Overall, 119 Colletotrichum isolates were characterized. They were recovered from 

symptomatic trees of sweet orange, mandarin and mandarin-like during a survey of citrus groves in 

Albania and Sicily (southern Italy). The isolates were grouped into two distinct morphotypes. The 

grouping of isolates was supported by phylogenetic sequence analysis of two genetic markers, the 

internal transcribed spacer regions of rDNA (ITS) and β-tubulin (TUB2). The groups were identified 

as Colletotrichum gloeosporioides and C. karstii, respectively. The former accounted for more than 

91% of isolates, while the latter was retrieved only occasionally in Sicily. Both species induced 

symptoms on artificially wound inoculated twigs. C. gloeosporioides was more aggressive than C. 

karstii. Winds and prolonged drought were the factor predisposing to Colletotrichum twig and shoot 

dieback. This is the first report of C. gloeosporioides and C. karstii as causal agents of twig and shoot 

dieback disease in the Mediterranean region and the first report of C. gloeosporioides as a citrus 

pathogen in Albania. 
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Chapter 1.  

Introduction 
 

1.1 General introduction: Molecular era in plant pathology 

Polymerase Chain Reaction (PCR) was invented in the 1980s and represented a breakthrough in biochemistry 

and molecular biology (Bartlett and Stirling, 2003; Williams, 2009; Kaunitz, 2015). It took a few years to 

become a mature technology and during the last decades has tremendously impacted almost all scientific 

biological disciplines. Several fields of plant pathology have been revolutionized following the exploitation of 

this basic techniques, including diagnostics (Cooke et al., 2007; Schena et al., 2013; Sanzani et al., 2014; Raja 

et al., 2017), taxonomy (Crous, 2005; Crous et al., 2015; Guarnaccia et al., 2018; Ruvishika  et al., 20209  and 

the study of plant pathogen interaction (Gupta et al., 2015; Peyraud et al., 2017; Frantzeskakis et al., 2020), 

just to mention those who have benefited most from this technology in terms of scientific publications and 

practical applications. The development of innovative molecular technologies, such as Next Generation 

Sequencing (NGS) (Lindahl et al., 2013; Barba et al., 2014; Adams et al., 2018) and the CRISPR–Cas genome 

editing systems (Chen et al., 2019; Muñoz et al., 2019; Schenke and Cai, 2020), along with the introduction 
of new concepts such as pathobiome, microbiome and, more in general, complex interactions between plants, 

pathogens, beneficial organisms and biotic as well as abiotic environment will determine a conceivable 

paradigm shift in plant pathology. However, despite the rapid progress of molecular biology and biotechnology 

the potential of more conventional molecular techniques for problem solving in plant pathology has not fully 

exploited. The aim of this study was to apply these techniques for the diagnosis and characterization of fungal 

plant pathogens of quarantine concern or causing emerging plant diseases in the Mediterranean region. Also, 

one of these pathogens was selected as a model-system to investigate preliminarily the plant-pathogen 

phenotypic and genetic interactions in multiple infections, a still scarcely explored field in plant pathology.  

Consistently with the aim, this thesis was conceived and structured as an anthology of case-studies.    

 

1.2 Objectives of the Ph.D. thesis 

Specific objectives of this PhD study were developed by the following studies: (i) Fusarium circinatum an 

emergent and quarantine pathogen of pine worldwide: its detection and its interaction with Phytophthora 

species (P. cambivora and P. parvispora) on Pinus radiata seedlings; (ii) scabby canker caused by 

Neofusicoccum batangarum (Botryosphaeriaceae), an emergent disease of Opuntia ficus-indica in minor 

islands around Sicily: identification of the causative agent and characterization of both its phytotoxic 

metabolites and the genetic variability of its local population; (iii) identification of Neofusicoccum parvum 

(Botryosphaeriaceae) as the causative agent of gummy cankers (bot gummosis) of lemon (Citrus ×limon) 

trees; (iv) characterization of Alternaria species associated with heart rot of pomegranate fruit; (v) Shoot 

dieback of citrus, a new disease caused by Colletotrichum species. 
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Chapter 2.  

Fusarium circinatum an emergent and quarantine pathogen of pine worldwide: its 

detection and its interaction with Phytophthora species (P. cambivora and P. parvispora) 

on Pinus radiata seedlings. 
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Fusarium circinatum is a harmful pathogenic fungus mostly attacking Pinus species and also 
Pseudotsuga menziesii, causing cankers in trees of all ages, damping-off in seedlings, and mortality in 
cuttings and mother plants for clonal production. this fungus is listed as a quarantine pest in several 
parts of the world and the trade of potentially contaminated pine material such as cuttings, seedlings or 
seeds is restricted in order to prevent its spread to disease-free areas. Inspection of plant material often 
relies on DNA testing and several conventional or real-time pCR based tests targeting F. circinatum are 
available in the literature. In this work, an international collaborative study joined 23 partners to assess 
the transferability and the performance of nine molecular protocols, using a wide panel of DNA from 71 
representative strains of F. circinatum and related Fusarium species. Diagnostic sensitivity, specificity 
and accuracy of the nine protocols all reached values >80%, and the diagnostic specificity was the only 
parameter differing significantly between protocols. The rates of false positives and of false negatives 
were computed and only the false positive rates differed significantly, ranging from 3.0% to 17.3%. The 
difference between protocols for some of the performance values were mainly due to cross-reactions 
with DNA from non-target species, which were either not tested or documented in the original articles. 
Considering that participating laboratories were free to use their own reagents and equipment, this 
study demonstrated that the diagnostic protocols for F. circinatum were not easily transferable to end-
users. More generally, our results suggest that the use of protocols using conventional or real-time pCR 
outside their initial development and validation conditions should require careful characterization of 
the performance data prior to use under modified conditions (i.e. reagents and equipment). Suggestions 
to improve the transfer are proposed.

Fusarium circinatum Nelson Nirenberg & O’Donnell, formerly also known as Gibberella circinata Nirenberg & 
O’Donnell, is a harmful fungus causing pitch canker, a serious disease on pine trees. This pathogenic ascomycete 
attacks all Pinus species and Pseudotsuga menziesii (Mirb.) Franco, with varying levels of virulence1–3. All stages 
of pine are susceptible to the pathogen: seedling blight and damping-off, dieback of branches and stems on young 
and mature trees, where the most conspicuous symptoms are cankers accompanied by sometimes copious resin 
exudate (≪pitch canker≫)4. Dieback symptoms are also commonly observed in the crown due to the obstruction 
of water flow caused by the cankers and saturation of xylem by the excess resin produced by the tree. The multi-
plication of severe cankers on young or mature trees may lead to tree death5.

As for most tree pathogens, no economically and environmentally viable treatment is available to control or 
eradicate the fungus on a large scale. Management strategies are therefore focused on preventing the introduction 
of the pathogen, early detection and eradication of outbreaks in previously disease-free areas. Fusarium circina-
tum has been reported in different parts of the world, where it causes severe losses to the pine production industry 
(USA, South Africa, Korea, Japan, Spain) as well as in nurseries (Mexico, Haiti, Chile, Uruguay, Brazil, Colombia, 
South Africa) (EPPO Global database, https://gd.eppo.int/). In Europe, F. circinatum is officially present in Spain 
and Portugal in pine forests6,7, while it is also occasionally found in pine nurseries. The pathogen has also been 
found in French nurseries8, and in a public garden in Italy9, but it is currently considered as officially eradicated 
in both countries (EPP0 Global database, https://gd.eppo.int/). Since 2007, F. circinatum has been listed as a 
quarantine fungus for the EU, in order to prevent new introductions of infected material and further spread of the 
disease10. As a consequence of its quarantine status, a zero-tolerance policy is in force.

Management efforts should therefore focus on early detection of the pathogen in the different pathways of 
movement and introduction. Based on the pest risk assessment issued by the European Food and Environment 
Safety Agency (EFSA), the main pathways for the potential introduction of this fungus to disease-free areas are 
through contaminated pine seeds and seedlings8. To minimize the probability of an introduction and to reduce 
the cost associated with the eradication and control of this invasive pathogen, efficient management measures 
are needed11. For these reasons, the development of reliable diagnostic protocols is fundamental for the early 
and accurate detection of F. circinatum in pine-related commodities which can harbor and consequently spread 
the pathogen (i.e. substrates) such as seeds, seedlings, plants, young and mature trees. The diagnostic protocols 
should therefore be as specific and sensitive as possible10,12. False-negative detection results may lead to introduc-
tion of the pathogen in disease-free areas, while false-positive results may be responsible for unfair and inappro-
priate destruction of plant material, or a ban on trade with severe economic consequences.

Numerous diagnostic protocols targeting F. circinatum are currently available in the scientific literature 
and their use is suggested in international standard protocols by international bodies such as EPPO, ISTA or 
FAO-IPPC13–15. Despite most of them providing validation data supporting their accuracy, performance values 
are inconsistently reported or assessed in the original articles describing their development. Validation actions 
should be carried out to provide objective evidence that the test is suitable for the circumstances of use and can 
be considered for screening purposes16.

For instance, identification of F. circinatum may be achieved by isolation and morphological characteriza-
tion of the pathogen, a common technique used in mycology. Fusarium circinatum displays several typical fea-
tures, such as the presence of mono- and polyphialides as well as coiled sterile hyphae that aid diagnosis17,18. 
However, a recent study based on the phenotypical characteristics of isolates from a wide geographical range 
(Europe, America, Africa, and Asia) found that coiled sterile hyphae may not be a reliable morphological trait 
of F. circinatum, as previously reported19. Recent description of new Fusarium species in Colombia, which 
are also pine pathogens and can produce similar coiled hyphae in culture, further challenges the specificity 
of this morphology-based technique20. Additionally, morphological characterization is lengthy and requires 
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considerable mycological expertise, whilst also not being efficient for the detection of quiescent forms of the 
pathogen that can be encountered in seedlings21 or in seeds.

A number of conventional and real-time polymerase chain reaction (PCR) assays targeting F. circinatum have 
been developed13,22–28, and another one is presented in the Supplementary Information section (Supplementary 
Information 1, hereafter referred to as Baskarathevan et al., unpublished). In the original articles, variable levels 
of validation are presented. For instance, the assessment of specificity and inclusivity used a more or less exhaus-
tive range of Fusarium strains, depending on the availability of testing material, which included numbers of F. 
circinatum strains from different continents and newly described species, genetically related to F. circinatum. 
Considering the paramount importance of the reliability of a test when dealing with a quarantine pathogen, 
efforts should be focused on the continuous verification of the specificity of the protocols. This is particularly 
relevant when a Fusarium species is targeted, since this genus includes a steadily increasing number of newly 
described and cryptic species20,29,30. In addition, there is typically no data available to support the reliability of 
a given protocol when carried out in different laboratories, with different equipment and reagents than those 
described in the original papers. For instance, one may imagine that the specificity and the sensitivity of a test 
using conventional and real-time PCR may be altered by changing the brand of DNA polymerase enzyme, com-
mercial ready-to-use master mix, or thermal-cycler/software. This in turn may affect the reliability of a diagnostic 
protocol targeting economically important pathogens such as F. circinatum31,32. Validation of diagnostic protocols 
is therefore a key element in establishing reference methods and to assess a laboratory’s competence and ability to 
produce reliable analytical data12.

The currently ongoing European COST action FP1406 “Pine Pitch Canker Strategies for Management of 
Gibberella circinata in Green Houses and Forests” (PINESTRENGTH) brings together 34 countries to establish 
a European-focused network dedicated to the Pine Pitch Canker pathogen. The main objectives are to increase 
knowledge on the biology, ecology and spread pathways of F. circinatum, to evaluate the potential for the develop-
ment of effective and environmentally friendly prevention and mitigation strategies and to deliver these outcomes 
to stakeholders and policy makers. Early and accurate detection of F. circinatum is essential to achieve these goals. 
In this study, we compared for the first time performance of existing molecular tools targeting F. circinatum, 
with a wide range of DNA from target and non-target Fusarium species, in a large panel of 23 laboratories from 
European countries, South Africa and Chile. This collaborative study enabled us to provide useful data for the 
transferability of the different molecular-based diagnostic protocols. We propose recommendations for the prepa-
ration and use of future standard diagnostic protocols using conventional or real-time PCR assays.

Results
Indeterminate results. All 23 participants carried out the tests as requested. However, a few samples could 
not be tested by some of the participants due to loss or shortage of DNA template after multiple PCR run failures 
and were thus not considered in the analyses.

All nine protocols generated indeterminate results (Table 1, Fig. 1A). The total number of indeterminate 
results was 58 (1.5% of the total analysis) and ranged from 0.42% for protocol p1 to 4.58% for protocol p6 
(Table 1). The participants reported several reasons for rating results as indeterminate. These included late mean 
cycle threshold (Ct) values or inconsistent Ct values from the replicates for hydrolysis probe-based protocols, 
melting temperatures (Tm) and melting peaks slightly different from the positive control, or late mean Ct values 
for SYBR Green based protocols. Generally, laboratories performing conventional PCR protocols did not provide 
an explanation for indeterminate results. However, one participant sequenced each amplicon and rated the results 
as indeterminate when the sequence was not readable. Comparison of indeterminate results by Fisher’s exact tests 
revealed significant differences (P < 0.001) between protocols (Table 1, Fig. 1A). In particular, protocol p6 based 
on SYBR Green real-time PCR, yielded significantly more indeterminate results than most of the other proto-
cols. In this case, the melting peak analysis required by protocol p6 often revealed the presence of melting peaks 
slightly different from the positive control, the presence of double melting peaks, or only one out of two replicates 
were positive for some of the DNA extracts.

When indeterminate results were analyzed with only pure Fusarium strain DNA (no DNA extracts from 
inoculated seeds), 37 indeterminate results were reported (63.8% of the total number of indeterminate results). 
Fisher’s exact tests revealed significant differences between protocols for these indeterminate results (P < 0.001, 
Table 1, Fig. 1B), and the rate of indeterminate ranged from 0.0% (protocol p5 and protocol p7) to 4.6% (protocol 
p6). In general, these indeterminate results mostly concerned non-target species (88.9% of the Fusarium strain 
DNA material indeterminate results).

Comparisons of indeterminate results between laboratories by protocol revealed significant differences for p2 
(indeterminate data by laboratory ranging from 0% to 5.1%, P = 0.02), p5 (indeterminate data by laboratory rang-
ing from 0% to 7.6%, P = 0.002), p6 (indeterminate data by laboratory ranging from 0% to 16.5%, P < 0.001), p8 
(indeterminate data by laboratory ranging from 0% to 7.6%, P < 0.001) and p9 (indeterminate data by laboratory 
ranging from 0% to 5.1%, P < 0.001).

positive and negative deviation rates. All nine protocols exhibited positive deviations (or false posi-
tives) and negative deviations (or false negatives) regardless of the data set used (Table 1, Fig. 1C–F). Analysis of 
DS1 (the dataset for which an indeterminate result is ultimately determined to be the expected result, see methods 
section) revealed positive deviation rates (PD) ranging from 3.0% (protocol p7) to 17.3% (protocol p8) (Table 1, 
Fig. 1C). Comparison of PD by Fisher’s exact tests revealed significant differences (P < 0.001) between protocols 
(Table 1, Fig. 1C). Negative deviation rates (ND) in DS1 ranged from 14.5% (protocol p3) to 19.9% (protocol 
p8), but according to Fisher’s exact tests, the ND rates between protocols were not different (P = 0.71) (Table 1, 
Fig. 1E). Concerning DS2 (the dataset for which an indeterminate result is ultimately determined to be the con-
trary of the expected result, see methods section), PD ranged from 3.0% (protocol p7) to 21.2% (protocol p6)  

https://doi.org/10.1038/s41598-019-44672-8


4Scientific RepoRts |          (2019) 9:8195  | https://doi.org/10.1038/s41598-019-44672-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

(Table 1, Fig. 1D). Significant differences between protocols for PD rates were observed according to Fisher’s 
exact tests (P < 0.001). ND in DS2 ranged from 15.9% (protocol p3) to 20.3% (protocol p8) (Table 1, Fig. 1F). 
ND comparisons between protocols using Fisher’s exact tests did not reveal any significant differences (P = 0.88).

Comparisons between laboratories using DS1 revealed significant PD rate differences only for p2 (PD rate by 
laboratory ranging from 3.0% to 27.3%, P = 0.007) and p8 (PD rate by laboratory ranging from 9.1% to 37.5%, 
P = 0.04). Concerning the ND rate in DS1, significant differences were observed in p2 (ND rate by laboratory 
ranging from 6.5% to 32.6%, P = 0.031) and p6 (ND rate by laboratory ranging from 4.3% to 40.9%, P < 0.001). 
When comparisons were performed using DS2, significant differences between laboratories were revealed for p2 
(PD rate by laboratory ranging from 3.0% to 27.3%, P = 0.007) and p6 (PD rate by laboratory ranging from 6.1% 
to 63.6%, P < 0.001), for the PD rate, and for p6 (ND rate by laboratory ranging from 6.5% to 40.9%, P < 0.001) 
for the ND rate.

pattern of cross-reactions with non-target species. As shown previously, all protocols exhibited dif-
ferent levels of positive deviations (Table 1, Fig. 1C,D). Cross-reactions with DNA from strains of non-target 
Fusarium species were encountered for all nine protocols, but inconsistently between participating labs (Table 2). 
For many strains, a cros-s reaction with the DNA extract was reported for only a single participant among the 
four, five, or six laboratories involved, which corresponds to a unique reagent/equipment/operator combination.

Fusarium subglutinans was the species that accounted for the most frequent cross-reactions, and its DNA 
yielded false-positive results for seven out of the nine protocols. Depending on the protocol, from three, up to 
six out of six laboratories observed cross-reaction with DNA of this species. Fusarium temperatum was the only, 
albeit consistent, cross-reaction observed with protocol p7. DNA from the newly-described species on pine from 
Colombia, i.e. F. marasasianum, F. pinninemorale, F. sororula, F. fracticaudum, and F. parvisorum also yielded 
frequent cross-reactions with four protocols (p1, p2, p8 and p9), and less frequently with protocol p6.

Reference sequences of target genes from species whose DNA cross-reacted with some of the PCR or real-time 
PCR tests were retrieved from GenBank and aligned with orthologous reference sequences of F. circinatum. 
The regions upstream and downstream of the forward and reverse PCR primers were removed. The alignments 
were manually scrutinized to check for the presence of interspecific polymorphism between the regions targeted 
by the primers. For some of the PCR or real-time PCR tests, it was shown that the presence of polymorphisms 

Protocol

End point PCR SYBR Green real-time PCR Hydrolysis probe real-time PCR Significance of 
the difference 
between 
protocolsp1 p9 p4 p5 p6 p2 p3 p7 p8

Number of 
laboratories 
involved

6 6 6 5 4 6 6 4 6

Number of  
samples analyzed 
and retained

474 472 473 393 393 474 474 316 473

Number of 
indeterminate 
resultsa,b

2 A (2 AB) 4 A (2 AB) 7 A (4 AB) 6 A (0 A) 18 B (16 C) 5 A (1 AB) 5 A (4 AB) 3 A (0 AB) 9 AB (8 BC) P < 0.001 
(P < 0.001)

Negative Accord 
(NA)b,c 181 (180) 183 (179) 187 (183) 154 (154) 146 (130) 171 (171) 192 (191) 128 (128) 163 (161) —

Positive Accord 
(PA)b,c 223 (221) 229 (231) 230 (227) 194 (189) 192 (191) 230 (226) 236 (232) 156 (153) 221 (220) —

Negative Deviation 
(ND)b,c 53 (55) 43 (44) 45 (48) 34 (40) 35 (37) 46 (50) 40 (44) 28 (31) 55 (56) —

Positive Deviation 
(PD)b,c 17 (18) 17 (19) 11 (15) 11 (11) 19 (35) 27 (27) 6 (7) 4 (4) 34 (37) —

Diagnostic 
Sensitivity %  
(SE)b,c

80.8 (80.1) 84.3 (83.6) 83.6 (82.5) 85.0 (82.8) 84.0 (83.6) 83.3 (81.9) 85.5 (84.1) 84.8 (83.2) 80.1 (79.7) P = 0.71 
(P = 0.88)

Diagnostic 
Specificity % (SP)b,c

91.4 ABCD  
(90.9 AB)

92.4 ABCD 
(90.4 AB)

94.4 AC (92.4  
AB)

93.3 ABC  
(93.3 AB)

88.5 ABD 
(78.8 C)

86.4 BD (86.4  
AC)

97.0 C (96.6  
B)

97.0 C (97.0  
B)

82.6 D (81.6  
C)

P < 0.001 
(P < 0.001)

Diagnostic  
accuracy % (AC)b,c

85.2 AB (84.6  
ABC)

87.7 AB (86.4  
AB)

88.2 A (86.7  
AB)

88.5 A (87.3  
ACD)

85.9 AB 
(81.6  
ABC)

84.6 AB (83.8  
ABC)

90.3 A (89.2  
B)

89.9 A (88.9  
D)

81.2 B (80.5  
CD)

P = 0.02 
(P < 0.001)

Concordance level 
(%)b 96.8 A 93 C 96.8 A 93.7 C 74.6 D 88.5 B 93.2 C 97.7 A 93.5 C P < 0.001

Positive deviation 
(PD)rate (%)b,c

8.6 ABC (9.1  
AB)

8.5 ABC (9.6  
AB)

5.6 BC (7.6  
AB)

6.7 ABC (6.7  
AB)

11.5 ACD 
(21.2 C)

13.6 AD (13.6  
AC) 3.0 B (3.5 B) 3.0 B (3.0 B) 17.3 D (18.7  

C)
P < 0.001 
(P < 0.001)

Negative deviation 
(ND) rate %b,c 19.2 (19.9) 15.7 (16.1) 16.4 (17.5) 14.9 (17.5) 15.4 (16.2) 16.7 (18.1) 14.5 (15.9) 15.2 (16.8) 19.9 (20.3) P = 0.716 

(P = 0.89)

Table 1. Performance values obtained during the collaborative study. aNumbers outside brackets are the total 
number of indeterminate results, while those between brackets indicate the number of indeterminate results 
considering only pure Fusarium strain DNA (i.e. no DNA extracts from inoculated seeds). bValues followed by 
the same letter in a line are not significantly different (P > 0.05). cNumbers outside brackets are estimations for 
the DS1 dataset and those between brackets are estimations for the DS2 dataset.
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after sequencing the amplicon would be helpful to confirm the occurrence of cross-reactions, and possible 
false-positive results (Table 2).

Inclusivity of the different protocols.  In this work, inclusivity is defined as the ability of each protocol 
to detect DNA of the target species, regardless of the host plant, mating type, geographical origin and year of col-
lection. Different patterns of inclusivity were observed between protocols. DNA from some of the F. circinatum 
strains yielded inconsistent negative results. Protocols p4, p7 and p9 successfully picked up all the 38 F. circinatum 
strains of both mating types included in the panel, regardless of the equipment, reagents and operator, thus sup-
porting their excellent level of inclusivity. By contrast, protocols p1 and p8 almost systematically failed to yield 
positive results with DNA from the Japanese strain of F. circinatum NRRL2643. However, the rest of the false 
negative results were not reproducible between laboratories, and were only reported for one participant out of the 
four, five, or six involved, meaning that they were only observed for some operator/reagent/equipment combina-
tions. Except for the Japanese strain of F. circinatum NRRL2643, these false negative results were observed with 
DNA from different F. circinatum strains originating from Spain, France, Chile, USA, and South Africa without 
any obvious pattern.

performance criteria and reproducibility. Diagnostic sensitivity (SE) ranged from 80.1% (protocol p8) 
to 85.5% (protocol p3) and from 79.7% (protocol p8) to 84.1% (protocol p3) using the DS1 and DS2 datasets, 
respectively. Fisher’s exact tests did not reveal significant differences for SE between the nine protocols either for 
DS1 (P = 0.72) or DS2 (P = 0.88) (Table 1, Fig. 2A,B). By contrast, diagnostic specificity (SP) differed significantly, 
using both datasets (both P-values < 0.001). SP ranged from 82.6% (protocol p8) to 97% (for both protocols p3 
and p7) in DS1 (Table 1, Fig. 2C). When SP was assessed for DS2, it ranged from 78.8% (protocol p6) to 97% (pro-
tocol p7) (Table 1, Fig. 2D). Significant differences in Diagnostic accuracy (AC) were observed between protocols 
for both datasets (P = 0.002 and P < 0.001 for DS1 and DS2, respectively). AC ranged from 81.2% (protocol p8) 
to 90.3% (protocol p3) in DS1 and from 80.5% (protocol p8) to 89.2% (protocol p3) in DS2 (Table 1, Fig. 2E,F). 
Concordance ranged from 74.6% to 97.7% for p6 and p7, respectively. Fisher’s exact tests revealed significant 
differences between methods (P < 0.001, Table 1).

Figure 1. (A) Total number of indeterminate results by protocol considering all data (strains and inoculated 
seeds); (B) Total number of indeterminate results by protocol considering only strains (i.e. no inoculated 
seed data); (C) PD rate mean values and standard deviation by protocol for DS1 dataset; (D) PD rate mean 
values and standard deviation by protocol for DS2 dataset. (E) ND rate mean values and standard deviation 
by protocol for DS1 dataset; (F) ND rate mean values and standard deviation by protocol for DS2 dataset. The 
x – axis in all graphs represents the nine protocols tested in this study, from p1 to p9. Please refer to Table 4 for 
details of each protocol. Different letters indicate values are significantly different, according to Fisher’s Exact 
Test, for count data with simulated P-values based on 1e + 05 replicates.
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Analytical sensitivity. The analytical sensitivity was assessed for each protocol using serial dilutions of DNA 
from P. pinaster seeds spiked with F. circinatum conidia. However, inconsistent results were obtained with the 
serial dilutions. For example, when analyses were performed with the DS1 scenario, seven out of the nine evalu-
ated protocols were able to detect at least one of the samples containing F. circinatum DNA in seeds at the highest 
concentration, i.e. 2 105 conidia/mL of ground seed homogenate: p2, p3, p4, p5, p6, p7 and p9. Only p6 was able to 
give a positive result for all samples of this concentration. Similarly, these inconsistent results were also observed 
in data from DS2, and only p2, p3, p5 and p6 were able to detect at least one of the samples of the highest con-
centration of F. circinatum in seeds. This inconsistent behavior of inoculated material was observed for all of the 
serial dilution samples, in both datasets (Supplementary Dataset 1).

Discussion
To establish an international surveillance network for the detection of outbreaks of pine pitch canker across 
Europe and other disease-free areas, harmonization of protocols for F. circinatum diagnosis is needed. To our 
knowledge, two international diagnostic protocols targeting this pathogen already exist. Nevertheless, one of 
them is a list of protocols that the international community has agreed are satisfactory, with minimal validation 
data available13,15 and the other relies solely on techniques such as mycological plating, that were selected because 
of their low cost and ease of implementation14. Most of the protocols targeting F. circinatum described in the 
literature lack a comprehensive evaluation of some basic performance criteria, such as specificity, inclusivity 
and sensitivity. Additionally, in most cases, specificity has not been re-evaluated in light of newly emerged or 
described Fusarium species occurring on Pinus spp20. In this study, we selected nine different detection protocols 
based on PCR and its variants. Their performance was assessed using a panel of 71 Fusarium strains and eight 
pine seed samples spiked with F. circinatum conidia. In order to achieve the best representation of F. circinatum 
strains (i.e. inclusivity), the panel included strains originating from six countries across four continents, and both 
mating types. Also included were recently-described Fusarium species isolated from pines, genetically related to 
F. circinatum, with overlapping morphological features, and some of them being pathogenic to Pinus20. This large 
panel of strains was used to assess the performance and transferability of the different protocols through an inter-
national collaboration involving a broad consortium of 23 partners. Each protocol was evaluated by a minimum 
of four, and up to six laboratories therefore ensuring a robust dataset. Practical and technical constraints led to an 
unbalanced number of laboratories involved per protocol, which means that some of the results should be read 
with care. In particular, although significant differences were observed for some criteria between participant lab-
oratories and some of the protocols, caution is required before generalizing the results regarding non-significance 
of some of the statistical tests. Indeed, non-significant differences between protocols means non-identification of 
a difference rather than the absence of a difference altogether.

Our results showed that all protocols presented acceptable performance values in both datasets (>75%) for 
diagnostic accuracy, specificity and sensitivity, with some laboratories obtaining individual values close to 100% 
(Supplementary Dataset 1). Yet diagnostic specificity and accuracy differed considerably between protocols, irre-
spective of the technology involved (i.e. end-point PCR or real-time PCR using SYBR Green dye or specific 
hydrolysis probes). These differences were principally linked to cross-reactions with non-target species (positive 
deviations), and less commonly to consistent or erratic negative deviations with particular strains of F. circinatum.

The cross-reactions with DNA from non-target species observed in our study have not been reported in 
the original articles describing the protocols. We included a broader and more comprehensive panel of strains, 
revealing more information about the level of specificity of these protocols. However, our panel is not exhaustive 
and of course does not cover the entire biological range of genetically related Fusarium strains. Other unex-
pected cross-reactions may therefore occur, particularly with DNA from as yet undescribed Fusarium taxa. 
Cross-reactions were observed in all protocols, although at different levels, depending on the laboratory involved. 
Some of the erratic cross-reactions and false negative results may have occurred because of issues such as pipet-
ting errors, DNA shearing, among others. However, some of the cross-reactions were more frequent and were 
due to lack of specificity/sensitivity of the molecular markers toward strains that had not been assessed during 
the original validation step of the original protocol by the authors, such as for genetically related F. temperatum 
and F. subglutinans. From a practical point of view, the presence of some of the Fusarium species whose DNA 
yielded false positive results are very unlikely on pine tissue, but the recent finding of Herron et al.20 showed that 
previously unknown species may be found on pine. In our experiment, a common DNA extraction procedure was 
followed for all the fungal strains, which sometimes differed from the original article describing each of the nine 
protocols. It cannot be ruled out that the DNA extraction procedure used in our study had an effect of PCR or 
real-time PCR specificity or inclusivity. Another aspect to consider is that for the sake of harmonization, a stand-
ard concentration of Fusarium DNA was used throughout the study (0.5 ng/µL). This may not always reflect the 
actual concentration that may occur when testing real pine samples contaminated with these Fusarium species, 
and the likelihood of cross-reactions with non-target DNA probably increases with higher concentrations. At the 
same time, certain strains of F. circinatum were ‘missed’ by some of the protocols (especially the F. circinatum 
strain from Japan), with false-negative results that were not reported in the original articles, except by Ramsfield 
et al. (2008) regarding protocol p1. This suggests that some of the F. circinatum strains travelling with plant mate-
rial such as seeds might not be detected when using some of the protocols assessed here. Our data provide a first 
evaluation of the inclusivity of nine protocols, which can be useful for laboratories in charge of official analyses, 
by elucidating the level of uncertainty associated with some of the protocols used throughout the world. Although 
diagnostic specificity across all protocols was rather high (>75%), no protocol was 100% specific with the present 
panel of F. circinatum strains. These false-positives may not be acceptable when dealing with a pathogen subjected 
to strict phytosanitary regulations.
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Protocol 
number Cross-reactions*

Indeterminate or false negative result

(F. circinatum strain, originating country)**

p1

F. marasasianum (5/6)a NRRL26431, Japan (5/6)

F. pinninemorale (5/6)a 310/061, Spain (1/6)

F. sororula (5/6)a

F. temperatum (2/6)a

p2

F. begoniae (6/6)b LSVM216, France (1/6)

F. concentricum (1/6)b LSVM1221, Spain (1/6)

F. culmorum (1/6)b FcCa01, Spain (1/6)

F. fracticaudum (3/6)a FcCa05, Spain (1/6)

F. parvisorum (3/6)a FcCa06, Spain (1/6)

F. pininemorale (2/6)a CSF-13, Spain (1/6)

F. sororula (2/6)a 2306 BASA, Chile (1/6)

F. subglutinans (4/6)b

p3

F. culmorum (1/6)b NRRL25708, USA (1/6)

F. subglutinans (3/6)b NRRL25333, S. Africa (1/6)

FcCa06, Spain (1/6)

CSF-18, Spain (1/6)

p4

F. marasasianum (1/6)a

F. proliferatum (1/6)a

F. subglutinans (6/6)b

p5

F. proliferatum (1/5)b CSF8, Spain (1/5)

F. subglutinans (6/5)b CSF10, Spain (1/5)

CSF11, Spain (1/5)

p6

F. acuminatum (1/5)a NRRL25708, USA (1/5)

F. fracticaudum (1/5)a NRRL25331, USA (1/5)

F. graminearum (1/5)b NRRL25333, S. Africa (1/5)

F. incarnatum (1/5)b FcCa02, Spain (1/5)

F. mangiferae (1/5)b FcCa05, Spain (1/5)

F. marasasianum (3/5)a FC042V, Spain (1/5)

F. parviporum (1/5)a FC035, Spain (1/5)

F. pininemorale (1/5)a CSF1, Spain (1/5)

F. reticulatum (1/5)a CSF2, Spain (1/5)

F. sacchari (1/5)b CSF3, Spain (1/5)

F. sororula (1/5)a CSF4, Spain (1/5)

F. sporotrichioides (1/5)b CSF7, Spain (1/5)

F. subglutinans (4/5)b CSF8, Spain (1/5)

F. torulosum (1/5)a CSF11, Spain (1/5)

F. thapsinum (1/5)b CSF12, Spain (1/5)

F. tricinctum (2/5)b CMW1219, S. Africa (1/5)

F. verticillioides (1/5)b

p7 F. temperatum (4/4)c

p8

F. fracticaudum (4/6)a NRRL26431, Japan (6/6)

F. incarnatum (1/6)a LSVM211, France (1/6)

F. mangiferae (1/6)a LSVM216, France (1/6)

F. parvisorum (4/6)a

F. proliferatum (1/6)a

F. sacchari (1/6)a

F. sororula (4/6)a

F. subglutinans (6/6)a

F. temperatum (5/6)a

F. verticillioides (1/6)a

Continued
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Figure 2. (A) Diagnostic sensitivity and standard deviation by protocol for the DS1 dataset. (B) Diagnostic 
sensitivity and standard deviation by protocol for the DS2 dataset. (C) Diagnostic specificity and standard 
deviation by protocol for the DS1 dataset. (D) Diagnostic specificity and standard deviation by protocol for the 
DS2 dataset. (E) Diagnostic accuracy and standard deviation by protocol for the DS1 dataset. (F) Diagnostic 
accuracy and standard deviation by protocol for the DS2 dataset. The x – axis in all graphs represents the 9 
protocols tested in this study, from p1 to p9. Please refer to Table 4 for details of each protocol. Different letters 
indicate values are significantly different, according to Fisher’s Exact Test, for count data with simulated P-values 
based on 1e + 05 replicates.

Protocol 
number Cross-reactions*

Indeterminate or false negative result

(F. circinatum strain, originating country)**

p9

F. begoniae (1/6)b

F. concentricum (2/6)b

F. culmorum (1/6)b

F. fracticaudum (5/6)a

F. fractiflexum (1/6)b

F. marasasianum (1/6)a

F. proliferatum (1/6)b

F. sororula (1/6)a

F. subglutinans (5/6)b

F. torulosum (1/6)a

Table 2. Detailed list of the false positive and false negative results obtained with the panel DNA from target 
and non-target species in this study. *Number of participants for which a cross reaction was observed/number 
of participants involved. Species names in bold indicate a frequent cross-reaction was observed for the protocol 
with the 0.5 ng µL−1 DNA extract used. **Number of participants for which the 0.5 ng µL−1 DNA extract of the 
F. circinatum strain was not picked up by the protocol or yielded an indeterminate result/number of participants 
involved. aNo reference sequence is available for this marker on GenBank for comparison with amplicon 
sequence, at the time of this study. bComparison of the amplicon sequence with IGS F. circinatum reference 
sequences available on GenBank shows several polymorphisms in the region between primers. cComparison 
of the amplicon sequence with TEF 1alpha F. circinatum reference sequences available on GenBank shows no 
polymorphism in the region between primers.

https://doi.org/10.1038/s41598-019-44672-8


9Scientific RepoRts |          (2019) 9:8195  | https://doi.org/10.1038/s41598-019-44672-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

Concordance varied between protocols and ranged from 74.6 to 97.7%. Analysis of the differences between 
laboratories that tested the same protocol also showed that indeterminate results and negative and positive devi-
ations differed significantly. These results suggest that molecular detection methods may not always be easily 
transferable. Basically, they clearly illustrate that deviations from the “original recipe”, i.e. the use of different 
equipment, consumables, but also operators, might compromise the stringency of the reactions, and therefore 
the specificity of the results. This is particularly important when dealing with a quarantine pathogen, with a 
zero-tolerance policy. Positive deviations may lead to the inappropriate destruction of goods, whereas negative 
deviations could fail to prevent introduction of the pathogen into disease-free areas.

We also showed that all the protocols exhibited some problems in result interpretation (indeterminate results), 
independently of the PCR technology used. However, end-point PCR generally yielded fewer indeterminate 
results, across all partners, probably linked to the simplicity of result interpretation, based on the observation 
of a band on an electrophoresis gel, with little room for doubt. Concerning the other PCR techniques, it can be 
suggested that interpretation of the melting curves was not straightforward when using the SYBR Green real-time 
PCR, and setting the fluorescence threshold for the calculation of the cycle threshold value when using a hydrol-
ysis probe was sometimes done inconsistently between partners. In addition to this problem of result interpreta-
tion, some of the protocols required particular settings that may not have worked well under different conditions. 
For example, protocol p224 requires an unusually high hybridization temperature of 70 °C to ensure specificity, 
which seemed to cause a sensitivity problem when used in certain laboratories or with different reagents/equip-
ment than the ones originally described. In this work, the statistical analysis of indeterminate results was enabled 
by processing data under two scenarios (DS1 and DS2). In all cases results from both datasets were consistent, 
leading consequently to the same conclusions. This is an important point because it means that differences in 
performance criteria between protocols were not influenced by indeterminate results, which represented less than 
2% of the total results.

We did not evaluate and compare the sensitivity of a protocol based on mean Ct values, but rather on its ability 
to yield positive results with lower target concentrations. This approach enabled comparison of conventional 
PCR, for which no quantitative results are generated with real-time PCR protocols. Additionally, we chose not to 
provide cutoff values because the sensitivity of a test should not be dependent on Ct values, but rather on its ability 
to reliably amplify and detect a low concentration of target DNA33. Late Ct values may still be valid and confi-
dently used if the test specificity has been correctly designed and evaluated34. Despite protocols p2, p3, p5 and p6 
consistently yielding positive results for the highest conidia spiking quantity, the data of our study showed that 
positive results for lower concentrations were rarely obtained. This made it very difficult to compare the protocols 
to each other regarding analytical sensitivity with seeds. However, using protocols p2 and p6, successful detection 
of F. circinatum in naturally infected pine seeds has been reported by Ioos et al.24 and Dreaden et al.25, and proto-
col p2 has been used for years in ANSES for the interception of naturally infected imported seed lots (Guinet, C., 
ANSES, pers. Comm.). This suggests that the modified method used in our study for the preparation of artificially 
infected seed DNA was not able to provide samples with a sufficient level of contamination, probably inferior to 
what is expected with real-world samples. In this respect, a preliminary biologic enrichment of the seed in a broth 
of culture medium seems a very efficient method to improve detection of F. circinatum in seeds at low levels13.

One of the main recommendations resulting from the present study is that the transferability of a PCR or 
real-time PCR protocol should be thoroughly and continuously assessed before becoming a standard. In other 
words, the ability to yield accurate results when used under slightly different conditions should be checked. 
Indeed, it is very unlikely that all the specific brands of reagents and equipment described in the original sci-
entific papers are available to end-users. In this study, partner laboratories were free to use their own real-time 
equipment and brand of reagents, such as DNA polymerases, PCR or real-time PCR master mixes. Discrepancies 
of results between laboratories regarding false positive and false negative rates, as well as the different analyti-
cal sensitivities confirm that changing the brand and type of DNA polymerase35 and equipment31,36 may affect 
the reliability of the results. Changing the DNA polymerase may also generate the amplification of non-specific 
amplicons, especially when working with symptomatic pine DNA extracts (Piškur, B., pers. comm.). This obser-
vation is in line with Bustin & Huggett33 who showed that the performance of a real-time PCR assay varied with 
different master mixes, probably due to differences in Mg2+ concentrations and the addition of undisclosed stabi-
lizers to the buffer affecting primer and probe annealing.

Another parameter to be considered is that interpretation of the fluorescence levels yielded in the real-time 
PCR reactions requires the enforcement of decision rules, either by the operator, or the analysis software. In turn, 
the decision to rate a Ct value as a positive or indeterminate result may be influenced by internal rules, which are 
not the same between laboratories. In addition, slight variations induced by the operator or the equipment, such 
as pipetting errors, temperature drift or thermic heterogeneity of the thermal cycler block may have an effect on 
the stringency of the PCR reaction and thus, in turn may affect the analytical specificity and sensitivity33,37–39.

In line with other guidelines proposed for testing genetically modified organisms40, we therefore recommend 
that a preliminary assessment of the robustness and transferability of a new protocol should be carried out to pro-
vide an indication of its performance under different conditions than the ones used during its development. This 
assessment should be carried out in addition to the classical performance criteria assessed during the initial vali-
dation process. This may be achieved by, for instance, the organization of a collaborative study, using a large and 
representative panel of target and non-target taxa, and involving as many different reagent brands and thermal 
cycler types as possible. Therefore, the end users should bear in mind that the performance data of a conventional 
or real-time PCR protocol described in the original articles are intimately linked to the reagents, equipment and 
decision rules used. It is strongly suggested that individual laboratories should carry out their own characteriza-
tion if these parameters are modified, and even if no parameter is modified at all. To this aim, a series of “reference 
samples” should be maintained and provided by a “reference laboratory” to any laboratory intending to establish 
and maintain an accurate diagnostic test41. The organization of training sessions by these reference laboratories 
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would also help to share experience and knowledge about the use of a given protocol, and would harmonize the 
practices and decision rules. This is of paramount importance when targeting a quarantine pathogen, for which 
very strict regulations are enforced.

We also advocate the continuous verification of the specificity of published protocols, in order to consider new 
taxa that are continuously described in the literature. This can be achieved by in silico evaluation, by blasting the 
primer and probe sequences on international DNA databases such as GenBank on a regular basis, and by wet lab 
testing of newly described strains. Another suggestion to ensure the accuracy of the positive results is to analyze 
the amplicon sequence and/or to use additional tests targeting other loci in the genome of the target organ-
ism. Currently, the two international protocols for the diagnosis of F. circinatum13,15 recommend sequencing of 
the amplicon after a positive result via conventional or SYBR Green real-time PCR using the CIRC1A-CIRC4A 
primers22. However, our study suggests that a similar procedure should also apply for the other available pro-
tocols targeting F. circinatum, even for those using hydrolysis probe-based methods. It is advisable that such 
a complementary approach should be followed to verify results of particular importance such as first reports 
in disease-free areas. For some of the protocols, analysis of the amplicon sequence, trimmed from the primers’ 
sequences may help confirm the accuracy of the result. However, sequencing will not always be sufficient. Firstly, 
this is dependent on reference sequences being available in databases. Secondly, this approach will not work if 
undescribed species share a 100% match to F. circinatum (see Table 2 footnotes). Lastly, confirmation by sequenc-
ing is not always possible when the conventional or real-time PCR test targets a region of unknown function such 
as a Sequence Characterized Amplified Region (SCAR). Hence, no orthologous sequences for other Fusarium 
species are available for the SCAR targeted by protocol p1 and p8.

In addition, positive samples could be further processed in order to isolate the pathogen in pure culture, 
allowing the identification of the pathogen by both morphological and molecular features42. Combining molecu-
lar and morphological data would of course secure identification of the pathogen, particularly important for first 
reports, and will help to increase knowledge of the morphologic and genetic diversity of the pathogen. In this 
respect, it is necessary to establish protocols providing a representative sampling strategy, starting from plant tis-
sue. With the exception of seeds, for which a strategy has been proposed43, there is to our knowledge no standard 
for sampling plants or adult trees, tackling for instance the minimum number of samples that should be taken 
for assuring the absence of the pathogen, irrespective of the analysis technique chosen (molecular or isolation).

Methods
participants and selection of protocols. An official call for participation was issued in 2016 in the frame-
work of the COST action FP1406 PINESTRENGTH. In all, 23 laboratories representing 18 countries participated 
in the study (Table 3). Only laboratories with sufficient experience in molecular biology-based detection tech-
niques and appropriate equipment were involved. Samples were sent to each participant on June 7th, 2017. The 
analyses were to be completed and results returned to the organizer by the end of August 2017.

At the time the project was started, a total of nine conventional or real-time PCR protocols targeting F. circi-
natum (p1 to p9) were available in the literature or were brought to our knowledge (Table 4). Protocols included 
several formats of PCR amplification and labeling. Protocols p1 and p9 use conventional or end-point PCR13,23, 
p4, p5, and p6 use SYBR Green-based real-time PCR22,25,26, and p2, p3, p7, and p8 use real-time PCR hydroly-
sis probe-based tests24,27,28. In order to balance the comparison among the protocols and to provide a sufficient 
amount of data to compute the performance criteria, each protocol was assessed by at least four different partners.

Protocols were conducted following the description in the original article, observing the amplification param-
eters (cycling conditions, temperatures settings) and reaction mixtures (primers and probe concentrations, reac-
tion and DNA template volumes) indicated by the authors and summarized in a reference document that was sent 
to each participant along with the DNA samples (Supplementary Information 2). However, if not available in the 
participant laboratory, the DNA polymerase or commercial real-time PCR master mix described in the original 
articles were replaced by the reagents typically used by the participant laboratory (for further information refer to 
Supplementary Information 3). Each participating laboratory was free to use its own PCR equipment.

F. circinatum-specific primers and probes.  Each partner provided the primers for the protocols using 
end-point PCR and SYBR Green real-time PCR, as described in the original articles. To cut down costs, the 
primers/probe combinations required for the different hydrolysis probe real-time PCR protocols were only pur-
chased once by one of the partners and distributed to all the participants as ready-to-use aliquots of 30 µM (prim-
ers) or 10 µM (probe) solutions, in 1.5 mL amber microtubes. Primers/probe combinations for p2 and p7, p3, 
and p8 were custom made by Eurogentec (Seraing, Belgium), Integrated DNA technology (Skokie, Illinois), and 
Biosearch Technologies (Petaluma, California), respectively. Primers and probes were shipped at room tempera-
ture by a fast delivery service and kept in a freezer until used for testing.

Fungal strains and preparation of panels of DNA samples. A panel of 71 monosporic Fusarium spp. 
strains representing 29 distinct species was used (Table 5). Species identity was confirmed by EF1 alpha gene 
sequencing44, if the strain was not obtained from an international fungal collection. It included 38 F. circinatum 
strains from different geographical origins, mating types, host tree species and environments, thus covering as 
much of the genetic diversity of the pathogen as possible. Thirty-three other Fusarium strains were also included. 
They represented species that are either genetically close to F. circinatum, or inhabit the same ecological niche, 
i.e. pine woody tissue, pine seeds, pine roots, or soil. Also included were recently described species of Fusarium 
associated with pine cankers in Colombia, i.e. F. parvisorum, F. sororula, F. marasasianum, F. pininemorale, and 
F. fracticaudum20. The strains were sent from different providers, and were kept on agar slants at 5 °C before 
handling. As F. circinatum is considered a quarantine organism for the European Union (EU), all strains from 
this species were maintained and manipulated in level 3 biohazard containment facilities in ANSES Plant Health 
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Laboratory (here named as ANSES), in Malzéville, France, in compliance with EU Directive 2008/61/EC. Taking 
into consideration that the Fusarium strains from Colombia are recently described species20 not found in the EU, 
it was decided to manipulate them under the same conditions as F. circinatum.

To avoid biases generated by the involvement of different operators and laboratories and to minimize the 
risk of moving around living F. circinatum strains, all participants worked with DNA extracts rather than with 
living cultures. All strains were first gathered in ANSES and kept on site. For DNA extraction, the strains were 
first cultured on potato dextrose liquid media (PD Broth, DIFCO™), for approximately 5 days, after which 100 
to 200 mg of fresh mycelium was harvested. Genomic DNA (gDNA) was extracted using the DNeasy plant mini 
kit™ (Qiagen, Courtaboeuf, France) following the manufacturer’s guidelines, after grinding mycelium with a 
Lysis matrix A tube containing one 6-mm ceramic sphere and garnet matrix (MP Biomedicals, Santa Ana, CA, 
USA) and homogenized for 20 s at 6.5 U (m/sec) using a FASTprep 24 device (MP Biomedicals). DNA concentra-
tion was estimated using the Nanodrop 2000 Spectrophotometer™. For each strain, genomic DNA was produced 
from biological replicates and mixed/homogenized in order to obtain enough DNA to be tested in all of the dif-
ferent protocols and to supply to all of the partners. For each strain, the quality of the DNA extract was assessed 
by successful PCR amplification of the Internal Transcribed Spacer rDNA using the ITS1/ITS4 primer pair45, and 
the DNA concentration normalized to 0.5 ng µL−1 and distributed as 50-µL aliquots in individual 2-mL micro-
tubes (F1 to F84, Table 5). In total, each laboratory received 38 F. circinatum DNA samples (target DNA) and 33 
non-target DNA samples. All samples were anonymously labeled, shipped at room temperature by fast delivery 
service, and kept in a freezer until analysis.

A set of DNA from F. circinatum-artificially infected pine seeds was also prepared. Two strains of F. circinatum 
(F7 and F11) were cultured for 6 days at 22 °C under cool-white fluorescent lights with a 12-h light period on 
Spezieller Nährstoffarmer Agar (SNA) medium to allow macro- and microconidia production46. Microconidia 
were harvested by washing the surface of cultures with 10 mL of deionized sterile water with 0.01% Tween 20. 
The resulting suspension was diluted with sterile water to obtain a final concentration of 2.52 × 103 and 1.90 × 103 
conidia µL−1 for F7 and F11, respectively, based on counts made using a hemocytometer. Healthy Pinus pinaster 

Partner 
Label Institute/laboratory Description Country, city

1 Sustainable Forest Management Institute University of Valladolid Spain, Palencia

2 Institute of Forestry and Rural Engineering Estonian University of Life Sciences Estonia, Tartu

3 Institute for National and International Plant 
Health Julius Kühn-Institute Germany, Braunschweig

4 Vokė Branch, Lab of Biotechnology Lithuanian Research Centre for Agriculture 
and Forestry Lithuania, Vilnius

5 Department for Innovation in Biological, 
Agro-food and Forest Systems (DIBAF), University of Tuscia Italy, Viterbo

6 Instituto Agroforestal Mediterráneo Universitat Politècnica de València Spain, Valencia

7 Laboratoire de la santé des végétaux French Agency for food, environmental and 
occupational health safety (ANSES) France, Malzéville

8 Faculty of Biology and Environmental 
Sciences

Cardinal Stefan Wyszynski University in 
Warsaw Poland, Warsaw

9 Forest Health and Biotic Interactions/
Phytopathology

Swiss Federal Institute for Forest, Snow and 
Landscape Research WSL Switzerland, Birmensdorf

10 Instituto Nacional de Investigação Agrária e 
Veterinária I.P.,

State Laboratory of the Ministry of Agriculture, 
Forests and Rural Development Portugal, Oeiras

11 Institute for Sustainable Plant Protection National Research Council Italy, Florence

12 Forest Research Forestry Commission United Kingdom, Farnham

13 Centro de Biotecnología Universidad de Concepción Chile, Concepción

14 Department of Food, Environmental and 
Nutritional Sciences University of Milan Italy, Milan

15 Forestry and Agricultural Biotechnology 
Institute University of Pretoria South Africa, Pretoria

16 Department of Agricultural Sciences, 
Biotechnology and Food Science Cyprus University of Technology Cyprus, Limassol

17 Department of Biology University of Aveiro Portugal, Aveiro

18 Dipartimento di Scienze delle Produzioni 
Agroalimentari e dell’Ambiente (DISPAA) University of Florence Italy, Florence.

19 Phytophthora Research Centre Mendel University in Brno Czech Republic, Brno

20 Laboratory of Forest Protection Slovenian Forestry Institute Slovenia, Ljubljana

21 Forest Health Center of Calabazanos Regional Government of Castilla y León (JCyL) Spain, Palencia

22 Faculty of Forestry, Forest Pathology 
Laboratories Applied Sciences University of Isparta Turkey, Isparta

23 Department of Agriculture, Food and 
Environment University of Catania Italy, Catania

Table 3. Partners involved in the collaborative project.
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seeds were first incubated in liquid PD Broth media as described by Ioos et al.24, in order to simulate biological 
enrichment of natural samples, as is performed in routine detection analysis. Four replicates of one thousand 
healthy seeds each were incubated for 72 h at 22 °C in a sterile Easy flat flask containing 50 mL of PD Broth. 
After incubation, the contents of the Easy flask (healthy seeds + liquid medium) were aseptically transferred into 
a sterilized grinding bowl, and ground for 1 min using a Microtron MB 550 mixermill (Kinematica, Lucerne, 
Switzerland). Seventy subsamples of 500 µL of homogenate were collected using a micropipette and transferred 
into individual sterile 2-mL microtubes. For each of the two F. circinatum strains, 4 sets of 14 homogenized 
healthy seed subsamples were spiked with 1 × 105, 1 × 104, 1 × 103, and 1 × 102 conidia, respectively. One set was 
spiked with sterile water to be used as negative control for the seeds. Total DNA was extracted from each spiked 
homogenate as described by Ioos et al.24 using the Nucleospin Plant II miniprep (Macherey-Nagel) DNA extrac-
tion kit. For each level of contamination, all the DNA extracts were pooled, homogenized, and then distributed as 
50 µL F. circinatum contaminated seed DNA to be used as template for PCR testing (F85 to F92, Table 5). In total, 
each laboratory received eight pine seed DNA extracts anonymously labeled, which were transported using a fast 
delivery service and kept in a freezer until analysis.

In total, each partner received an identical panel of 79 DNA extracts, to be tested in duplicate analysis for each 
protocol that was assessed.

Data generation and analysis. Indeterminate results. Data were processed anonymously, and no com-
munication was allowed about the trials between partners before the end of the collaborative study. For each pro-
tocol, each participant tested all 79 DNA extracts in duplicate. For each sample, results of the tests were reported 
as either “positive” or “negative”, based on the duplicate analyses. With the exception of protocol p8 (where a 
Ct < 36 should be considered as a positive result), none of the five published real-time PCR protocols recom-
mended a decision cut-off value. Therefore, the decision to rate a DNA sample as “positive” or “negative” was 
up to each participant, following the decision rules in force in the laboratory. However, in case of doubt or diffi-
culty in interpretation of the results, “indeterminate result” could be reported. The participants were nevertheless 
encouraged to submit a brief description of the problem encountered. Indeterminate results between protocols, 
as reported by the participating laboratories, were compared by Fisher’s exact tests for count data.

Indeterminate results were also compared between laboratories by protocol using Fisher’s exact tests. Ideally, 
these comparisons would have been performed comparing all indeterminate results generated by laboratories, 
across all tests. However, it must be noted that not all participants implemented all nine protocols, and missing 
data for some partners exist in the datasets (for example laboratories that only participated in one test would not 
be included in the statistical test). Therefore, the decision was made to compare laboratories by protocol, in order 
to have an idea of potential differences that can exist for example between equipment, location or staff in charge 
of the tests. In both cases, Fisher’s exact tests were performed with simulated P-values based on 1 × 105 replicates.

Indeterminate results were then transformed following two scenarios as suggested by Chabirand et al.47 and 
Loreti, et al.48. The first scenario considered that an indeterminate result would be further assessed by the lab-
oratory, and would always be rated “as expected” (i.e. a sample containing F. circinatum DNA would be rated 
as positive, and a sample not containing F. circinatum DNA would be rated as negative), so that the participant 
would always make the right decision, eventually. This dataset is here referred to as Dataset 1 (DS1). In the second 
scenario, an indeterminate result would always be rated “not as expected” (i.e. a sample containing F. circinatum 
DNA would be rated as negative, and a sample not containing F. circinatum DNA would be rated as positive), so 
that the participant would always make the wrong decision. This dataset is here referred to as Dataset 2 (DS2).

As the objective was to show the potential biases in the application of a protocol that may arise through dif-
ferences between equipment, location or staff in charge of the analysis, identity of laboratories is not revealed and 
only the range of indeterminate results is shown.

Rates of false positive and false negative results. Results of the protocols were assessed by computing a number of 
parameters using both datasets: (i) PA, the number of positive accords or true positives, defined as the number of 
DNA samples from F. circinatum strains (or DNA from seed samples contaminated with F. circinatum) yielding 
positive results with the protocol; (ii) NA, the number of negative accords or true negatives, here defined as the 

Protocol 
number Reference Target in the F. circinatum genome Type of assay

p1 Ramsfield et al.23 Two independent sequence characterized 
amplified regions (SCAR) End-point PCR

p2 Ioos et al.24 rDNA Intergenic spacer (IGS) Real-time PCR with hydrolysis probe

p3 Lamarche et al.27 rDNA Intergenic spacer (IGS) Real-time PCR with hydrolysis probe

p4 Schweigkofler et al.22 rDNA Intergenic spacer (IGS) Real-time PCR with SYBR Green staining

p5 Fourie et al.26 rDNA Intergenic spacer (IGS) Real-time PCR with SYBR Green staining

p6 Dreaden et al.25 rDNA Intergenic spacer (IGS) Real-time PCR with SYBR Green staining

p7 Luchi et al.28 Translation elongation factor 1-alpha gene (TEF) Real-time PCR with hydrolysis probe

p8 Baskarathevan et al. 
(Supplementary Information 1) Sequence characterized amplified region (SCAR) Real-time PCR with hydrolysis probe

p9 EPPO13, appendix 4 rDNA Intergenic spacer (IGS) End-point PCR

Table 4. List of F. circinatum diagnostic protocols assessed during the collaborative study.

https://doi.org/10.1038/s41598-019-44672-8


13Scientific RepoRts |          (2019) 9:8195  | https://doi.org/10.1038/s41598-019-44672-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

Code Species Strain
Mating 
type Host Origin Environment Provider

F1 F. circinatum LSVM211 MAT-1 P. menziesii France (Perpignan) Private garden R. Ioos

F2 F. circinatum LSVM216 MAT-2 P. radiata France (Vendée) Nursery R. Ioos

F3 F. circinatum LSVM217 MAT-2 P. radiata France (Côtes d’Armor) Nursery R. Ioos

F4 F. circinatum LSVM1221 MAT-2 P. radiata Espagne (Basque 
country) Forest J. Aguayo

F5 F. circinatum NRRL26431 MAT-1 unkn. Japan unkn. K. O’Donnell

F6 F. circinatum NRRL25708 MAT-1 unkn. USA unkn. K. O’Donnell

F7 F. circinatum NRRL25331 MAT-1 unkn. USA unkn. K. O’Donnell

F8 F. circinatum NRRL25333 MAT-2 unkn. S-Africa unkn. K. O’Donnell

F11 F. circinatum FcCa01 MAT-2 P. radiata Spain (Cantabria, 
Rionansa) Forest J. Diez

F12 F. circinatum FcCa02 MAT-2 P. radiata Spain (Cantabria, 
Castrourdiales) Forest J. Diez

F13 F. circinatum FcCa05 MAT-2 P. radiata Spain (Cantabria, 
Mazcuerras) Forest J. Diez

F14 F. circinatum FcCa06 MAT-2 P. radiata Spain (Cantabria, 
Comillas) Forest J. Diez

F15 F. circinatum FC042v MAT-2 P. radiata Spain (Cantabria, 
Cabezón de la Sal) Forest J. Diez

F16 F. circinatum FC035 MAT-2 P. radiata Spain (Cantabria, 
Cabezón de la Sal) Forest J. Diez

F17 F. circinatum CSF-1 MAT-1 P. pinea Spain (Burgos) Reforestation seedling A. Sanz-Ros

F18 F. circinatum CSF-2 MAT-1 P. radiata Spain (León) Insect (Brachyderes sp.) A. Sanz-Ros

F19 F. circinatum CSF-3 MAT-1 P. radiata Spain (León) Seed (cones) A. Sanz-Ros

F20 F. circinatum CSF-4 MAT-1 P. radiata Spain (León) Forest (twig) A. Sanz-Ros

F22 F. circinatum CSF-6 MAT-1 P. radiata Spain (León) Forest (stem) A. Sanz-Ros

F23 F. circinatum CSF-7 MAT-2 P. radiata Spain (León) Forest (stem) A. Sanz-Ros

F24 F. circinatum CSF-8 MAT-2 P. nigra Spain (Palencia) Reforestation seedling A. Sanz-Ros

F26 F. circinatum CSF-10 MAT-1 P. nigra Spain (León) Reforestation seedling A. Sanz-Ros

F27 F. circinatum CSF-11 MAT-1 P. nigra Spain (Valladolid) Nursery A. Sanz-Ros

F28 F. circinatum CSF-12 MAT-1 P. sylvestris Spain (Valladolid) Nursery A. Sanz-Ros

F29 F. circinatum CSF-13 MAT-2 P. pinaster Spain (Valladolid) Seeds A. Sanz-Ros

F30 F. circinatum 116 MAT-2 P. nigra Spain (Galicia) Nursery M. Berbegal

F31 F. circinatum 164 MAT-1 P. sylvestris Spain (Asturias) Nursery M. Berbegal

F32 F. circinatum 221 MAT-2 P. radiata Spain (Cantabria) Nursery M. Berbegal

F33 F. circinatum 253 MAT-1 P. nigra Spain (Galicia) Nursery M. Berbegal

F34 F. circinatum 822 MAT-1 P. pinaster Spain (Galicia) Seeds M. Berbegal

F35 F. circinatum 07/0649 1b MAT-1 P. pinaster Spain (Asturias) Nursery M. Berbegal

F36 F. circinatum 310/061 MAT-1 P. palustris Spain (Asturias) Nursery M. Berbegal

F37 F. circinatum 2028 MAT-2 P. radiata Chile Nursery R. Ahumada

F38 F. circinatum 2738 MAT-2 P. radiata Chile Nursery R. Ahumada

F39 F. circinatum INV19 MAT-2 P. radiata Chile Nursery R. Ahumada

F40 F. circinatum 2306 BASA MAT-2 P. radiata Chile Nursery R. Ahumada

F41 F. circinatum CMW 1219 MAT-2 Pinus sp. South Africa unkn. MJ. Wingfield 
(FABI)

F42 F. circinatum CMW 350 MAT-1 Pinus sp. USA (California) unkn. MJ. Wingfield 
(FABI)

F51 F. begoniae LSVM293 MAT-1 Begonia elatior France R. Ioos

F52 F. concentricum NRRL 25181 unkn. France K. O’Donnell

F53 F. fujikuroi LSV667 MAT-2 Zea mays France R. Ioos

F54 F. mangiferae NRRL25226 MAT-2 unkn. unkn. K. O’Donnell

F55 F. nygamai NRRL13448 unkn. unkn. K. O’Donnell

F56 F. proliferatum LSVM673 MAT-2 Populus sp. France R. Ioos

F57 F. sacchari NRRL13999 unkn. unkn. K. O’Donnell

F58 F. subglutinans LSVM869 MAT-1 Zea mays France R. Ioos

F59 F. subglutinans LSVM704 MAT-1 Zea mays France R. Ioos

F60 F. temperatum LSVM870 MAT-2 Zea mays France R. Ioos

F61 F. thapsinum NRRL22045 unkn. unkn. K. O’Donnell

F62 F. verticillioides LSVM873 Zea mays France R. Ioos

Continued
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number of DNA samples from other Fusarium species yielding negative results with the protocol; (iii) PD, the 
number of positive deviations or false positives, which takes into account the number of DNA samples from other 
Fusarium species (or DNA from seed samples not contaminated with F. circinatum) yielding positive results with 
the protocol; and iv) ND, the number of negative deviations or false negatives, which corresponds to the number 
of DNA samples from F. circinatum strains (or DNA from seed samples contaminated with F. circinatum) yielding 
negative results with the protocol.

Similarly, for both datasets, the performance of the protocols regarding specificity was assessed using the 
PD rate, computed as PD rate = 100 × (number of misclassified known positive samples/total number of known 
negative samples), and the ND rate, computed as, ND rate = 100 × (number of misclassified known negative sam-
ples/total number of known positive samples). As for indeterminate results, the PD and ND rates were compared 
between laboratories by protocol (in total nine comparisons) for both datasets.

All comparisons were performed using Fisher’s exact tests for count data with simulated P-values based on 
1 × 105 replicates.

Other performance criteria. For each protocol and for each participant the results obtained for the blind samples 
were processed according to EN ISO 16140 standard49 and the PM7/98 (2) EPPO standard16. Three performance 
criteria were assessed: relative accuracy (AC), diagnostic specificity (SP) and diagnostic sensitivity (SE). AC  

Code Species Strain
Mating 
type Host Origin Environment Provider

F63 F. verticillioides 437-6 Glycine max Italy M Pasquali

F64 F. fractiflexum NRRL28852 MAT-2 unkn. unkn. K. O’Donnell

F65 F. proliferatum FGSC 7421 MAT-2 unkn. unkn. J.F. Leslie

F66 F. parvisorum CMW 25267 MAT-2 Pinus patula Columbia Commerial nursery MJ. Wingfield 
(FABI)

F67 F. sororula CMW 25254 MAT-2 Pinus spp. Columbia Commerial nursery MJ. Wingfield 
(FABI)

F68 F. marasasianum CMW 25261 MAT-2 Pinus patula Columbia Commerial nursery MJ. Wingfield 
(FABI)

F69 F. pininemorale CMW 25243 MAT-1 Pinus tecunumanii Columbia Plantation MJ. Wingfield 
(FABI)

F70 F. fracticaudum CMW 25245 MAT-2 Pinus maximinoi Columbia Plantation MJ. Wingfield 
(FABI)

F72 F. avenaceum Do_US_Nat_2_1 seed of Douglasia sp. USA WSL - 
Phytopathology

F73 F. incarnatum-equiseti 
species complex Do_US_Nat_3_1 seed of Douglasia sp. USA WSL - 

Phytopathology

F74 F. sporotrichioides Do_US_Nat_32_1 seed of Douglasia sp. USA WSL - 
Phytopathology

F75 F. tricinctum species 
complex Do_US_Sno_49_1 seed of Douglasia sp. USA WSL - 

Phytopathology

F76 F. acuminatum Do_US_VC_49_1 seed of Douglasia sp. USA WSL - 
Phytopathology

F77 F. torulosum Do_US_VC_5_1 seed of Douglasia sp. USA WSL - 
Phytopathology

F78 F. graminearum Do-Mur/17-1 seed of D. menziesii USA WSL - 
Phytopathology

F79 F. proliferatum FI-BOS/13-1 seed of Picea sp. Switzerland WSL - 
Phytopathology

F80 F. reticulatum negundis FI-BOS/14-1 seed of Picea sp. Switzerland WSL - 
Phytopathology

F81 F. redolens Do-D/11-1 seed of Douglasia sp. Switzerland WSL - 
Phytopathology

F82 F. culmorum CSF-14 Pinus pinea Spain (Palencia) reafforestation seedling A. Sanz-Ros

F83 F. torulosum CSF-15 Pinus nigra Spain (León) reafforestation seedling A. Sanz-Ros

F84 F. oxysporum CSF-16 MAT-2 Pinus pinea Spain (Palencia) reafforestation seedling A. Sanz-Ros

F85 P. pinaster seed spiked with 105 conidia of strain F7 — —

F86 P. pinaster seed spiked with 104 conidia of strain F7 — —

F87 P. pinaster seed spiked with 103 conidia of strain F7 — —

F88 P. pinaster seed spiked with 102 conidia of strain F7 — —

F89 P. pinaster seed spiked with 105 conidia of strain F11 — —

F90 P. pinaster seed spiked with 104 conidia of strain F11 — —

F91 P. pinaster seed spiked with 103 conidia of strain F11 — —

F92 P. pinaster seed spiked with 102 conidia of strain F11 — —

Table 5. List of Fusarium spp. strains used in the collaborative study.
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represents the agreement between the expected results and the results obtained using the protocol. SE provides 
an estimation of the ability of the procedure to detect the target when it is present (presence of F. circinatum 
DNA). SP provides an estimation of the ability of the procedure not to detect the target when it is not present  
(no F. circinatum DNA present in the sample). AC, SP and SE were estimated using PA, NA, PD and ND, 
described in the previous sections, as follows:

= ∗ + + + +
= ∗ +
= ∗ +

AC 100 (PA NA)/(NA PA PD ND)
SP 100 NA/(NA PD);
SP 100 PA/(PA ND);

Tests on the equality of SE, SP and AC between methods were performed using Fisher’s exact test.
Qualitative reproducibility or concordance (CO) was also estimated for each protocol. Concordance is the 

probability that two identical test materials sent to different laboratories will both provide the same results (i.e. 
both found positive or both found negative)50. Concordance for qualitative analyses is similar to reproducibility 
for quantitative analyses, and this performance criterion is a means to assess the ability of a protocol to provide 
consistent results with identical samples that are tested under different conditions: operator, equipment, master 
mix or DNA polymerase brand, location, time49. In order to have a reliable estimation of CO, it was calculated for 
each protocol using the original data reported by the participating laboratories. This means that positive, negative 
and indeterminate results were included. CO between protocols was compared for both datasets using Fisher’s 
exact tests for count data.

Statistical software for data analysis. All statistical tests were performed using the R statistical software version 
3.4.051. Statistical tests were considered as significant for estimated P-values with a confidence of less than 5%. All 
figures were produced using the R package “ggplot2”52.

Data Availability
All data generated or analyzed during this study are included in this published article (and its Supplementary 
Information and Dataset Files).
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2.2. Co-infections by Fusarium circinatum and Phytophthora spp. on Pinus radiata, a case study of 

complex interactions in the Pine pitch canker disease 

 

2.2.1 Introduction 

Pinus radiata D. Don, originating from the southwestern United States, California, has been introduced in 

areas with a Mediterranean climate such as Australia, Chile, New Zealand, South Africa, Spain and Uruguay 

(Rogers, 2004). Thanks to the rapid growth and excellent quality of the wood, this pine species, of great interest 

for forestry, is mainly used for the production of timber (Guerrero & Bustamante 2007). The growth and 

productivity of P. radiata can be severely hampered by various parasites and diseases, resulting in significant 

economic losses. Several diseases of P. radiata have been described; among these stand out resinous canker 

of the pine, “pine pitch canker”, caused by Fusarium circinatum, considered as one of the most important 

diseases on the Pinus species in the world (Wingfield et al. 2008). 

Fusarium circinatum, a necrotrophic fungus, included in the EPPO (European Plant Protection Organization) 

list among the quarantine pathogens, has been reported on over 60 species of Pinus and on Pseudotsuga 

menziesii (Hodge & Vorak 2000; Wingfield et al. 2008); P. radiata appears to be one of the most susceptible 

species (Gordon et al. 1998; Hodge & Vorak 2000). 

The pathogen affects pines of all ages in any season of the year (Wingfield et al. 2008). It was first reported in 

the southeastern United States in 1946, on Pinus virginiana (Hepting & Roth 1946) and later in several 

countries including Haiti, Japan, South Africa, South Korea, Mexico, Chile, Spain, Italy, Uruguay, Portugal 

and Colombia (Viljoen et al. 1994, Lee et al. 2000). The disease originates from lesions that allow the 

penetration and development of F. circinatum (Thoungchaleun et al. 2008). 

In nurseries, the symptoms consist of dying off of the seedlings (damping off), while in plantations the most 

common symptoms are the drying of the branches and cancers on the stems, with the formation of abundant 

resin (Viljoen et al. 1994; Gordon et al. 2001; Wingfield et al. 2008), which lead to the death of the apex of 

the plant, with consequent arrest of growth and reduction of the volume of the crown and of the stem 

consequent to these malformations. 

Another group of important diseases of Pinus species are those caused by Phytophthora spp. The Phytophthora 

genus includes over 180 recognized species (Abad, 2014; Ruano-Rosa et al. 2018) including several very 

devastating phytopathogenic species (Brasier, 1999; Jung et al. 2018). Phytophthora spp. are able to cause leaf 

diseases, collar rot, stem cancers, fruit rot (Erwin & Ribeiro 1996) and in particular root rot which are among 

the most common symptoms (Migliorini et al. 2014), both in nurseries than in forests (Marcais et al. 2011, 

Jung et al. 2016). 

Pinus seedlings, especially Scots pine, are susceptible to P. cactorum, P. cambivora, P. plurivora and P. 

cinnamomi (Chavarriaga et al. 2007; Jung et al. 2009; Jung et al. 2016; Tkaczyk et al.  2016; Cleary et al. 

2017). Infected plants show growth reduction, chlorosis and decay caused by root rot and / or collar rot (Jung 

et al. 2018). The Phytophthora genus includes then pathogens with the greatest impact in the pine forests of 

Europe, and are believed to be among the main pathogens that occur together with F. circinatum. Infection by 
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these organisms appears to be facilitated by climatic factors such as high humidity, which is known to favor 

Fusarium spp.; therefore, interaction, including synergy, between these species should not be excluded (Elvira-

Recuenco et al. 2020). 

During the attack by the pathogens in the plant, different metabolic defense pathways are activated. These 

defense mechanisms are governed by a series of genes, individually or synergistically involved in the resistance 

traits of plants (Eyles et al. 2010). 

Among the conifers, most commonly induced against pathogens are hypersensitive responses, early 

lignification of fibers and the production of phenolic compounds, terpenoids and alkaloids. These responses 

are produced after the recognition of a pathogen signal that triggers different signal transduction mechanisms 

which in turn stimulate secondary metabolic pathways for the production of defense compounds, which are 

the result of the expression of different genes (Franceschi et al. 2005; Eyles et al. 2010). 

Previous studies have identified several genes associated with pathogen response to infections in coniferous 

species (Morse et al. 2004; Quesada et al. 2009). These include genes encoding for PR proteins, which have 

been classified as the largest group of defense-related proteins in plants as well as genes associated to 

secondary metabolites, such as ones related to the phenylalanine metabolic pathway, which are synthesized to 

generate compounds with a broad spectrum of antifungal properties (van Loon et al. 2006; Veluthakkal & 

Dasgupta 2010). In order to understand these defense mechanisms, it is necessary to evaluate the expression 

levels of the target genes that respond to the plant-pathogen interaction (Donoso et al. 2015). 

In the Pinus radiata-Fusarium circinatum-Phytophthora spp. model system, this study investigated i. the 

phenotypic response of pine to the infective process and ii. the relative expression levels of genes of plant 

encoding for pathogenesis-related proteins and antifungal secondary metabolites. 

 

2.2.2 Materials and Methods 

2.2.2.1 Plant material 

Ten-month-old Pinus radiata seedlings (Spanish provenance) were used for the experiment. Plants had an 

average height of 19.84 ± 1.8 cm and average diameter at the soil level of 0.34 ± 0.03 cm. 

Seedlings were maintained in a greenhouse at 20 – 22°C and a photoperiod of 16 h light / 8 h darkness and 

inoculated after two weeks of acclimation. 

 

2.2.2.2 Fungal inoculum and inoculation methods 

One isolate of F. circinatum from Pinus radiata (Fc 072) sourced in Spain and two isolates of Phytophthora, 

P. cambivora from Quercus ilex (PH 14.012) recovered in Spain forest and P. parvispora from Salix 

pedicellata recovered in a Sicilian riparian forest were used for plant inoculation. 

Spore suspension (F. circinatum-microconidia and Phytophthora species-zoospores) were used for inoculum. 

Fusarium circinatum was grown on potato dextrose agar (PDA) at 25°C in the dark until the mycelium covered 

at least 90% of the Petri dish. Three to five pieces of mycelium (5 mm diameter) were grown under agitation 

on potato dextrose broth (PDB) for at least 24 h. Obtained microconidia were then rinsed and suspended in 
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sterile distilled water. Finally, the spore concentration was measured with a hemocytometer and adjusted to 

106 spores/ml. 

Phytophthora cambivora and P. parvispora were first grown on V8 juice agar (V8A) at 20° C in the dark for 

seven days. For zoospospore production, plug of agar and mycelium were taken from the colonies, flooded 

with sterile distilled water and incubated for 2-3 days at 20-22 °C with 16/8 h photoperiod. Sporangia formation 

was monitored during this incubation period and once sufficient mature sporangia were observed, the plates 

were cold shocked by incubation at 4°C for 45 min after which they were removed and left at room temperature 

for one hour to stimulate zoospore release. The zoospore suspension was removed from the plates, pooled 

together and used for inoculation. 

Zoospore concentration was determined by using a hemocytometer and standardized to 106 zoospores/ml. 

The experimental scheme consisted of the following treatments: i. wounded plants control (C); ii. plants 

inoculated with F. circinatum (FC); iii. plants inoculated with P. cambivora (PC); iv. plants inoculated with 

P. parvispora (PP); v. plants inoculated with F. circinatum * P. cambivora (FC x PC); vi. plants inoculated 

with F. circinatum * P. parvispora (FC x PP). 

For the inoculation, stem surface of plants from all treatments was wounded by two cuts at the same height, in 

front and behind, by using a sterile scalpel; 106 spores (F. circinatum-microconidia and Phytophthora species-

zoospores) were then applied at one of the two wounding point (the other wound received sterile distilled water 

in plants from treatments ii., iii. and iv., while each singular wound received singularly one of the two 

pathogens in plants from treatments v. and vi.). Wounds were then sealed with Parafilm® to prevent 

desiccation and contamination. Plants from control group were equally wounded and received an equal volume 

of sterile distilled water. After inoculation controls and inoculated plants were kept in separate climate 

chambers under controlled conditions at a temperature of 20 ± 2 °C, 40-50% relative humidity, a photoperiod 

of 16/8 h light/dark for 60 days and irrigated 30 min per day. 

 

2.2.2.3 Evaluation of visual symptoms and internal necrosis length 

The typical disease symptoms of tip dieback, needle wilting and browning and resin formation were evaluated 

and monitored one time per week; the seedlings were visually scored for disease symptoms following the 

empirical scale proposed by Correll et al. (1991): 0 = healthy plant or no symptoms; 1 = resin and/or necrosis 

at the point of inoculation and healthy foliage; 2 = resin and/or necrosis beyond the point of inoculation; 3 = 

accentuated wilting and appreciable dieback or damping off and 4 = dead plant. The above-mentioned 

evaluation was carried out at three time points (i.e. 7, 30, and 60 days post-inoculation – dpi). To confirm 

Koch’s postulate, stem cuttings were plated onto PDA or V8A and incubated at 20-22°C for 7 days. 

The internal stem lesion length (mm) was also measured in 4 cm longitudinal stem cuts of three biological 

replicates per treatment, when more of 50% of the inoculated plants expressed disease symptoms (14 dpi). 

Images of the necrosis were obtained using a zoom stereomicroscope.  

Data were analyzed by using one-way ANOVA followed by Tukey‘s HSD test (Honestly Significant 

Difference) as a post-hoc test (R software). Differences at P≤0.05 were considered significant. 



 27 

 

2.2.2.4 Sample collection, RNA extraction and cDNA synthesis 

Stem fragments of approximately 4 cm from the inoculation point were sampled for RNA extraction at 4 and 

11 dpi, using five seedlings per treatment at each of the evaluated time points.  

Samples were immediately frozen in liquid nitrogen and then stored at -80°C until used for gene expression 

analyses.  

Total RNA was extracted by using Spectrum™ Plant Total RNA Kit (Sigma-Aldrich) and quantified using a 

Qubit 4 Fluorometer (Invitrogen). Integrity of RNA samples was visualized by loading 5 µl of RNA on a 1.5% 

agarose gel stained with SYBR Safe. 

cDNA was synthetized using Revert Aid Reverse Transcriptase (Thermo Fisher Scientific), random hexamers, 

and 1µg of RNA in 20 µl reactions following the manufacturers specifications. 

 

2.2.2.5 Selection of primers and housekeeping genes 

The primers used to amplify the four candidate genes, namely PR3, PR5, PAL and PDC (Donoso et al. 2015, 

Amaral et al. 2019) and three housekeeping genes, namely actin (ACT), β-tubulin (TUB) and ubiquitin (UBQ) 

are shown in Table 1. Primers were selected on the basis of previous studies (Donoso et al. 2015, Amaral et 

al. 2019). 

Housekeeping genes stability was analyzed using the geNORM v. 3.4 software (Vandesompele et al. 2002) 

and the comparative delta -Ct method (Silver et al. 2006). For the later, the reference gene analysis tool 

refFinder (http://www.leonxie.com/referencegene.php) was used. After the analysis, the one most stable 

reference gene was used for the normalization of the gene expression data. 

 

2.2.2.6 Relative expression of candidate genes 

Amplifications were performed by using the iCycler iQ™ Real-Time PCR Detection System (Biorad). 

Reactions were performed in a total volume of 20 µl by mixing 10 ng of cDNA with 1 µl of 10 µM of each 

primer and 10 µl of PowerUp™ SYBR™ Green Master Mix (2X) (Applied Biosystems). qRT-PCR 

experiments were carried out in triplicate. The thermo-cycling conditions were 2 min at 50° C (UDG 

activation), 2 min at 95° C (Dual-Lock™ DNA polymerase) followed by 40 cycles of two steps: 95 °C for 15 

s (Denaturation) and 65 °C (annealing/extension) for 1 min. The quantification of gene expression was carried 

out by using the 2-DDCt method (Livak and Schmittgen, 2001) where DDCt = (Ct of target gene - Ct of reference 

gene)sample - (Ct of target gene - Ct of reference gene) calibrator and Ct is the threshold cycle of each 

transcript, defined as the point at which the amount of amplified target reaches a fixed threshold above the 

background fluorescence and using housekeeping genes for data normalization as described by Vandesompele 

et al.(2002). 

Data on gene expression were analyzed by using oneway ANOVA followed by Dunnett’s multiple 

comparisons test by using R software. Differences at P ≤ 0.05 were considered significant. 
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Table 1. Primer sequences used for the housekeeping and candidate genes studied in the Pinus radiata-Fusarium 

circinatum-Phytophthora spp. model system. 

Gene Primer sequence GenBank ID Functions/Putative functions Reference 

Chitinase (PR3) 
F: TGGCAACACGGACGCCCATT 

HM219849.1 Hydrolyzation of chitin. 

Amaral et al. 2019; Donoso et al. 

2015; Collinge et al 1993; Mauch 

et al. 1988 R: ACCGGCGTCGTTTCTGTGCTT 

Thaumatin-like protein (PR5) 
F: AGGAGCGCGTGTGATGCGTT 

JQ015859.1 
Involved in cell wall damage and formation of pores 

on the plasma membrane. 

Amaral et al. 2019; Donoso et al. 

2015; Grenier et al. 1999; Roberts 

& Selitrennikoff, 1990 R: TGAAAGTGCTGGTGGCGTCGT 

Phenylalanine ammonia lyase 

(PAL) 

F: TGCTGGCCACTGTGAAGCAGA 
AY641535.1 

Lignin and phenolic accumulation in plants. 

Cinamic acid synthesis 

Amaral et al. 2019; Donoso et al. 

2015; Campbell & Ellis, 1992; 

Liang et al. 1989 R: TCGCAGAAACGGCCTGGCAA 

Pyruvate decarboxylase (PDC) 
F: CCCGCAAACAATGACGTGGGGT 

JQ264496.1 Involved in aerobic fermentation. 

Amaral et al. 2019; Mithran et al. 

2013; Kürsteiner & Kuhlemeier, 

2003 R: TGCGAGCAGATGGTCCAGCA 

Actin (ACT) 
F: TGGACCTTGCTGGGCGTGATCT 

GQ339779.1 
Major component of cytoskeleton 

microfilaments. 

Amaral et al. 2019; Donoso et al. 

2015; Choi et al. 1991 R: ACAATCTCGCGCTCTGCGGT 

β-Tubulin (TUB) 
F: AAGGGGGTCAGTGTGGCAACCA 

KM496536.1 Structural units of the cytoskeleton microtubes 
Amaral et al. 2019; Donoso et al. 

2015; Jeong et al. 2006 R: ACAGCCCGCGGAACAAACCT 

Ubiquitin (UBQ) 
F: AGCCCTTATGCCGGAGGGGTTT 

AF461687.1 
Participates in protein recognition by the 

proteasome 

Amaral et al. 2019; Donoso et al. 

2015; Brunner et al. 2004 R: AGTGCGGGACTCCACTGTTCCT 

 

2.2.3 Results 

2.2.3.1 Differences in disease symptoms progression 

Results from the in planta inoculation trial evidenced that the most common symptom in inoculated plants 

from all the treatments was represented by the folding of the apex of the seedling (damping-off); needle 

wiltings as well as restricted resin exudations and necrotic responses in the cutting zones were also common 

symptoms observed at advanced stages of disease progression. Non-inoculated control plants remained healthy 

for all time course of the experiment. 

The first symptom was the damping-off and appeared in plants from all treatments 7 dpi; at this time point, 

excluding seedlings inoculated with F. circinatum (FC) which showed the weakest symptoms of decay, plants 

from all other treatments appeared markedly equally symptomatic (Fig. 1).  

Thirty days post inoculation, seedlings from all the treatments were in an advanced state of decay. The 

additional symptom was the marked wilting and browning of needles, which suggested the certain death of the 

plant (which occurred 60 dpi in all inoculated plants). 

The temporal progression of symptoms severity is summarized in Figure 1. 

Results from the analysis of the measures of the internal stem lesion evidenced that seedlings from all the 

inoculated treatments showed a marked necrotic area over the non-inoculated control, which did not show any 

symptom (Fig. 2B). The mean values of the internal stems lesions from different treatments have been 

determined at 14 dpi, namely at the time when more of the 50% of the inoculated plants of each treatments 

expressed disease symptoms. The statistical differences observed in seedlings from inoculated treatments (Fig. 

2A) were in accordance with the visual symptoms evaluated 7 dpi (Fig. 1). 
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Figure 1 Temporal progression of symptoms severity (mean values) in Pinus radiata seedlings non-inoculated (C) or 

inoculated with Fusarium circinatum (FC), P. cambivora (PC), P. parvispora (PP), F. circinatum* P. cambivora (FC x 

PC) and F. circinatum* P. parvispora (FC x PP). Images representative of the symptoms at each time point are 

included. Days post-infection (d.p.i.). At each time point, values sharing same letters are not statistically different 

according to Tukey’s honestly significant difference (HSD) test (P ≤ 0.05). 

 

2.2.3.2 Housekeeping gene selection 

To obtain accurate results, the expression level of the target genes must be normalized using internal control 

genes, known as reference or housekeeping genes (Long et al., 2010). The expression level of these genes is 

expected to be relatively stable between different samples and environmental conditions. To date, no 

housekeeping genes have been validated for gene expression studies on conifers infected by F. circinatum or 

similar necrotrophic fungi (Donoso et al., 2015). The stability of the three housekeeping genes was assessed 

using the comparative delta Ct method and the software geNorm. Both methods showed that UBQ were the 

most stable housekeeping genes, while ACT and TUB had the highest delta Ct values and the highest M values 

after analysis with the geNorm software. The present study reveals that UBQ were the most stable 

housekeeping genes for P. radiata under F. circinatum or similar necrotrophic fungi infection, which coincides 

with the results of other studies of validation of reference genes on plants under biotic and abiotic stress 

conditions (Brunner et al., 2004; Jarosova & Kundu, 2010; Donoso et al., 2015; Amaral et al., 2019).   

In this study UBQ is suitable for normalizing qRT-PCR results, the use of this gene may provide more accurate 

and reliable results and could also be suitable for gene expression studies on other conifer species affected by 

necrotrophic fungi, however, a previous validation is always suggested. UBQ like housekeeping gene was 

used for the normalization of the subsequent qRT-PCR results. 
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Figure 2 (A) Internal stem necrosis length (mean value) in Pinus radiata seedlings non-inoculated (C) or inoculated 

with Fusarium circinatum (FC), P. cambivora (PC), P. parvispora (PP), F. circinatum* P. cambivora (FC x PC) and F. 

circinatum* P. parvispora (FC x PP) when more of 50%of the inoculated plants of each treatments expressed disease 

symptoms (14 dpi). Data are presented as mean ± SE of three biological replicates per treatment. Values sharing same 

letters are not statistically different according to Tukey’s honestly significant difference (HSD) test (P ≤ 0.05). (B) Stem 

internal necrosis from representative samples of Pinus radiata seedlings non-inoculated (C) or inoculated with 

Fusarium circinatum (FC), P. cambivora (PC), P. parvispora (PP), F. circinatum* P. cambivora (FC x PC) and F. 

circinatum* P. parvispora (FC x PP) observed using a zoom stereomicroscope when more of 50% of the inoculated 

plants of each treatments expressed disease symptoms (14 dpi). 

 

2.2.3.3 Differential expression of candidate genes 

The analysis of the transcriptomic profile of the studied candidate genes (PR3, PR5, PAL and PDC) evidenced 

different responses depending on both the treatment and the time point of measure. 
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With reference to the PR3-encoding gene, it resulted up-regulated in all the treatments at both time points of 

measure, with significant differences over the non-inoculated control in the treatment with P. cambivora (PC) 

(4 dpi) and F. circinatum (FC) (11 dpi) (Fig. 3A). 

 
Figure 3 Differences in the expression levels of PR3- (A), PR5- (B), PAL- (C) and PDC- (D) -encoding genes in Pinus 

radiata seedlings at 4 (blue bars) and 11 (orange bars) days-post-inoculation (dpi) with Fusarium circinatum (FC), P. 

cambivora (PC), P. parvispora (PP), F. circinatum* P. cambivora (FC x PC) and F. circinatum* P. parvispora (FC x 

PP). Columns with asterisks are statistically different according to Dunnett’s test (*P < 0.05, **P < 0.01, ***P < 0.001), 

compared to their calibrator (i.e. wounded and non-inoculated control seedlings). 

 

As for PR3, the PR5-encoding gene had a generalized up-regulation, although it was markedly significant 

mainly at 11 dpi. In particular, 4 dpi a weak significant up-regulation was observed only in seedlings inoculated 

with P. parvispora, while at 11 dpi a marked up-regulation occurred in F. circinatum- (FC) and P. cambivora- 

(PC) -inoculated plants as well as in seedlings from their interaction system (FC x PC) (Fig. 3B). 

The PAL-encoding gene resulted globally up-regulated 4 dpi only in treatments that received singularly the 

test pathogens (FC, PC, PP), although up-regulation was significant only in seedlings inoculated with F. 

circinatum (FC) and P. cambivora (PC). The only treatment significantly up-regulated at 11 dpi was FC (Fig. 

3C). 

Finally, the PDC-encoding gene was significantly modulated in all the treatments, although with opposite 

trends. The strongest up-regulations were observed in seedlings from treatments with the only F. circinatum 

(FC) at both time points (4-11 dpi). The gene was also up-regulated at both time points in the treatment with 

P. parvispora (PP), although the modulation was significant only at 11 dpi. Generalized significant down-
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regulations were recorded in seedlings from treatments with the only P. cambivora (PC) and in its interaction 

system with F. circinatum (FC x PC). Finally, in the interaction system F. circinatum * P. parvispora (FC x 

PP) the gene was significantly up-regulated exclusively at 11 dpi (Fig. 3D). 

 

2.2.4 Discussion 

This study represents an additional contribute to the understanding of the complex of interactions plant-

microorganisms which nowadays represent one of the main topics of modern Plant Pathology (La Spada et al., 

2020). Within this framework, several studies started to investigate the mechanisms with whom 

microorganisms interact each other and affect the phenotypic and genetic-mediated response of plants as a 

consequence of their biotrophic activity (Tucci et al., 2011; Dalio et al., 2018; La Spada et al. 2020). In order 

to try to elucidate how the simultaneous action of different plant pathogens can affect the progression of a 

specific plant disease mainly attributed to a single pathogen, this study approached the plant-microorganism 

interaction within the framework of the “Pine pitch canker” by Fusarium circinatum under the additional 

influence of Phytophthora spp. Synergisms between microbial pathogens in plant disease complexes is an 

increasingly growing trend in Plant Pathology, with a special focus to fungi-fungi interactions (Lamichhane & 

Venturi, 2015). For example, the young grapevine decline disease is present across many regions worldwide, 

and is caused by the following fungal pathogens when present alone: Ilyonectris sp., Phaeomoniella 

chlamydospora, Togninia sp., and Botryosphaeriaceae sp. (Mugnai et al., 1999; Gramaje and Armengol, 

2011). A recent study demonstrated that co-infection of several fungal species belonging to 

Botryosphaeriaceae sp. and Ilyonectria sp. results in very severe decline of young grafted grapevines in the 

field (Whitelaw-Weckert et al., 2013). Similarly, laboratory experiments further confirmed that co-inoculation 

of Ilyonectria and Botryosphaeriaceae isolates led to an increased disease severity compared to monoculture 

inoculations of Ilyonectria isolates (Whitelaw-Weckert et al., 2013). 

In the present study the experimental approach carried out was aimed to investigate the phenotypic and genetic-

mediated response of Pinus plants to an infective process due to the simultaneous action of two plant 

pathogens, namely F. circinatum and Phytophthora cambivora or F. circinatum and Phytophtora parvispora. 

Firstly, the phenotypic plant response to such a kind of infective process have been investigated. The synergic 

effects in the phenotypic response of a plant to a complex disease process involving Fusarium species and 

other fungal plant pathogens belonging to different genera have been previously reported for the cassava root 

rot (species involved: Fusarium sp. Botryodiplodia theobromae and Armillaria sp.) (Bandyopadhyay et al., 

2006), the gray necrosis of hazelnut (species involved: Alternaria sp., Fusarium sp., and Phomopsis sp.) 

(Belisario et al., 2004), the root rot of strawberry (species involved: Pythium sp., Fusarium sp., Cylindrocarpon 

sp., Rhizoctonia sp.) (Wing et al., 1994) and the root disease of Trifolium vesiculosum (species involved: 

Pythium sp., Rhizoctonia sp., and Fusarium sp.) (Pemberton et al.,1998). With reference to pine disease 

involving F. circinatum and additional fungal pathogens, considering that the genera Heterobasidion, 

Armillaria, and Phytophthora include root and butt rot pathogens with the highest impact in pine forests in 

Europe and considering also that their infections are facilitated by factors such as high humidity (which is 
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known to favor also Fusarium spp.) (Garbelotto et al., 2013), it is expected that these species can co-occur 

with F. circinatum. However, to date the co-occurrence of F. circinutum with another fungal pathogen have 

been clearly recorded just a single time, namely together with Diplodia sapinea in wounds made by bark 

beetles (Bezos et al., 2014, 2016).  

Analyses carried out in the present study investigated for the first time the possible synergic action of F. 

circinatum and Phytophthora spp. in the “Pine pitch canker”. Results obtained here showed that the phenotypic 

response of pine to the simultaneous action of the aforementioned pathogens is manifested by an increasing of 

the severity of the symptoms at the early stages of the infection, allowing then to speculate that Phytophthora 

spp. can realistically contribute to the aggravation of the disease. 

It is well known that a pathogenic infection triggers in plants the activation of a main resistance mechanism, 

namely the systemic acquired resistance (SAR), which provides long-term resistance throughout the plant to 

subsequent infection by different pathogens (La Spada et al., 2020). This kind of resistance is correlated with 

the synthesis of pathogenesis related (PR) proteins, which is mediated by the up-regulation of genes encoding 

enzymes involved in the biosynthesis of salicylic acid (SA) (Zhang et al., 2010). Plant cellular respiration is 

also usually stimulated after pathogenic infections (Amaral et al. 2019; Bolton, 2009). In such a kind of oxygen 

stress condition, it has been observed that plants respond by the synthesis of pyruvate decarboxylase (PDC), 

which in turn converts the pyruvate into acetaldehyde and CO2 and then makes possible the production of 

energy (Bolton, 2009). In order to decrypt how the synergic action of F. circinatum and Phytophthora spp. 

affects the plant resistance response, this study described the modulation of the SAR and plant cellular 

respiration by the analysis of the transcriptomic profile of three genes encoding for pathogenesis-related 

proteins (namely, PR3, PR5 and PAL) as well as that of the pyruvate decarboxylase- (PDC) -encoding gene. 

Results obtained here from the interaction systems (namely, F. circinatum * P. cambivora and F. circinatum 
* P. parvispora) showed that, at the early stages of the infection (4 dpi), no one of the studied encoding genes 

had a significant modulation over the non-inoculated plants, while at 11 dpi significant up-regulations were 

exclusively reported for PR5 in the treatment F. circinatum * P. cambivora and PDC in F. circinatum * P. 

parvispora. Results from plants inoculated singularly with pathogens, globally evidenced that F. circinatum 

markedly stimulated the up-regulation of all the studied genes mainly at the late stages of infection, while 

between the two Phytophthora spp., only P. cambivora seems to stimulate significant up-regulations. This 

aspect suggests that a real synergic effect as the result of the sum of the effects of the singular pathogens it is 

not clearly evident. However, this result could be interpreted by considering a different aspect. Assuming that 

the interaction between the two pathogens mainly determined a competition for the infection site, the observed 

effect in gene expression could be determined by the delayed beginning of the infective process, which 

consequently could have led to a supposed delayed plant defensive response. Conversely, in plants inoculated 

with a single pathogen, the infective process could not have been delayed by the competition for the infective 

site, determining then a direct plant response. Considering that this is the first study that investigated the pine 

response to an infective process by the simultaneous attach of F. circinatum and Phytophthora spp., further 

researches are necessary to validate this hypothesis. 
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Chapter 3.  

Scabby canker caused by Neofusicoccum batangarum (Botryosphaeriaceae), an 

emergent disease of Opuntia ficus-indica in minor islands around Sicily: identification of 

the causative agent and characterization of both its phytotoxic metabolites and the 

genetic variability of its local population 
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New insights into scabby canker of Opuntia 
ficus-indica, caused by Neofusicoccum 
batangarum
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Summary. This study characterizes a fungal disease of cactus pear (Opuntia ficus-indi-
ca, Cactaceae), reported from the minor islands of Sicily. The disease, originally named 
‘gummy canker’, was first reported in 1973 from Linosa, a small island of the Pelagian 
archipelago, south of Sicily. The causal agent was identified as Dothiorella ribis (cur-
rently Neofusicoccum ribis, Botryosphaeriaceae). In a recent survey the disease has been 
found to be widespread in minor islands around Sicily, including Lampedusa, Linosa, 
Favignana and Ustica. The causal agent was identified in Botryosphaeriaceae as Neofu-
sicoccum batangarum on the basis of the phylogenetic analysis of the DNA sequences 
from ITS, tef1 and tub2 sequences, and the disease was renamed ‘scabby canker’, which 
describes the typical symptoms on cactus pear cladodes. In artificial inoculations, N. 
batangarum induced symptoms on cactus pear cladodes identical to those observed in 
naturally infected plants. The fungus also induced cankers on artificially wound-inoc-
ulated stems of several common Mediterranean plants including Aleppo pine (Pinus 
halepensis), almond (Prunus dulcis), sweet orange (Citrus × sinensis), citrange (Citrus 
sinensis × Poncirus trifoliata) and holm oak (Quercus ilex), indicating that the patho-
gen has a wide potential host range. Isolates of N. batangarum from cactus pear from 
several small islands around Sicily were genetically uniform, as inferred from micro-
satellite primed (MSP)-PCR electrophoretic profiles, suggesting the pathogen popula-
tions in these islands have a common origin. A preliminary report of the identity of 
the causal agent of this disease has been published as the first record of N. batangarum 
in Europe and on cactus pear worldwide.

Keywords. Botryosphaeriaceae, cactus pear, phylogenetic analysis, marker genes, host 
range.
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INTRODUCTION

Cactus pear [Opuntia ficus-indica (L.) Mill.] is prob-
ably native to Mexico (Kiesling and Metzing, 2017), and, 
after the discovery of America, this plant was intro-
duced into the Mediterranean basin where it is natural-
ized (Ochoa and Barbera, 2017). In Sicily, cactus pear 
has become an economically important fruit crop and 
is a characteristic feature of the landscape. It is also 
cultivated in the Sardinia, Apulia, Calabria, and Basili-
cata regions of Italy, and this country is the second cac-
tus pear fruit producer, after Mexico. Sicily produces 
approx. 90% of cactus pear fruit in the European Union. 
Cactus pear was introduced into the small islands 
around Sicily, where it is mainly grown as productive 
living fences. According to Pretto et al. (2012), O. ficus-
indica was introduced into the small Mediterranean 
islands in the nineteenth century, as fodder or to fence 
fields.

Somma et al. (1973) reported a severe and unusual 
disease of O. ficus-indica on Linosa, a small island of 
the Pelagian archipelago, south of Sicily. The disease was 
named ‘gummy canker’, referring to the typical symp-
toms on cladodes, and the causal agent was identified as 
Dothiorella ribis, currently Neofusicoccum ribis (Botry-
osphaeriaceae). In a subsequent review of cactus pear dis-
eases (Granata et al., 2017), the ‘gummy canker’ described 
by Somma et al. (1973) was equated to a disease named 
‘cladode and fruit rot’, and the causal agent was consid-
ered to be the cosmopolitan fungus Lasiodiplodia theo-
bromae (Pat.) Giff. & Maubl. This fungus is in the same 
family as N. ribis. Recently, ‘gummy canker’ was seen to 
be destroying the cactus pear stands in Lampedusa, the 
southernmost island of the Pelagian archipelago, and the 
disease was also present in other minor islands near Sic-
ily, including Favignana of the Aegadian archipelago, and 
Ustica, a small island around 67 km northwest of Palermo 
in the Tyrrhenian sea (Schena et al., 2018). The name of 
the disease was changed to ‘scabby canker’, as this was 
more appropriate to describe the characteristic symp-
toms on cladodes. The fungus responsible for the disease 
was identified as Neofusicoccum batangarum Begoude, 
Jol. Roux & Slippers (Schena et al., 2018), not previously 
reported in Europe (Phillips et al., 2013; Dissanayake et 
al., 2016a). This was the first report of N. batangarum on 
cactus pear, but there are records of this fungus in Bra-
zil as a pathogen of cochineal cactus [Nopalea cochenilli-
fera (L.) Salm-Dyck, syn. Opuntia cochenillifera (L.) Mill.], 
which is a close relative of cactus pear (Conforto et al., 
2016; Garcete-Gómez et al., 2017).

The disease of cochineal cactus, named ‘cladode 
brown spot’, has some traits in common with ‘scabby 

canker’ occurring in the minor Sicilian islands. Howev-
er, other fungi, besides N. batangarum, are responsible 
for ‘cladode brown spot’ in Brazil (Conforto et al., 2019; 
Feijo et al., 2019). Neofusicoccum batangarum was first 
described as an endophyte of Indian almond (Termina-
lia catappa L., Combretaceae) in Africa (Begoude et al., 
2010, 2011). This fungus was also reported in Florida 
(USA) as a contaminant of seeds of Schinus terebinthi-
folius, the Brazilian pepper tree (Shetty et al., 2011), 
and more recently as an aggressive pathogen causing 
stem cankers of fruit trees in the tropics (Netto et al., 
2017; Serrato-Diaz et al., 2020). The distribution of N. 
batangarum includes Africa, Brazil, Puerto Rico and the 
United States of America (Phillips et al., 2013; Dissan-
ayake et al., 2016a; Conforto et al., 2019; Serrato-Diaz et 
al., 2020).

The present study aimed to gain insights into the 
aetiology and epidemiology of ‘scabby canker’ that is 
destroying cactus pear on the minor islands of Sicily, 
and also poses a serious threat to cactus pear crops in 
Sicily. Specific objectives included: i) to determine the 
present distribution of ‘scabby canker’; ii) to characterize 
N. batangarum isolates from different minor islands of 
Sicily; and iii) to investigate if the potential host range of 
this fungus includes other Mediterranean plants which 
could act as alternative hosts or inoculum reservoirs for 
this pathogen.

MATERIALS AND METHODS

Fungus isolates, distribution and incidence of the disease

Samples were collected from 2013 to 2018, from the 
minor islands of Sicily, and a survey was carried out in 
the islands of Favignana, Lampedusa, Linosa and Ustica 
(Figure 1) to determine the distribution and the inci-
dence of the disease. Since the extent of these islands is 
limited, all prickly pear hedges and plantations in each 
island were examined systematically. Isolations were 
made from the margins of active cankers developing 
on cladodes of the host plants. Pieces (5 mm) of dis-
eased tissue were plated onto potato dextrose agar (PDA, 
Oxoid Limited) supplemented with 1 mg mL-1 of strep-
tomycin, and were incubated at 22°C. Isolates were also 
obtained as single conidium isolations from conidiomata 
emerging from cankers of diseased plants, as described 
by Phillips et al. (2013). A total of 26 representative iso-
lates of N. batangarum from cactus pear were character-
ized in this study. Table 1 lists these isolates and their 
origins. Cultures were routinely grown and maintained 
on PDA in the collection of the Molecular Plant Pathol-
ogy laboratory of the Di3A, University of Catania.



271Disease of cactus pear in the minor islands of Sicily

Morphological characteristics and cardinal temperatures 
for growth of the isolates

The isolates were induced to sporulate by plat-
ing them on PDA containing sterilized pine needles 
(Smith et al., 1996), and incubating at room temperature 
(approx. 20 to 25ºC) under diffused day light or near-
UV light, until pycnidia developed. For microscopy, pyc-
nidia and conidia were mounted in sterile distilled water 
or 100% lactic acid and observed microscopically at 
×40 and ×100 magnifications, with an Axioskop (Zeiss) 
microscope. Images were captured with an AxioCam 
MRc5 camera (Zeiss), and measurements were made 
with the software AxioVision. For each isolate, 50 conid-
ia were randomly selected and their lengths, widths and 
shape were recorded. For pycnidium dimensions, 20 
measurements were made. Colony characters and pig-
ment production were noted after 4 to 6 d of growth on 
PDA or malt extract agar (MEA) at 25°C, in the dark. 
Colony colours (upper and lower surfaces) were rated 
according to Rayner (1970).

Four isolates, one from each island, were deposited 
at Westerdijk Fungal Biodiversity Institute, with strain 
code numbers CBS 143023, CBS 143024, CBS 143025, 
and CBS 143026 (Schena et al., 2018).

Radial growth rate and cardinal temperatures for 
radial growth were determined by growing the isolates 
on PDA in Petri dishes (9 cm diam.), and incubating at 
5, 10, 15, 20, 25, 30 35°C, in the dark. Means of radial 
growth at the different temperatures were adjusted to a 
regression curve using Statgraphics Plus 5.1 software 
(Manugistics Inc.), and the best polynomial model was 
chosen based on parameter significance (P < 0.05) and 
coefficient of determination (R2) to estimate the opti-
mum growth temperature for each isolate. Four repli-
cates of each isolate were evaluated and each experiment 
was repeated twice.

Amplification and sequencing of target genes

Genomic DNA was isolated from 1-week-old cultures 
grown on PDA at 25°C in the dark using the procedure 
of Schena and Cooke (2006). The internal transcribed 
spacer (ITS) region of the ribosomal DNA was ampli-
fied and sequenced with primers ITS5/ITS4 (White et al. 
1990), part of the translation elongation factor 1 alpha 
gene (tef1) was sequenced and amplified with primers 
EF1-728F/EF1-986R (Carbone and Kohn, 1999), and the 
β-tubulin gene (tub2) was sequenced and amplified with 
Bt2a and Bt2b (Glass and Donaldson, 1995).

Amplified products with both forward and reverse 
primers were sequenced by Macrogen Europe. CHRO-
MASPRO v. 1.5 (http://www.technelysium.com.au/) 
was used to evaluate reliability of sequences and to cre-
ate consensus sequences. Unreliable sequences were re-
sequenced.

Molecular identification and phylogenetic analyses

The preliminary identification of isolates and their 
association to N. batangarum were carried by BLAST 
analyses. For the accurate identification, sequences of 
ITS, tef1 and tub2 loci from the isolates obtained in the 
present study were phylogenetically analyzed along with 
validated sequences representative of N. batangarum and 
closely related species as defined by comprehensive phy-
logenetic studies (Slippers et al., 2013; Lopes et al., 2017; 
Yang et al., 2017). Two additional isolates of N. batangar-
um for which ITS, tef1 and tub2 sequences were available 
in GenBank were included in the analysis. Table 2 lists 
the analyzed isolates. For all isolates, ITS, tef1 and tub2 
sequences were trimmed to a common length and con-
catenated using the Sequence Matrix software (Vaidya 
et al., 2011). Concatenated sequences were aligned with 
MUSCLE (Edgar, 2004) as implemented in Mega Version 
7.0 (Kumar et al., 2016), and edited manually for check-

Figure 1. Sicily and the minor surrounding islands.
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ing indels and single nucleotide polymorphisms. Phylo-
genetic analyses were performed in Mega with the maxi-
mum likelihood method using the Tamura–Nei model 
and 1000 bootstrap replications (Tamura and Nei, 1993; 
Tamura et al., 2013).

Analysis of genetic variability of isolates

Six representative isolates (FIU 1B, OP6, FIF D, 
FILA 4, OB43, and FILI F1) collected from four different 
islands were characterized according to their microsatel-
lite-primed PCR (MSP-PCR) profiles using primer M13 
(Meyer et al., 1993; Santos and Phillips, 2009), (CAG)5 
(Freeman and Shabi, 1996), and (GGA)5 (Uddin et al., 
1997). Each amplification was carried out in a total vol-
ume of 25 μL, containing 1 μL (50 ng) of fungal DNA, 1 
μM of primer, 2 mM [(primer (CAG)5 and (GGA)5] or 4 
mM (primer M13) of MgCl2 and 1U of GoTaq DNA Pol-
ymerase (Promega Corporation). Reactions were incu-
bated for 2 min at 95°C, followed by 35 cycles of 30s at 

95°C, 30 s at 49°C [primers (GGA5)5 and M13] or 52°C 
[primer CAG)5] and 1 min at 72°C. All reactions ended 
with a final extension of 5 min at 72°C. PCR profiles 
were visualized on 2% agarose electrophoresis gels (Mer-
ck) in 1× TBE buffer stained with SYBR Safe DNA Gel 
Stain (Thermo Fisher Scientific).

Pathogenicity tests

Four N. batangarum isolates obtained from cactus 
pear cankers (isolates FIF D, FIU 1B, OP6 and OB43 
from, respectively, Favignana, Ustica, Lampedusa 
and Linosa) were used in pathogenicity tests on cac-
tus pear plants. These isolates were used to inoculate 
mature cladodes (cladodes of the previous year) and the 
stems of field-grown cactus pear plants (three plants 
per isolate and two cladodes per plant). On each clad-
ode, two holes (5 mm diam.) were made 20 cm apart 
with a cork-borer, while only one hole was made on 
the stem. An agar plug from a 5-d-old colony grow-

Table 1. Identity of the Neofusicoccum batangarum isolates studied, and GenBank accession numbers, for isolates recovered from the small 
islands of Sicily.

Isolate Species Island origin ITS β -tubulin EF1-α

FIF G N. batangarum Favignana MF414731 MF414750 MF414769
FIF A N. batangarum Favignana MF414732 MF414751 MF414770
FIF D N. batangarum Favignana MF414730 MF414749 MF414768
FIF F1 N. batangarum Favignana MF414733 MF414752 MF414771
FIF E N. batangarum Favignana MF414734 MF414753 MF414772
FIF F N. batangarum Favignana MF414735 MF414754 MF414773
FIF I N. batangarum Favignana MF414736 MF414755 MF414774
FIF H N. batangarum Favignana MF414737 MF414756 MF414775
FILI F1 N. batangarum Linosa MF414747 MF414766 MF414785
OB43 N. batangarum Linosa MG609040 MG609057 MG609074
OB44 N. batangarum Linosa MG609041 MG609058 MG609075
OB46 N. batangarum Linosa MG609043 MG609060 MG609077
FIU 1 N. batangarum Ustica MF414739 MF414758 MF414777
FIU 1B N. batangarum Ustica MF414738 MF414757 MF414776
FIU 2 N. batangarum Ustica MF414740 MF414759 MF414778
FIU 3 N. batangarum Ustica MF414741 MF414760 MF414779
FIU 3A N. batangarum Ustica MF414742 MF414761 MF414780
FIU 3B N. batangarum Ustica MF414743 MF414762 MF414781
FIU 4 N. batangarum Ustica MF414744 MF414763 MF414782
FIU 5 N. batangarum Ustica MF414745 MF414764 MF414783
FIU 6 N. batangarum Ustica MF414746 MF414765 MF414784
FILA 4 N. batangarum Lampedusa MF414748 MF414767 MF414786
OP5 N. batangarum Lampedusa MG609050 MG609067 MG609084
OP6 N. batangarum Lampedusa MG609051 MG609068 MG609085
OP9 N. batangarum Lampedusa MG609052 MG609069 MG609086
OB47 N. batangarum Lampedusa MG609053 MG609070 MG609087
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ing on PDA was inserted into each hole. Three plants 
inoculated with sterile agar served as controls. Wounds 
were sealed with the excised tissues and inspected 
daily for 20 d after inoculation (a.i.). Lesion diameters 
was recorded 30 d a.i., and the size of the cankers on 
cladodes was calculated as the circle area. Inoculations 
were first performed in June 2014 in an experimen-
tal field at the University of Catania (Sicily), and these 
were repeated each year in June for three consecutive 
years on different healthy cactus pear plants. Com-
mencing from 20 d a.i., inoculated plants were inspect-
ed each month to observe development of symptoms. 
Trials were also repeated in an experimental field at the 
University of Palermo (Sicily).

Isolates FIFD and FIU1B were also used to inocu-
late twigs and stems of 2-year-old trees of sweet orange 
‘Navelina’ (Citrus × sinensis) grafted on citrange ‘Car-
rizo’ (Citrus sinensis × Poncirus trifoliata) rootstock, 
grown in a greenhouse maintained at 20 to 26°C. These 
isolates were also used to inoculate the stems of field-
grown trees of woody plants typical of the Mediterra-
nean region, in an experimental field at the University 
of Catania. These included 3-year-old trees of almond 
[Prunus dulcis (Mill.) D.A. Webb], 5-year-old trees 
of holm oak (Quercus ilex L.) and 6-year old trees of 
Aleppo pine (Pinus halepensis Mill.). Inoculations were 
performed in June 2016. On sweet orange (two twigs 
per tree) were inoculated (four trees per isolate). A hole 
in each twig was made with a 3 mm cork-borer. A 3 
mm diam. mycelium plug from 5-d-old PDA culture 
was placed on the freshly wounded surface, the wound 
was covered with the excised bark disk and sealed 
with Parafilm®. The stem of each tree (the ‘Carrizo’ 
citrange rootstock) was inoculated 10 cm above soil 
level (a single hole per stem) using the same method. 
Four trees inoculated with sterile agar served as con-
trols. The length and breadth of each resulting lesion 
were recorded 30 d a.i., and the outer surface areas of 
the bark cankers on twigs and stems were calculated as 
ellipses. Almond, holm oak and Aleppo pine trees were 
wound inoculated on the stems using a cork borer (5 
mm diam.). Four trees per host species were inoculat-
ed (three holes per tree 60 cm apart), and the wounds 
were each covered with the excised bark disk. Four 
trees inoculated with sterile agar served as controls. 
The lengths and breadths of the lesions were recorded 
at 30 and 70 d a.i.

In all pathogenicity tests, re-isolations were made 
from lesions, and resulting fungal colonies were con-
firmed morphologically and by sequencing part of the 
ITS, tef1 and tub2 genes, as described above, to fulfill 
Koch’s postulates.

Statistical analyses of data

Data from pathogenicity tests were analyzed using 
RStudio v.1.2.5 (R). When comparing the means of mul-
tiple groups, a one-way ANOVA followed by Tukey’s 
HSD post hoc test was performed. Significant differences 
between groups (P < 0.05) were denoted with different 
letters. When comparing independent groups, Student’s 
t-test was used. The significance level was reported as 
follows: * = P < 0.05, ** = P < 0.01, or *** = P < 0.001.

RESULTS

Symptoms, distribution and incidence of the disease

Symptoms were visible on cladodes and included 
radially expanding, crusty, concentric, silvery, peren-
nial cankers, each with a leathery, brown halo (Fig-
ure 2A–C). Pycnidia were erumpent from the host 
epidermis, visible to the naked eye as minute, black 
dots, formed on the silver-coloured internal area of 
each canker (Figure 2C) The cankers had radial and 
tangential cracks (Figure 2B–C). A milky to buff-col-
oured abundant and viscous exudate of polysaccharide 
nature, caking on contact with air, oozed from active 
cankers and formed strips or cerebriform masses. The 
exudate, being water soluble, was partially washed away 
by rain, while masses of exudates that remained on 
the cankers became black due to the growth of sooty 
molds, giving the cankers an appearance of carbona-
ceous crusts. The cankers ceased to expand in the cold-
est season of each year. An individual canker rarely 
reached a maximum diameter of more than 25 cm, 
but cankers often coalesced and formed larger lesions 
extending to the whole cladode or up to its edge, caus-
ing wilting. The cladodes collapsed when the bases 
were girdled by cankers. Infections on thicker clad-
odes and stems gave rise to very prominent cankers 
and eruptions of solid exudates at scattered points far 
from the lesions. Cladodes and stems of heavily infect-
ed plants became senescent and the whole plants col-
lapsed, appearing gray and ghostly. In a systematic sur-
vey of prickly pear hedges and plantations, symptoms 
were observed in all hedges and plantings with 80% of 
plants symptomatic in the island of Lampedusa (20.2 
km2) and 40% of plants symptomatic plants on Linosa 
(5.43 km2). Conversely, on Favignana (19.8 km2), symp-
toms were observed at two sites three km apart, with 
incidences of 40% and 100% of plants with symptoms. 
On the island of Ustica (8.24 km2), symptoms were 
observed only at one site on the northern coast, over-
looking the sea (Figure 2A). However, this disease out-
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break was severe, with approx. 400 m of hedges con-
taining 100% of plants with symptoms.

Morphological and molecular identification of the pathogen

A fungus with white aerial mycelium that turned 
gray with age was consistently recovered from canker 
tissues, with 100% of positive isolations. The same fun-
gus was obtained by plating single conidia taken from 
conidiomata emerging individually or in groups from 

cankers (Figure 2D). Colonies on MEA formed concen-
tric rings. On PDA mycelium was white and became 
smoky gray to gray-olivaceous after 5 d (Figure 3A). 
The mycelium was fast-growing (Table 3) and covered 
the 9 cm diam. Petri dishes after 5 d incubation at 25° 
C in the dark. Optimum temperature for radial colony 
growth was between 25 and 30°C for all the isolates test-
ed. Little growth was observed at 10 or 35°C. Stromat-
ic conidiomata were produced in pine needle cultures 
within 14 d. The condidiomata were solitary, covered 
by mycelium, obpyriform to ampulliform, and each had 

Figure 2. A. Cankers on cladodes incited by Neofusicoccum batangarum in a cactus pear hedge on the Island of Ustica, May 2014. B. Coalesc-
ing, concentric cankers incited by Neofusicoccum batangarum on a cactus pear cladode. C. Concentric expanding canker incited by Neofusico-
ccum batangarum on a cactus pear cladode. Note pycnidia, as small dark spots, and cracking on the silvery, intermediate area of the canker, 
the dark colour and the sooty appearance of the exudate after rain and the tan colour of the edge, indicating that the canker is still active. D. 
Mycelium emerging from conidiomata of Neofusicoccum batangarum formed on cankers (photograph taken using a stereomicroscope).
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a central and circular unilocular ostiole, and measured 
250-300 μm in diameter. Conidia were non-septate (bi-
cellular conidia were observed only very occasionally), 
hyaline, smooth, fusoid to ovoid, thin-walled, and meas-
ured 17.1-21.8 × 4.6-8.9 μm, with a mean length to width 
ratio = 2.9 (Figure 3B–C).

The isolates obtained had identical ITS, tef1 and 
tub2 sequences. Preliminary BLAST analyses of these 
three genes yielded several identical sequences of Neo-
fusicoccum spp., deposited with different taxa names. 
Consequently, this analysis enabled the identification 
at the genus level, but did not provide reliable infor-
mation on the species. The phylogenetic analysis of 
the combined data set of sequences from ITS, tef1 and 
tub2 sequences (Figure 4) produced trees with a high 
concordance with those reported by Lopes et al. (2017) 
and Yang et al. (2017). According to this analysis, iso-
lates from cactus pear were identified as N. batangar-
um, since they clearly clustered with the ex-type (CBS 
124924 from Terminalia catappa; Lopes et al., 2016) and 
other reference isolates of this species, and were differ-
entiated from other Neofusicoccum species, including 

Figure 3. A. Four representative isolates of Neofusicoccum batangarum after 5 d of incubation on PDA at 25°C; CBS143023 (FIF D), 
CBS143024 (FIU 1B), CBS143025 (FILI F1), and CBS143026 (FILA 4). B and C. Unicellular, fusiform, thin-walled hyaline conidia of Neofu-
sicoccum batangarum.

Table 3. Mean radial growth rates of colonies of Neofusicoccum 
batangarum isolates on PDA at three different temperatures, as 
determined after 3 d of incubation.

Isolates of N. 
batangarum

Island  
origin

15°C (mm 
d-1) mean ± 

S.D.a

25°C (mm 
d-1) mean ± 

S.D.

30°C (mm 
d-1) mean ± 

S.D.

FILI-F1 Linosa 3.83 ± 0.35 7.50 ± 0.00 5.90 ± 0.26
FILA 4 Lampedusa 3.97 ± 0.34 7.50 ± 0.00 7.50 ± 0.00
FIU-1B Ustica 3.00 ± 0.58 6.53 ± 0.63 6.26 ± 0.42
FIF-D Favignana 3.40 ± 0.41 7.50 ± 0.00 7.50 ± 0.00 
OP5 Lampedusa 4.32 ± 0.05 9.77 ± 0.09 9.83 ± 0.06
OP6 Lampedusa 4.20 ± 0.21 12.94 ± 0.23 9.75 ± 0.13
OP9 Lampedusa 4.31 ± 0.09 13.00 ± 0.19 9.33 ± 0.24
OB44 Linosa 3.73 ± 0.81 12.83 ± 0.10 9.69 ± 0.06
OB46 Linosa 3.44 ± 0.44 13.03 ± 0.18 9.23 ± 0.42
OB47 Lampedusa 4.16 ± 0.10 12.94 ± 0.16 9.77 ± 0.11
OB43 Linosa 2.40 ± 0.22 7.82 ± 0.07 6.47 ± 0.06

a Mean of four replicate Petri dishes.
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the closely related species N. ribis, N. umdonicola, and 
N. occulatum (Annex 1).

Analysis of the genetic variability of isolates

The MSP-PCR characterization of the six representa-
tive isolates of N. batangarum revealed high genetic uni-

formity, since isolates showed identical banding patterns 
with the three tested primers (Annex 2).

Pathogenicity tests

Four isolates, one from each island, were deposited 
at Westerdijk Fungal Biodiversity Institute [CBS 143023 
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Figure 4. Phylogenetic tree of isolates of Neofusicoccum collected in the present study from Opuntia ficus-indica, and representative isolates 
of Neofusicoccum batangarum and closely related species as defined by in comprehensive phylogenetic studies (Tables 1 and 2). The tree was 
built using concatenated sequences of ITS-5.8S-ITS2 region, tef1-α gene and β-tubulin gene. Numbers on nodes indicate the posterior prob-
abilities from the maximum likelihood method.
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(FIF D), CBS 143024 (FIU 1B), CBS 143025 (FILI F1), 
and CBS 143026 (FILA 4)], and these were tested for 
their pathogenicity on cactus pear and other species of 
plants. Additional isolates from Lampedusa and Linosa 
were also included in the pathogenicity tests. Since the 
results of four inoculation series performed, respectively, 
in 2014, 2015, 2016 and 2017 were very similar, only the 
results of inoculations performed in 2014 are reported 
here in detail. All isolates were pathogenic on the inoc-
ulated plant species (Tables 4, 5, 6 and 7). The isolates 
induced cankers in all inoculated plants while no symp-
toms were observed on the controls.

On cactus pear plants, symptoms appeared after 4 d, 
as brown circular halos around the inoculation wounds 
with viscous exudates oozing from the lesions that con-
solidated in contact with the air to form long strips 

(Figure 5A–B). Cankers expanded progressively and 
concentrically (Figure 5D). They were roughly circular, 
with irregular margins, identical or very similar to those 
observed on plants with natural infections, and the can-
ker expansion reduced during the coldest months (late 
December to early February). Some cankers stopped 
growing permanently and healed, but most cankers 
resumed growth and the production of exudate when 
temperatures increased after winter. Table 4 presents 
the mean lesion areas induced on cactus pear cladodes 
by the four tested isolates 30 d after wound inoculation. 
Analysis of variance revealed no statistically significant 
differences in pathogenicity between the isolates. Five 
years after the first inoculation, most cankers were still 
active, and they continued to expand and produce abun-
dant exudates (Figure 5D). In some cases, the cankers 
expanded more rapidly in one direction and became 
asymmetrical and irregular (Figure 5D). After rain, the 
cankers became dark, with a carbonaceous appearance. 

Table 4. Mean lesion areas on cladodes of cactus pear (Opuntia 
ficus-indica) 30 d after wound inoculation with representative iso-
lates of Neofusicoccum batangarum obtained from cactus pear from 
four minor islands of Sicily.

Isolate Island origin Mean lesion area 
(cm2) ± S.D. a,b

FIF D Favignana 4.4 ± 1.2 
OP6 Lampedusa 4.4 ± 1.8 
OB43 Linosa 4.5 ± 2.3 
FIU 1B Ustica 4.6 ± 0.6 

a Means of 12 replicate values.
b ANOVA, F (3,44) = 0.372, P > 0.05

Table 5. Mean lesion areas on stems of sweet orange ‘Navelina’ (Cit-
rus × sinensis) trees grafted on ‘Carrizo’ Citrange (C. sinensis × Pon-
cirus trifoliata) rootstock, 30 d after wound inoculation with rep-
resentative isolates of Neofusicoccum batangarum from four minor 
islands of Sicily

Isolate f Island origin
Mean lesion area (cm2) ± S.D.a

rootstock b,d scionc,e

FIF D*** Favignana 1.4 ± 0.18 1.8 ± 0.1 
FIU 1B** Ustica 1.4 ± 0.12 1.8 ± 0.2 
FILI F1* Linosa 1.4 ± 0.15 1.7 ± 0.2 
FILA 4** Lampedusa 1.5 ± 0.26 1.9 ± 0.4 

a Rootstock: means of four replicate values. Scion: means of eight 
replicate values.
b Symptoms included barely noticeable gummy exudate.
c Symptoms included abundant gummosis.
d ANOVA rootstock, F(3,12) = 0, P > 0.05.
e ANOVA scion, F(3,28) = 0, P > 0.05.
f Comparing rootstock and scion according to Student’s t-test.
(* = P < 0.05, ** = P < 0.01, and *** = P < 0.001).

Table 6. Mean lesion areas on stems of holm oak (Quercus ilex) 
trees 30 d and 70 d after wound inoculation with representative iso-
lates of Neofusicoccum batangarum from two minor islands of Sicily.

Isolate Island origin
Mean lesion area (cm2) ± S.D.a

30 db 70 dc

FIF D Favignana 5.2 ± 1.3 8.2 ± 1.1 
FIU 1B Ustica 5.8 ± 2.4 10.0 ± 3.0 

a Means of six replicate values.
b ANOVA 30 d, F(1,10) = 0.274, P > 0.05.
c ANOVA 70 d, F(1,10) = 1.517, P >0 .05.

Table 7. Mean lesion areas on stems of Aleppo pine (Pinus halepen-
sis) or almond (Prunus dulcis) trees 70 d after wound inoculations 
with representative isolates of Neofusicoccum batangarum from four 
minor islands of Sicily.

Isolate Origin
Mean lesion area (cm2) ± S.D.a,f

Aleppo pineb,d Almondc,e

FIF D Favignana 7.2 ± 0.6 a 4.9 ± 1.0 a
FIU 1B Ustica 7.1 ± 0.9 ab 5.1 ± 1.4 a
FILA 4 Lampedusa 7.6 ± 2.8 ab 5.1 ± 1.7 a
FILI F1 Linosa 6.6 ± 0.6 b 5.8 ± 1.7 a

a Means of six replicates.
b Symptoms included resinous exudates.
c Symptoms included abundant gummous exudates.
d ANOVA Aleppo pine, F(3,20) = 6.015, P = 0.004.
e ANOVA Almond, F(3,20) = 2.783, P = 0.06.
f Means accompanied by the same letters are not statistically differ-
ent (P < 0.05, Tukey’s HSD test).



279Disease of cactus pear in the minor islands of Sicily

Pycnidia were visible on cankers 14-20 d a.i. From six 
months to 5 years a.i., small cankers and scattered erup-
tions of exudate, similar to runny wax, appeared on arti-
ficially inoculated cladodes approx. 10-20 cm from the 
inoculation points.

All four tested N. batangarum isolates induced 
necrotic lesions on the citrange rootstock and the sweet 
orange scion at 7 d a.i. Symptoms were more severe on 

the sweet orange scions (Table 5) and included abun-
dant gummosis (Figure 5G), while gummosis was much 
less abundant on citrange. Pycnidia emerged from the 
necrotic lesions on sweet orange stems from 10 to 14 d 
a.i. (Figure 5H). Differences in mean lesion size between 
the sweet orange scion and the citrange rootstock were 
significant (P < 0.05), according to Student’s t-test. How-
ever, no statistically significant differences in patho-

Figure 5. A. Brown, circular lesions and waxy exudate oozing from lesions on a cactus pear cladode wound-inoculated with Neofusicoc-
cum batangarum, 7 d after inoculation (a.i.) B. Brown lesion and exudate oozing from a lesion on a cactus pear cladode wound-inoculated 
with N. batangarum, 4 d a.i. C. A fusiform dry canker induced by wound-inoculation of N. batangarum on the stem of a holm oak tree 70 
d a.i. D. A still active canker on a cactus pear cladode artificially inoculated with Neofusicoccum batangarum in the field, September 2019, 5 
years a.i. E. A resinous canker induced by wound-inoculation with N. batangarum on the stem of an Aleppo pine tree, 70 d a.i. F. A gummy 
canker induced by wound-inoculation with N. batangarum on the stem of a young almond tree, 14 d a.i. G. A gummy canker induced by 
wound-inoculation with N. batangarum on the stem of a young ‘Navelina’ sweet orange tree, 14 d a.i. H. Pycnidia on a canker induced by 
wound-inoculation with N. batangarum on the stem of a young ‘Navelina’ sweet orange tree, 14 d a.i.
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genicity (P > 0.05) were observed among the fungal 
isolates on both citrus symbionts. No symptoms were 
observed on the controls.

On holm oak (Table 6), no gummy reaction was 
observed (Figure 5 C), but cankers expanded progres-
sively along the stems and were still active 3 years after 
inoculation. No symptoms were observed on the con-
trols. There were no significant differences (P > 0.05) 
among isolates in the pathogenicity test on holm oak at 
30 d a.i. or 70 d a.i.

On almond and Aleppo pine (Table 7), N. batan-
garum isolates incited necrotic bark lesions with gum-
my exudates on almond (Figure 5F) and resinous exu-
dates on Aleppo pine (Figure 5E). No symptoms were 
observed on the controls. Also on almond and Aleppo 
pine, cankers were still active 3 years a.i.

In the pathogenicity tests on almond and Aleppo 
pine there were small but statistically significant differ-
ences between the isolates on these two hosts (almond, 
P = 0.06; Aleppo pine, P = 0.004). All the N. batangarum 
isolates were re-isolated from inoculated plants, while no 
fungal pathogens were isolated from control plants, thus 
fulfilling Koch’s postulates for the N. batangarum iso-
lates.

DISCUSSION

Identification of the Botryosphaeriaceae prior to the 
application of DNA sequencing and phylogenetic infer-
ence should be considered with caution. The classification 
and nomenclature of these fungi have evolved rapidly 
and have been substantially revised, as previous classifi-
cation based on morphological characters was confus-
ing and most species were actually complexes of differ-
ent taxa (Slippers et al., 2004, 2013; Crous et al., 2006; 
Phillips et al., 2008, 2013; Crous et al., 2017). According 
to the molecular taxonomy of the Botryosphaeraceae, 
N. batangarum is the appropriate name of the fungus 
responsible for the chronic disease observed on the clad-
odes of cactus pear in the minor islands of Sicily. Neofu-
sicoccum batangarum was confirmed to be the sole causal 
agent of the ‘scabby canker’ disease. The fungus was con-
sistently associated with symptomatic cactus pear plants 
and, when artificially inoculated onto this host, induced 
the same type of cankers as natural infections. From an 
etiological and ecological perspective, N. batangarum was 
the only fungus in the family Botryosphaeriaceae recov-
ered from infected cactus pear in these small islands 
belonging to different archipelagos.

Several species of this family frequently occur 
together on the same host (Jami et al., 2017), although 

not all are able to cause disease (Lawrence et al., 2017). 
In Brazil, N. batangarum, alone or in association with 
other fungi including several species of Botryospha-
eriaceae, was reported to be responsible for ‘brown spot’ 
of cladodes, a severe disease of cochineal cactus that is 
grown as fodder for livestock in the semi-arid region 
of the north-east of that country (Conforto et al., 2016, 
2019). Although the syndromes of ‘cladode brown spot’ 
in north-eastern Brazil and ‘scabby canker’ in minor 
islands of Sicily have some traits in common, they are 
distinct. Differences between the symptoms of these dis-
eases include the presence of crusty, silvery, perennial 
cankers, and exudates oozing from the cankers in the 
‘scabby canker’ disease. However, differences might be 
due to environmental conditions, host plant and/or cul-
tivation systems. In Brazil, cochineal cactus is pruned 
repeatedly for the production of fresh forage. The cactus 
pear fences in the minor islands near Sicily are pruned 
only occasionally, thus allowing the disease to become 
chronic on mature cladodes. The cladode brown spot 
in Brazil is also a complex disease and the causal agent 
may vary according to the season and the geographical 
region (Santana et al., 2020).

For many years, Botryosphaeriaceae, which are wide-
spread in tropical and temperate regions, were con-
sidered to be opportunistic pathogens infecting hosts 
exclusively through wounds or natural openings in their 
periderms. Since the late 1980s, however, these fungi 
have been recognized as endophytes that remain latent 
in woody host plants for long periods. With the onset 
of abiotic stress conditions (drought, physical damage, 
water-logging, frost and unsuitable environments for the 
growth) the latent pathogens cause disease (Slippers and 
Wingfield, 2007; Pavlic-Zupanc et al., 2015; Marsberg et 
al., 2017). The prolonged latent infection or endophytic 
phase implies that these fungi can easily pass undetected 
through phytosanitary controls or during the selection 
of propagation material.

The genus Neofusicoccum comprises species with 
widespread geographical and host distributions, and 
these fungi are typically endophytes, which in stress-
ful environments can cause symptoms such as dieback, 
cankers and gummosis (Crous et al., 2006; Lopes et al., 
2017; Zhang et al., 2017; Burgess et al., 2018). Wounds 
caused by hailstorms may have been the factor trigger-
ing the epidemic outbreak of N. batangarum on cactus 
pear in the small islands of Sicily. The climate of these 
islands is affected by the proximity to the sea, and this 
may have favoured the development of the disease and 
the survival of the inoculum. In in vitro tests, N. batan-
garum showed an optimum temperature for growth 
around 25°C, a minimum of approx. 10°C and a maxi-
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mum of approx. 35°C. On artificially inoculated clad-
odes, the fungus formed pycnidia between 14 and 20 d 
a.i. In winter, conidia collected from pycnidia formed on 
cladodes artificially inoculated in the spring or autumn 
of the previous year were viable.

Most species of Botryosphaeriaceae have broad host 
ranges, and only very few have been described from a 
limited number of host species or are host specific (Slip-
pers and Wingfield, 2007; Marsberg et al., 2017). The 
ability to infect multiple hosts and to move among unre-
lated hosts facilitates the establishment and spread of 
species and genotypes of this family into new areas.

Neofusicoccum batangarum has been reported as an 
endophyte as well as a pathogen of several host plants in 
the tropics (Begoude et al., 2010, 2011; Shetty et al., 2011; 
Conforto et al., 2016; Netto et al., 2017). A very recent 
report has further expanded the known hosts (Serrato-
Diaz et al., 2020). Pathogenicity tests in the present 
study showed that this fungus has an even wider poten-
tial host range, encompassing woody forest and culti-
vated plants typical of the Mediterranean macro-region. 
These hosts include Aleppo pine, almond, citrus and 
holm oak. Like other Botryosphaeriaceae, N. batanga-
rum can be regarded as a generalist pathogen, although 
in natural conditions the host affinity of polyphagous 
Botryosphaeriaceae species is strongly influenced by the 
environment (Slippers and Wingfield, 2007). On arti-
ficially inoculated sweet orange stems, N. batangarum 
induced the typical symptoms of ‘gummy cankers’ or 
‘bot gummosis’, already known as ‘Dothiorella gum-
mosis’. These are minor, but widespread, diseases caused 
by diverse species of Botryosphaeriaceae, and they com-
monly occur in citrus groves in California and in the 
Mediterranean basin (Adesemoye et al., 2014; Guar-
naccia and Crous, 2017). Consistently with the typical 
symptoms of ‘gummy canker’ of citrus, in artificially 
inoculated symbiont citrus plant, symptoms were more 
severe on the sweet orange scion than on rootstock.

The polyphagy of N. batangarum may be related to 
its ability to produce non-host specific phytotoxins (Masi 
et al., 2020). These toxins may have roles in pathogenic-
ity as virulence factors and may also enhance the eco-
logical fitness of the fungus by inhibiting other micro-
organisms competing in plant biospheres. Production of 
diffusible phytotoxins could also explain the systemic 
spread of symptoms on cactus pear cladodes and their 
appearance far from inoculation points (Masi et al. 
2020).

Reports of Botryosphaeriaceae associated with vari-
ous hosts have increased worldwide in recent years. In 
Italy, this family is common and widespread on a broad 
range of hosts, and is an increasing concern for agri-

cultural crops and urban and natural forest ecosystems 
(Burruano et al., 2008; Linaldeddu et al., 2014, 2016; 
Dissanayake et al., 2016b;). The disease of cactus pear 
caused by N. batangarum was noticed for the first time 
in Linosa more than 45 years ago (Somma et al., 1973), 
and at that time it was widespread and had been estab-
lished for many years. Similarly, the chronic nature of 
symptoms observed recently in Favignana, Lampedusa 
and Ustica and the widespread occurrence of the dis-
ease in Lampedusa, clearly indicate it has not emerged 
recently. During the last 50 years the disease has prob-
ably been favoured by the low frequency of cactus pear 
pruning as a consequence of the reduced importance of 
this plant as a crop, and the drastic reduction in the use 
of cladodes as fodder. Although Sicily is the main cactus 
pear fruit producer in Italy, with more than 3,500 ha of 
specialized culture (Ochoa and Barbera, 2017), this dis-
ease has not been reported in cactus pear cultivations in 
Sicily. The present study has shown that N. batangarum 
populations from Favignana, Lampedusa, Linosa and 
Ustica were genetically uniform, despite their geographi-
cal isolation.

It can be assumed that conidia and ascospores of 
Botryosphaeriaceae are dispersed by wind and rain only 
over short distances. The occurrence of N. batangarum 
only on cactus pear plantations of the minor islands, 
and the genetic uniformity of the fungus populations, 
may indicate that these populations have a common ori-
gin, and that the widespread distribution of a single gen-
otype of the pathogen has resulted from anthropogenic 
activity. Neofusicoccum batangarum, as an endophytic or 
latent pathogen, may have been introduced with cactus 
pear cladodes collected in other geographical areas and 
used as propagation material. This hypothesis is consist-
ent with cactus pear being introduced on a large scale 
into small islands of the Mediterranean Sea as fodder 
for livestock, for field fences or for edible fruit produc-
tion, at one recent time (Pretto et al., 2012). This was 
when more intensive colonization and exploitation of 
agriculture in these islands were promoted by the public 
authorities.

From an ecological perspective, the emergence of this 
disease in such an aggressive form, which has become a 
limiting factor for the cultivation of cactus pear in these 
small islands, may be partly due to the failure of the 
acclimatization of a non-native plant species. However, 
the occurrence of a serious disease of a crop of economic 
and landscaping relevance for Sicily in a restricted geo-
graphical area, but very close and frequently connected 
to the main island by tourist traffic, may have phytosani-
tary implications. Appropriate actions should be taken 
to prevent further spread and introduction of N. batan-
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garum into areas where the non-native cactus pear host 
is naturalized and intensively cultivated.
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Abstract: Six phytotoxins were obtained from the culture filtrates of the ascomycete Neofusicoccum 

batangarum, the causal agent of the scabby canker of cactus pear (Opuntia ficus‐indica L.) in minor 

Sicily islands. The phytotoxins were identified as (−)‐(R)‐mellein (1); (±)‐botryoisocoumarin A (2); 

(−)‐(3R,4R)‐  and  (−)‐(3R,4S)‐4‐hydroxymellein  (3  and  4);  (−)‐terpestacin  (5);  and 

(+)‐3,4‐dihydro‐4,5,8‐trihydroxy‐3‐methylisocoumarin, which we  named  (+)‐neoisocoumarin  (6). 

This  identification was  done  by  comparing  their  spectral  and  optical  data with  those  already 

reported in literature. The absolute configuration (3R,4S) to (+)‐neoisocoumarin (6) was determined 

using the advanced Mosher method. All six metabolites were shown to have phytotoxicity on the 

host  (cactus  pear)  and  non‐host  (tomato)  plants,  and  the  most  active  compounds  were 

(±)‐botryoisocoumarin A (2), (−)‐terpestacin (5), and (+)‐neoisocoumarin (6). 

Keywords: cactus pear; scabby cankers; Neofusicoccum batangarum; phytotoxins 

Key Contribution: Neofusicoccum batangarum, the causal agent of the scabby canker of cactus pear 

(Opuntia  ficus‐indica L.)  in minor Sicily  islands, was grown  in vitro  to  investigate  its  capacity  to 

produce  phytotoxic  secondary  metabolites.  The  bioguided  purification  of  its  organic  extract 

allowed for the  isolation of five  low molecular weight compounds that showed phytotoxicity on 

host (cactus pear) and non‐host (tomato) plants. 

 

1. Introduction 

Cactus pear (Opuntia ficus‐indica (L.) Mill.), Cactaceae family, is believed to be native of Mexico 

[1], and after the discovery of America, it was introduced into the Mediterranean Basin where it is 

now  naturalized  [2].  In  Sicily,  it  has  become  an  economically  important  fruit  crop  and  a 

characteristic  feature of  the  landscape. Cactus pear  is also cultivated, mostly as productive  living 

fences, in minor islands around Sicily, and as a fruit crop in Sardinia, Apulia, Calabria, and Basilicata 

Italian  regions. Countries where  cactus  pear  is  also  cultivated  include Mexico, United  States  of 

America, Chile, Brazil, North Africa, South Africa, Middle East, Turkey, Tunisia, Malta, etc. 
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Recently, a severe infectious disease of the plant was reported in some minor islands of Sicily: 

Lampedusa  and Linosa  of  the  Pelagie  archipelago;  Favignana  of  the Aegadian  archipelago;  and 

Ustica, a small  island  in the Tyrrhenian Sea [3]. Symptoms of this disease, which has been named 

scabby  cankers,  were  visible  on  cladodes  and  included  radially  expanding,  crusty,  concentric, 

silvery, perennial cankers, with a leathery, brown halo (Figure 1). Characteristically, an abundant, 

milky,  viscous  exudate,  caking  on  contact with  air,  leaked  from  cankers  and  formed  strips  or 

cerebriform masses (Figure 1). With time, the exudate in the central part of the canker became black, 

giving the cankers an appearance of carbonaceous crusts, and the cankers ceased to expand in the 

coldest season of the year. 

   

Figure  1.  Symptoms  of  scabby  cankers  on  cladodes  of  pear  cactus  (O.  ficus‐indica  L.),  including 

radially expanding, crusty, concentric, silvery, perennial cankers, with a leathery, brown halo (left 

panel);  and  an  abundant milky  viscous  exudate,  caking  on  contact with  air, which  leaked  from 

cankers and formed strips or cerebriform masses (right panel). 

The  causal  agent  of  the  scabby  canker  of  cactus  pear  found  in minor  islands  of  Sicily was 

identified as Neofusicoccum batangarum Begoude, Jol. Roux & Slippers, a fungal species not reported 

previously  in  Europe, whose  distribution  includes  Africa,  Brazil,  and  USA  [4–6].  In  Brazil,  N. 

batangarum was reported as an aggressive pathogen of cashew (Anacardium occidentale) and cochineal 

cactus (Nopalea cochenillifera (L.) Salm‐Dyck, syn. Opuntia cochenillifera (L.) Mill.), a relative of cactus 

pear  [6,7]. On  cochineal  cactus  in Brazil, N. batangarum, alone or  in association with other  fungi, 

including different species of Bothryosphaeriaceae, causes a disease that was named cladode brown 

spot and constitutes a serious threat to the cultivation of cochineal cactus as a fodder for livestock [7–

10]. In preliminary cross‐pathogenicity tests, the fungus isolated from infected cactus pear plants in 

minor islands of Sicily was able to reproduce the disease symptoms on the host plant and to induce a 

disease  reaction  on  other  plant  species,  such  as Aleppo  pine  (Pinus  halepensis),  almond  (Prunus 

dulcis),  sweet  orange  (Citrus  sinensis),  citrange  (Citrus  sinesis    Poncirus  trifoliata),  and  holm  oak 

(Quercus ilex)  trees. These results show  that N. batangarum has a wide host range  like many other 

Botryosphaeriaceae species, which are  frequently reported as causal agents of different  important 

crop diseases, including the grapevine Botryosphaeria dieback [11–15]. 

The purpose of this study was to characterize the agent of the scabby canker of cactus pear for 

its ability  to accumulate in culture biologically active substances, namely phytotoxins, which may 

have  a  role  in  the  production  of  disease  symptoms.  The  chemical  identification  of  phytotoxins, 

obtained  from  the  culture  filtrates of N. batangarum, and  their  toxic  effects on host and non‐host 

plants are reported. 

2. Results and Discussion 

The  organic  extract  of  the  N.  batangarum  culture  was  purified  using  both  CC  (Column 

Chromatography) and TLC (Thin Layer Chromatography) as reported in detail in the Materials and 

Methods, to produce five pure metabolites. They were identified, by comparing their 1H NMR, MS, 

and  specific  optical  rotation  with  the  data  reported  in  the  literature,  as  (−)‐(R)‐mellein; 

(±)‐botryosisocoumarin  A;  (−)‐(3R,4R)‐  and  (−)‐(3R,4S)‐4‐hydroxymellein;  (−)‐terpestacin;  and 
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(+)‐3,4‐dihydro‐4,5,8‐trihydroxy‐3‐methylisocoumarin, which was named  (+)‐neoisocoumarin  (1–6; 

Figure 2). The purity of compounds 1–6 was >95% as ascertained via 1H NMR and HPLC analysis. 
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Figure  2.  The  structures  of  (−)‐(R)‐mellein  (1),  (±)‐botryoisocoumarin  A  (2),  (−)‐(3R,4R)‐  and 

(−)‐(3R,4S)‐hydroxymellein (3 and 4), (−)‐terpestacin (5), and (+)‐neoisocoumarin (6). 

These data were very similar to those previously reported in the literature for 1 [13,16–20], for 2 

isolated in a racemic mixture [16], for 3 and 4 [17,21,22] for 5 [23–25], and for 6 [26]. Furthermore, 1 

and  3–5 were  also  identified using TLC, performed  in different  conditions,  in  comparison using 

co‐chromatography with standards. 

(−)‐(R)‐Mellein (1) and its derivatives, including 3 and 4, belong to the class of isocoumarins and 

are widely found in the fungal kingdom [13,15,19–21,27–31]; they have also been produced by plants 

and insects [32–35]. They are reported as phytotoxic metabolites of the fungi pathogen of forest and 

ornamental  plants  [36,37],  and  have  been  shown  to  possess  a  plethora  of  biological  activities, 

including  antiviral  and  antiparasitic  activities  [27,38–40].  Recently,  in  an  advanced  review  of 

phytotoxins produced by grapevine pathogens  [15], 1, 3, and 4 are reported as known phytotoxic 

metabolites synthesized by Botryosphaeriaceae species, inducing grapevine trunk disease, and 1 has 

also been found in infected grapevine wood [20]. These results suggested the potential use of these 

compounds as predictive biomarkers for early recognition of the disease [15]. However, the role of 1, 

3, and 4 in the pathogenic process has not yet been clarified. Considering the potential application, 

some  isocoumarins,  such as  chenisocoumarin, have been  tested  for  the  control of noxious weeds 

[41,42]. 

(±)‐Botryoisocoumarin  A  (2)  was  isolated,  together  with 

3,8‐dihydroxy‐3‐methylisochroman‐1‐one  and  4,8‐dihydroxy‐3‐methylisochroman‐1‐one  from 

Botryosphaeria sp. F00741 [16]. Then, it was also obtained together with five other metabolites from 

the mangrove Kandelia candel. This is an endophytic fungus Botryopspheria sp. KcF6 studied during a 

screening carried out to find new metabolites for drug development. Compound 2 showed COX‐2 

inhibitory activity (IC50 = 6.51 μM) but no cytotoxic activity. However, the structure drawn did not 

correspond to that of 2 [43]. Successively, 2 was isolated from the marine mangrove‐derived fungus 

Aspergillus ochraceus,  together with  three new metabolites and another eleven known ones. In  this 

study, some efforts were made to assign its absolute configuration (AC) at C‐3 using X‐ray methods 

but the results demonstrated the racemic nature of 2, which was then named (±)‐botryoisocoumarin 

A [44]. Compound 2, together with a new acetate derivative and four already known compounds, 

were also isolated from Aspergillus westerdijkiae SCSIO 05233, a deep see fungus, but 2 did not show 

antibiotic or cytotoxic activities [45]. 

(−)‐Terpestacin (5) was isolated from the endophytic fungus F. proliferatum MA‐84 [46] and from 

Cleistothelebolus nipigonensis  and Neogymnomyces virgineus  [25].  In  addition,  some  key derivatives 

were hemi‐synthetized from terpestacin and fusaproliferin. When they were tested against Alternaria 

brassicicola,  Botrytis  cinerea  and  Fusarium  graminearum  showed  antifungal  activity  [25].  Recently, 

terpestacin  was  also  isolated  from  Rutstroemia  capillus‐albis  (Rutstroemiaceae,  Helotiales, 

Leotiomycetes), the causal agent of “bleach blonde syndrome” on the grass weed Bromus tectorum 

(cheatgrass) in North America [47]. When assayed on the host plant, 5 showed high phytotoxicity at 

10‐4 M, thus they should have a role in pathogenesis on B. tectorum [47]. 
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(+)‐3,4‐Dihydro‐4,5,8‐trihydroxy‐3‐methylisocoumarin  (6)  was  previously  obtained,  together 

with two already known compounds, from Phomopsis sp. (No. ZH‐111) during a screening aimed at 

finding new compounds from endophytes of the South China Sea [26]. When assayed on zebrafish, 

the  tetrasubstituted‐3,4‐dihydroisocoumarin  significantly  accelerates  the  growth  of  vessels  but 

showed only weak cytotoxicity on  the  two cancer cell  lines  tested  [26]. However, Yang et al.  [26] 

assigned  only  the  3R*,4S*  relative  configuration  to  this  compound  based  on  the  correlation 

measured in the NOESY spectrum. After recording the NOESY spectrum of 6 in the same conditions, 

we observed the expected correlations between H‐6 and H‐7, H‐3 and Me‐11, and H‐4 and Me‐11, 

and thus 6 had the same relative configuration that was assigned by Jang et al. [26]. 

Thus,  to  assign  the  absolute  configuration  at  C‐3  and  C‐4,  6 was  firstly  converted  in  the 

corresponding 5,8‐O,O′‐dimethyl ether derivative  (7), whose spectroscopic data  (1H and  13C NMR 

and ESI MS) were fully consistent with the structure of 6. The 1H NMR spectrum of 7 differed from 

that of 6 due to the two methoxy groups at δ 3.90 and 3.88. Its ESI MS spectrum exhibited the dimer 

sodiated form [2M + Na]+, the potassium [M + K]+ and sodium [M + Na]+ clusters, and the protonated 

form  [M  +  H]+  at  m/z  499,  277,  261,  and  239,  respectively.  Furthermore,  the  protonated  form 

generated the significant fragmentation ion [M + H ‐ H2O]+ at m/z 193 via the loss of H2O. 

5,8‐O,O′‐dimethyl  ether derivative of  6  (7) was  transformed  into  the  relative diastereomeric 

S‐MTPA  and  R‐MTPA  monoesters  (8  and  9,  respectively)  by  reacting  with 

R‐(−)‐α‐methoxy‐α‐trifluoromethylphenylacetyl  (MTPA)  and  S‐(+)MTPA  chlorides.  Surprisingly, 

the downfield shifts of H‐3 (Δ 0.48 and 0.47 in both 8 and 9, respectively), instead of the expected 
downfield shift of H‐4,was observed by comparing the 1H NMR spectra of 8 and 9 with that of 7. The 

reaction mechanism that could explain this result  is reported in Figure 3. The driving force of the 

reaction was  the hydroxyl anion generated  from KOH where pyridine was preserved  in non‐dry 

conditions. 
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Figure  3. Mechanism  of  the  conversion  of  the  dimethylether  of  (+)‐neoisocoumarin  (7)  into  the 

corresponding  diastereomeric  benzofuranones  (8  and  9)  by  reaction  with 

R‐(−)‐α‐methoxy‐α‐trifluoromethylphenylacetyl (MTPA) and S‐(+)‐MTPA chlorides. 

However, the stereochemistry of C‐3 and C‐4 in the resulting benzofuranone did not change. 

The  intermediate  benzofuranone  reacted  with  (R)‐(−)‐  and  (S)‐(+)  MTPACl,  yielding  the 

corresponding monoesters 8 and 9, respectively. Subtracting the chemical shifts of 9 from those of 8 

(Table 1), the Δδ (8–9) values for all the protons were determined and reported in Figure 4.  
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Table  1.  1H  NMR  data  of  4‐O‐(S)‐  and  4‐O‐(R)‐MTPA  esters  of  5,8‐O,O′‐dimetyl  ether  of 

(+)‐neoisocoumarin (8 and 9, respectively).1 

Position 
8  9 

H (J in Hz)  H (J in Hz) 

3  5.960 (1H) dq (2.2, 6.6)  5.958 (1H) dq (2.2, 6.6) 

4  5.694 (1H) d (2.2)  5.829 (1H) d (2.2) 

6  7.361 (1H) d (8.9)  7.368 (1H) d (8.9) 

7  7.129 (1H) d (8.9)  7.141 (1H) d (8.9) 

Me‐C3 

OMe 2 

OMe 2   

OMe 

1.092 (3H) d (6.6) 

3.950(3H) s 

3.888 (3H) s 

3.574 (3H) s   

0.982 (3H) d (6.6) 

3.955 (3H) s 

3.896 (3H) s 

3.626 (3H) s 

Ph  7.585–7.485 (5H) m  7.584–7.481 (5H) m 
1 The chemical shifts are in values (ppm) from TMS (Tetramethylsilane). 2 These two signals could be 

exchanged. 
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Figure  4.  Structures  of  4‐O‐S‐  and  4‐O‐R‐MTPA  esters  of  5,8‐O,O′‐dimethyl  ether  of 

(+)‐neoisocoumarin (8 and 9, respectively), reporting the Δδvalue of each proton system. 

Appling model A as reported in Cimmino et al. [48], the (R) configuration was assigned at C‐3, 

and consequently, on the basis of NOESY data, the (S) one was at C‐4. Then, 6 was formulated as 

(+)‐(3R,4S)‐3,4 dihydro‐4,5,8‐trihydroxy‐3‐methylisocoumarin and named (+)‐neoisocumarin. 

All the isolated compounds (1–6) were screened for phytotoxic activity as described in detail in 

Materials  and Methods.  All  phytotoxins  tested  at  the  highest  concentrations  induced  necrosis 

around inoculation points after 7 days, on cladodes of cactus pear (Figure 5), as well as on tomato 

leaves (Figure 6). However, 1, 3, and 4 were only phytotoxic at the highest concentrations on cactus 

pear  and  on  non‐host  tomato  plants  (Tables  2  and  3).  All  three metabolites were  found  to  be 

produced  by N. parvum,  another  species  in  the  genus,  and  other  fungi  in  the  Botryospaeriaceae 

family associated with grapevine trunk diseases, confirming that they may be virulence factors  in 

plant diseases caused by  these  fungi, although  their  role  in  the pathogenesis  is still controversial 

[19,20].  (±)‐Botryoisocoumarin  A  (2),  (+)‐neoisocoumarin  (6),  and  (−)‐terpestacin  (5)  showed 

phytotoxic  activity,  both  on  tomato  (non‐host)  and  cactus pear  (host) plants  in  biological  assays 

(Tables 2 and 3), even at the lowest concentrations used (1.2 × 10−4 for 5, 2.4 × 10−4 M for 2 and 6). The 

metabolites 2, 5, and 6 thus proved to have almost the same spectrum of phytotoxic activity as they 

showed a comparable activity against host and non‐host plants.   
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Table 2. Phytotoxicity on tomato of 1–6 tested at various concentrations using the leaf puncture assay 

and evaluated based on the size of the necrotic lesions. 

Compound 
Concentration 

(M) 

Mean Lesion Area 

(mm2) 1 
Compound 

Concentration 

(M) 

Mean Lesion Area 

(mm2) 1 

1 

5.6 × 10−3  2.75 ± 0.68 

4 

5.2 × 10−3  3.14 ± 0.00 

2.8 × 10−3  2.36 ± 0.79  2.6 × 10−3  2.75 ± 0.68 

1.4 × 10−3  0.00 ± 0.00  1.3 × 10−3  0.00 ± 0.00 

5.6 × 10−4  0.00 ± 0.00  5.2 × 10−4  0.00 ± 0.00 

2.8 × 10−4  0.00 ± 0.00  2.6 × 10−4  0.00 ± 0.00 

2 

4.8 × 10−3    7.98 ± 1.28 

5 

2.5 × 10−3    5.10 ± 1.29 

2.4 × 10−3    7.46 ± 1.5  1.2 × 10−3    5.50 ± 1.04 

1.2 × 10−3    6.67 ± 1.5  6.2 × 10−4    4.81 ± 1.17 

4.8 × 10−4    6.80 ± 1.71  2.4 × 10−4    4.81 ± 1.3 

2.4 × 10−4    6.28 ± 1.03  1.2 × 10−4    4.61 ± 1.6 

3 

5.2 × 10−3  3.14 ± 0.00 

6 

4.8 × 10−3    7.98 ± 1.28 

2.6 × 10−3  2.36 ± 1.36  2.4 × 10−3    7.07 ± 1.26 

1.3 × 10−3  0.00 ± 0.00  1.2 × 10−3    6.67 ± 0.81 

5.2 × 10−4  0.00 ± 0.00  4.8 × 10−4    4.97 ± 1.55 

2.6 × 10−4  0.00 ± 0.00  2.4 × 10−4    5.36 ± 1.65 

1 Mean of 12 replications (three plants and four leaves per plant). 

Table  3.  Phytotoxicity  on  cactus  pear  of  1–6  tested  at  various  concentrations with  the  cladode 

puncture method and evaluated based on the size of the necrotic lesions. 

Compound 
Concentration 

(M) 

Mean Lesion 

Area (mm2) 1 
Compound 

Concentration 

(M) 

Mean Lesion 

Area (mm2) 1 

1 

5.6 × 10−3  3.14 ± 0.00   

4 

5.2 × 10−3  6.28 ± 1.56 

2.8 × 10−3  2.36 ± 0.79  2.6 × 10−3  2.36 ± 0.79 

1.4 × 10−3  2.75 ± 0.68  1.3 × 10−3  3.14 ± 0.00 

5.6 × 10−4  0.00 ± 0.00  5.2 × 10−4  0.00 ± 0.00 

2.8 × 10−4  0.00 ± 0.00  2.6 × 10−4  0.00 ± 0.00 

2 

4.8 × 10−3    11.00 ± 1.57 

5 

2.5 × 10−3    11.58 ± 1.57 

2.4 × 10−3    9.81 ± 1.75  1.2 × 10−3    7.07 ± 1.67 

1.2 × 10−3    11.78 ± 1.36  6.2 × 10−4    6.28 ± 1.32 

4.8 × 10−4    5.50 ± 0.79  2.4 × 10−4    3.53 ± 0.68 

2.4 × 10−4    7.07 ± 0.00  1.2 × 10−4    2.94 ± 1.40 

3 

5.2 × 10−3  3.14 ± 0.00   

6 

4.8 × 10−3    11.78 ± 1.60 

2.6 × 10−3  2.61 ± 0.93  2.4 × 10−3    9.62 ± 1.55   

1.3 × 10−3  3.14 ± 0.00  1.2 × 10−3    9.62 ± 1.55 

5.2 × 10−4  0.00 ± 0.00  4.8 × 10−4    4.51 ± 1.61 

2.6 × 10−4  0.00 ± 0.00  2.4 × 10−4    3.50 ± 0.68 
1 Mean of eight replications (two cladodes from distinct plants and four punctures per each cladode). 
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Figure  5.  Control  cladode  (MeOH  4%,  v/v)  (a),  necrotic  areas  produced  by  (−)‐(R)‐mellein  (1), 

(±)‐botryoisocoumarin  A  (2),  (−)‐(3R,4R)‐4‐hydroxymellein  (3),  (−)‐(3R,4S)‐4‐hydroxymellein  (4), 

(−)‐terpestacin (5), and (+)‐neoisocoumarin (6) on cladodes of cactus pear. 

 

Figure  6.  Control  leaves with  sterile  distilled water  (A)  and MeOH  (4%  v/v)  (a);  necrotic  areas 

produced  by  (−)‐(R)‐mellein  (1),  (±)‐botryoisocoumarin  A  (2),  (−)‐(3R,4R)‐4‐hydroxymellein  (3), 

(−)‐(3R,4S)‐4‐hydroxymellein (4), (−)‐terpestacin (5), and (+)‐neoisocoumarin (6) on tomato leaves. 

The results showed that (±)‐botryoisocumarin A (2), (−)‐terpestacin (5), and (+)‐neoisocoumarin 

(6) were by far more phytotoxic than melleins (1, 3, and 4) when tested on cladodes of cactus pear 

and tomato leaves. Compounds 2 and 6 were the most active at concentrations in a range from 10−3 

M to 10−4 M, inducing a necrosis area around the inoculation points in both host and non‐host plants, 

followed by 5. The ability of 2, 5,  and 6  to  induce  large necrotic  lesions on  cactus pear  cladodes 



Toxins 2020, 12, 126  8  of  13 

 

suggests that these toxins may be involved in the scabby cankers disease syndrome. These results 

also  indicate the ability of fungi in the Botryosphaeriaceae family to produce phytotoxins that are 

active against non‐taxonomically related plants, such as cactus pear and tomato, and could explain 

the wide  host  spectrum  of many  species  in  the  family. Moreover,  it  can  be  speculated  that  the 

allelopathic, antifungal, and antibacterial activity of  terpestacin demonstrated  in previous studies 

[25,44] might enhance  the ecological  fitness of N. batangarum and might explain  the ability of  this 

fungus to rapidly colonize the cactus pear cladode and sporulate on infected tissues [3] before they 

are invaded by other saprophytes or opportunistic weak pathogens of the plant biosphere. Due to its 

allelopathic activity, N. batangarum was indicated as a potential biocontrol agent [49,50]. In a recent 

review, Masi et al. [51] questioned the possibility of using terpestacin as a biopesticide because of its 

toxicity and stressed that, although the functions of this mycotoxin in nature have not been clearly 

established,  its  allelopathic  activity  would  suggest  a  role  in  eliminating  other  microorganisms 

competing in the same environment. 

3. Conclusions 

(−)‐(R)‐Mellein,  (−)‐(3R,4R)‐  and  (−)‐(3R,4S)‐4‐hydroxymellein,  (±)‐botryoisocoumarin  A, 

(−)‐terpestacin,  and  (+)‐neoisocoumarin  were  obtained  for  the  first  time  as  phytotoxins  of  N. 

batangarum.  The  absolute  configuration  of  (+)‐neoisocoumarin  was  determined  by  using  the 

advanced Mosher’s method. Considering  the phytotoxic  activity  on  both  host  and  non‐host  test 

plants, it can be deduced that all these metabolites were involved in the syndrome of scabby cankers 

disease of cactus pear, and like other Botryosphaeriaceae, N. batangarum has a wider host range than 

previously thought. 

4. Materials and Methods 

4.1. General Experimental Procedures 

A Jasco P‐1010 digital polarimeter (Jasco, Tokyo, Japan) was used to record the optical rotations 

in  CHCl3,  or  as  stated  otherwise.  Electrospray  ionization  (ESI)  mass  spectrometry  and  liquid 

chromatography/mass spectrometry (LC/MS) analyses were performed using an LC/MS TOF system 

Agilent 6230B  (Agilent Technologies, Milan,  Italy), HPLC 1260  Infinity. A Phenomenex  (Bologna, 

Italy) Luna (C18 (2) 5 mm, 150 × 4.6 mm column) was used to perform the high‐performance liquid 

chromatography (HPLC) separations. HPLC separation was carried out with the mobile phase used 

to elute the samples being MeCN‐H2O 85:15 at a flow rate of 0.3 mL/min at 25 °C, injecting 10 mL of a 

solution of 1 ppm for the pure compounds. Bruker 400 Anova Advance (Karlsruhe, Germany) and 

Varian Inova 500 MHz (Palo Alto, CA, USA) instruments were used to record the 1H NMR spectra at 

400 or 500 MHz  in CDCl3,  if not otherwise noted, at 298  °K. Column  chromatography  (CC) was 

performed using silica gel  (Merck, Kieselgel 60, 0.063–0.200 mm). Preparative and analytical TLC 

were  carried  out  on  silica  gel  (Kieselgel  60,  F254,  0.25  and  0.5 mm,  respectively)  plates  (Merck, 

Darmstadt, Germany). The  spots were visualized using  the procedure previously described  [47]. 

Sigma‐Aldrich Co. (St. Louis, MO, USA) supplied all the reagents and the solvents. 

4.2. Fungal Strain 

The strains of N. batangarum used in this study were collected from infected host plant tissues 

on the islands of Favignana, Lampedusa, Linosa, and Ustica from 2013 to 2018 and maintained  in 

potato dextrose agar (PDA, Fluka, Sigma‐Aldrich Chemic GmbH, Buchs, Switzerland) and stored at 

4  °C  in  the  strain  collection  of  the  Dipartimento  di  Agricoltura,  Alimentazione  e  Ambiente, 

Università di Catania, Catania, Italy. N. batangarum was obtained from scabby cankers on cladodes 

of cactus pear (Opuntia ficus‐indica L.) recovered from minor islands of Sicily (Lampedusa, Linosa, 

Favignana,  and  Ustica).  Four  representative  isolates,  one  from  each  island,  were  deposited  at 

CBS‐KNAW  Biodiversity  Centre,  strains  code  nos.  CBS143023,  CBS143024,  CBS143025,  and 

CBS143026 [3]. 
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4.3. Production, Extraction, and Isolation of Secondary Metabolites 

The  isolate CBS143023  (Neofusicoccum batangarum) was grown  in  liquid  culture  to obtain  the 

liquid filtrate. In detail, the mycelium of fungal cultures, grown on potato dextrose agar for 5–7 days 

at  25  °C, was  homogenized with  sterile distilled water.  Three milliliters  of  this  suspension was 

distributed individually into 1 L Roux flasks containing 170 mL of modified Difco™ Czapeck‐Dox 

(Benton, Dickinson and Company, Sparks, MD, USA) medium with 0.5% yeast and 0.5% malt extract 

(pH 5.75) and incubated at 25 °C for 28 days in the dark [15]. At harvest, the liquid cultures were 

filtered, initially with a double layer of gauze to reduce the fungal biomass, and subsequently with 

suction  filters using porous membrane  filter  complexes Stericup Millipore®  (pore diameter = 0.22 

μm).  A  total  of  20  L  of  culture  filtrate  was  obtained  and  stored  at  −20  °C  until  use.  It  was 

concentrated  under  reduced  pressure  at  35  °C  to  1  L  and  extracted with  EtOAc  (3  ×  1  L).  The 

combined organic extracts were dried (Na2SO4) and evaporated under reduced pressure. The oily 

residue  (1.84 g) was  fractioned via  column  chromatography  eluted with  chloroform/iso‐propanol 

(9:1), obtaining twelve groups of homogeneous fractions. The residues (24.4 mg and 23.1 mg) of the 

first and second  fractions were combined and  further purified using preparative TLC eluted with 

hexane/ethyl  acetate  (8.5:1.5),  yielding  two  pure  metabolites  as  amorphous  solids  that  were 

identified as (−)‐(R)‐mellein (1, 8.6 mg, 0.7 mg/L, Rf 0.4) and as (±)‐botryoisocumarin A (2, 3.4 mg, 0.3 

mg/L, Rf 0.3). The  residue  (41.6 mg) of  the  fourth  fraction of  the  first column was purified using 

preparative TLC eluted with petroleum ether:acetone 8:2, producing two pure metabolites identified 

as (−)‐(3R,4R)‐4‐hydroxymellein (3, 2.4 mg, 0.2 mg/L, Rf 0.3) and (−)‐(3R,4S)‐4‐hydroxymellein (4, 3.6 

mg, 0.3 mg/L, Rf 0.4). The residue (123.4 mg) of the fifth fraction of the original column was further 

purified  using  column  chromatography  on  silica  gel  eluted  with  dichloromethane/iso‐propanol 

(9.5:0.5), obtaining eleven groups of homogeneous fractions. The residues (17.5 mg and 10.0 mg) of 

the  seventh  and  eighth  fractions were  combined  and  purified  using  analytical  TLC  eluted with 

dichloromethane/iso‐propanol (9.5:0.5), obtaining a pure metabolite as an amorphous solid, which 

was identified as (−)‐terpestacin (5, 6.0 mg, 0.5 mg/L, Rf 0.4). The residue (21.4 mg and 19.4 mg) of the 

fifth  and  sixth  fractions  were  combined  and  purified  using  preparative  TLC  eluted  with 

dichloromethane/iso‐propanol  (9.7:0.3),  obtaining  a  pure  compound  identified  as 

(+)‐(3R*,4S*)‐3,4‐dihydro‐4,5,8‐trihydroxy‐3methylisocoumarin,  which  was  named 

(+)‐neoisocumarin (6, 8.0 mg, 0.7 mg/L, Rf 0.3). 

(−)‐(R)‐Mellein (1): [α]25D ‐90 (c 0.2 CH3OH); 1H NMR, δ: 11.03 (s, HO‐8), 7.41 (t, J = 8.4 Hz, H‐6), 

6.89 (d, J = 8.4 Hz, H‐7), 6.69 (d, J = 8.4 Hz, H‐5), 4.74 (tq, J = 6.9 and 6.3 Hz, H‐3), 2.93 (d, J = 6.9 Hz, 

H2‐4), 1.53 (d, J = 6.3 Hz, Me‐3). ESI MS (+) spectrum, m/z 179 [M + H] +. These data are in agreement 

with those previously reported [13,17–20]. 

(±)‐Botryoisocoumarin (2): 1H NMR, δ: 11.03 (s, HO‐8), 7.41 (t, J = 8.3 Hz, H‐6), 6.89 (d, J = 8.3 Hz, 

H‐7), 6.69 (d, J = 8.3, H‐5), 3.40 (OMe), 3.23 (d, J = 16.0 Hz, H‐4A) 3.16 (d, J = 16.0 Hz, H‐4B), 1.69 (s, 

Me‐C3). These data are in agreement with those previously reported [16]. ESI MS (+) spectrum, m/z: 

439 [2M + Na] +, 209 [M + H] +, 176 [MH ‐ MeOH] +. 

(−)‐(3R,4R)‐4‐Hydroxymellein (3): [α]25D ‐29.0 (c 1.2 CH3OH); 1H NMR, δ: 10.99 (s, HO‐8), 7.55 (t, J 

= 7.0 Hz, H‐6), 7.03 (d, J = 7.0 Hz, H‐7), 7.00 (d, J = 7.0 Hz, H‐5), 4.68 (br q, J = 7.0 Hz, H‐3), 4.60 (br s, 

H‐4), 1.53 (d, J = 7.0 Hz, Me‐C3). ESI MS (+) spectrum, m/z: 195 [M + H] +. These data are in agreement 

with the data previously reported [17–21]. 

(−)‐(3R,4S)‐4‐Hydroxymellein (4): [α]25D ‐27.0 (c 1.1 CH3OH); 1H NMR and ESI MS (+) data were 

very similar to those of 3. These data are also in agreement with the data previously reported [17–

22]. 

(−)‐Terpestacin (5): [α]25D ‐17.7 (c 0.4); 1H NMR, δ: 5.38 (m, H‐12), 5.25 (dd, J = 10.6 and 5.4 Hz, 

H‐2), 5.13 (m, H‐6), 4.07 (dd, J = 9.7 and 3.6 Hz, H‐10), 3.85 (dd, J=10.4 and 7.0 Hz, H‐24A), 3.80 (dd, J 

= 10.4 and 5.5 Hz, H‐24B), 2.66 (m, H‐19), 2.36 (dd, J = 13.7 and 10.6 Hz, H‐1A), 2.44 (d, J = 17.0 Hz, 

H‐14), 2.26 and 2.11 (2H, both m, H2‐5), 2.24 and 2.10 (2H, both m, H2‐4), 2.18 and 1.78 (2H, both m, 

H2‐8), 1.92 (m, H‐13A), 1.75 (m, H‐1B), 1.75 and 1.70 (both m, H2‐9), 1.67 (s, Me‐20), 1.64 (s, Me‐21), 

1.56 (s, Me‐22), 1.29 (d, J = 7.3 Hz, Me‐25), 0.99 (s, Me‐23); ESI MS (+) spectrum, m/z 425 [M + Na] +. 

These data are in agreement with those previously reported [23–25]. 
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(+)‐Neoisocoumarin (6): [α]25D + 50 (c 0.4); 1H NMR, δ: 10.68 (s, HO‐8), 7.16 (d, J = 9.0 Hz, H‐6), 6.84 

(d, J = 9.0 Hz, H‐7), 5.03 (d, J = 4.1 Hz, H‐4), 4.90  (dq, J = 6.7 and 4.4 Hz, H‐3), 1.35 (d, J = 6.7 Hz, 

Me‐C3); ESI MS (+) spectrum, m/z 443 [2M + Na]+, 233 [M + Na]+, 211 [M + H] +, 193 [MH – H2O]+, 175 

[MH ‐ 2H2O]+. These data were very similar to that already reported [23]. 

5,8‐O,O‐Dimethyl ether of  (+)‐neoisocoumarin  (7): To  (+)‐neoisocoumarin  (6,  1 mg)  in methanol 

(200 mL), diazomethane in ether solution was added in excess. The reaction performed overnight at 

25 °C was stopped by evaporating the solvent under a N2 stream. The residue (1.2 mg) was purified 

using TLC, eluted with chloroform/iso‐propanol 9.5:0.5 to yield 7 as a homogeneous oil (1.1 mg, Rf 

0.4). Derivate 7 had the following: 1H NMR, δ: 7.29 (d, J = 8.8 Hz, H‐6), 7.07 (d, J = 8.8 Hz, H‐7), 5.49 

(d, J = 2.4 Hz, H‐4), 4.48 (dq, J = 6.3 and 2.4 Hz, H‐3), 3.90 and 3.88 (s, 3H each 2× OMe), 0.85 (d, J =6.3 

Hz, Me‐11); ESI MS (+) spectrum, m/z 499 [2M + Na] +, 277 [M + K]+, 261 [M + Na]+, 239 [M + H]+, 221 

[M + H‐H2O]+. 

5‐O‐(S)‐α‐Methoxy‐α‐trifluoromethyl‐α‐phenylacetate  (MTPA)  ester  of  7  (8).  To  7  (1.1  mg)  in 

pyridine (100 mL), (R)‐(−)‐MPTA‐Cl (10 mL) was added. The mixture was carried out for 1 h at 25°C 

and stopped by adding methanol and benzene. The mixture was evaporated using a N2 stream. The 

residue  (1.3  mg)  was  purified  using  analytical  TLC  eluted  with  dichloromethane/iso‐propanol 

(9.7:0.3), yielding 8 as a homogeneous oil (0.6 mg, Rf 0.7). It had: 1H NMR, see Table 1; ESI MS (+) 

spectrum, m/z 477 [M + Na]+, 455 [M + H]+. 

5‐O‐(R)‐α‐methoxy‐α‐trifluoromethyl‐α‐phenylacetate  (MTPA)  ester  of  6  (9):  To  7  (1.1  mg)  in 

pyridine  (100  mL),  (S)‐(+)‐MPTA‐Cl  (10  mL)  was  added  and  the  reaction  was  performed  as 

previously  reported.  The  crude  residue  (1.2 mg) was  purified  using  analytical  TLC  eluted with 

dichloromethane/iso‐propanol  (9.7:0.3),  producing  9  as  a  homogeneous  oil  (0.4  mg,  Rf  0.7). 

Compound 9 had: 1H NMR, see Table 1; ESI MS (+) spectrum, m/z 477 [M + Na]+, 455 [M + H]+. 

4.4. Biological Assays 

The metabolites isolated (1–6) were tested on young cladodes of host plant cactus pear (Opuntia 

ficus‐indica  (L.)  Mill.)  and  on  non‐host  tomato  plant  (Solanum  lycopersicum  L.)  leaves.  Pure 

metabolites  were  first  dissolved  in  methanol,  and  then  diluted  with  distilled  water  (final 

concentration of methanol, 4%) up to the desired concentrations. For each metabolite, 50 μL of the 

solution were  pipetted  into  cladodes  at  concentrations  of  0.05,  0.1,  0.25,  0.5,  or  1 mg/mL.  The 

phytotoxicity of  the pure metabolites of N. batangarum was also  tested using a puncture assay on 

tomato  leaves. A droplet  (10  μL) of  each metabolite,  at  concentrations of 0.05, 0.1, 0.25, 0.5, or 1 

mg/mL, was placed on the leaf lamina previously punctured by a needle. One cladode of a single 

plant of cactus pear and  four  leaves of  tomato were used as replicates, and  the  test was repeated 

twice.  Methanol  (4%  v/v)  and  sterile  distilled  water  were  used  as  controls.  Symptoms  of 

phytotoxicity  of  inoculated  cladodes  and  leaves,  kept  in  a  climatic  chamber  under  controlled 

conditions, were observed each day for 7 days. The size (mm2) of necrotic the area surrounding the 

punctures was measured. 
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Chapter 4. 

Identification of Neofusicoccum parvum (Botryosphaeriaceae) as the causal agent of the 

bot gummosis disease of lemon (Citrus × limon) trees  
 

4.1 Introduction 

Trunk and branch cankers caused by species of Botryosphaeriaceae on citrus were traditionally referred to as 

Diplodia gummosis and Dothiorella gummosis (Klotz, 1978; Scaramuzzi, 1965). More recently the 

comprehensive term bot gummosis was introduced to indicate trunk and branch cankers of citrus caused by 

fungi in the Botryosphaeriaceae family in California (Adesemoye et al., 2014). All common names of the 

disease refer to the most typical symptom, i. e. the gum exudate oozing from the bark cankers. Another typical 

symptom of the disease is a chocolate brown to dark brown discoloration of the wood which becomes evident 

after peeling the bark. Originally, the fungi causing Diplodia gummosis and Dothiorella gummosis were 

identified as Diplodia natalensis and Dothiorella gregaria (syn. Botryosphaeria ribis), respectively (Klotz, 

1978). However, identifications of Botrryoshaeriaceae species prior to the application of taxonomic criteria 

based on DNA sequencing and phylogenetic inference should be re-examined carefully as the taxonomy of 

this family of fungi has substantially changed during the last decade and is still evolving rapidly. As a matter 

of fact very recently new species have been described and species that were previously separated on the basis 

of both multi-loci phylogenetic analysis and morphological characters have been reduced to synonymy on the 

basis of same genetic markers previously regarded as discriminatory (Dissanayake et al., 2016; A. J.L. Phillips 

et al., 2013; Alan J.L. Phillips et al., 2019; Zhang et al., 2021). After the introduction of modern molecular 

taxonomy, several Botryosphaeriaceae species were reported to be associated to bot gummosis in California, 

including Diplodia mutila, D. seriata, Dothiorella iberica (very recently indicated as a possible synonim of 

Do. sarmentorum), Spencermartinsia viticola (syn. Do. viticola), Lasiodiplodia parva, Neofusicoccum 

australe, N. luteum, N. mediterraneum, N. parvum and Neoscytalidium dimidiatum (syn. Ne. hyalinum, 

formerly Hendersonula toruloidea) (Adesemoye et al., 2014; Adesemoye & Eskalen, 2011; Mayorquin et al., 

2016). Moreover, Dothiorella viticola was reported to be responsible for bot gummosis of citrus in Tunisia 

(Hamrouni et al., 2018). Symptoms of bot gummosis were reproduced by artificially inoculating citrus trees 

with Neofusicoccum batangarum (very recently reduced to synonymy with N. ribis), the causal agent of a 

destructive disease of cactus pear in minor islands of Sicily (Aloi et al., 2020; Schena et al., 2018). In the island 

of Malta, about 80 marine miles south of Sicily, symptoms very similar to bot gummosis were reported on 

lemon (Citrus × limon) trees to be caused by species of Diaporthe (Guarnaccia & Crous, 2017).  

During recent surveys in citrus growing areas in Sicily and Calabria, the two major citrus producer regions of 

Italy, symptoms of bot gummosis were observed to be common on mature, fruit-bearing lemon trees. This 

study was aimed at determining the etiology and the distribution of the disease in the major producing areas 

of lemon in Italy.  
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4.2 Materials and Methods 

4.2.1 Fungal collections and isolations 

Five citrus-growing areas in southern Italy, four in Sicily including the three Sicilian districts in the provinces 

of Catania, Messina and Syracuse to which the Protected Geographical Indication trademark was granted by 

EU, and one in Calabria (province of Reggio Calabria), were surveyed in 2017 and 2018 (Figure 1). The 

geographical map in Figure 1 also shows the close proximity between the surveyed areas and the major districts 

of Calabria and Sicily where citrus nursery plants production is concentrated.   

 
Figure 1. Map of southern Italy, including Sicily and Calabria, where sampling sites are indicated with colored squares 

(each color corresponds to a different province) while major citrus nursery production areas are indicated with circles. 

 

Approximately 15 to 20 bark pieces from trunk and branch cankers were collected from 25 randomly selected 

trees (approximately 5 to 60 yr-old) in each area. Samples were transported in a cooler to the laboratory of 
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Molecular Plant Pathology at the Department of Agriculture, Food and Environment (Di3A) of the University 

of Catania, Italy. 

Bark pieces with the typical brown discoloration of the wood were rinsed with deionized water to remove 

organic debris, blotted dry with paper towels, then briefly flamed after dipping in 95% ethanol for 3 s. Small 

sections (approximately 2 to 3 mm) from the inner face of necrotic bark were cut with a sterile scalpel and 

placed in Petri dishes onto potato dextrose agar (PDA; Difco Laboratories, Detroit, USA) amended with 100 

µg/ml streptomycin (Sigma-Aldrich, Darmstadt, Germany). Cultures were incubated in the dark for 4 days at 

25°C.  

Pure cultures of fungal isolates were obtained by monoconidial cultures. The list of isolates characterized in 

this study is reported in Table 1. 

 

 

 
Table 1. Identity of the Neofusicoccum parvum isolates studied, and GenBank accession numbers, for isolates obtained 

from gummy cankers of lemon (Citrus × limon) trees in southern Italy. 

Isolate Species Origin Host, variety 
Accession numbers 

ITS β -tubulin EF-1α 

BOT 1A Neofusicoccum parvum Catania, Siciliy-Italy Citrus x limon  MW727244 MW789889 MW789904 

BOT 1B N. parvum Catania, Siciliy-Italy C. x limon MW727245 MW789890 MW789905 

BOT 1C N. parvum Catania, Siciliy-Italy C. x limon MW727246 MW789891 MW789906 

BOT 1D N. parvum Catania, Siciliy-Italy C. x limon MW727247 MW789892 MW789907 

BOT 1E N. parvum Catania, Siciliy-Italy C. x limon MW727248 MW789893 MW789908 

BOT 2A N. parvum Syracuse, Siciliy-Italy C. x limon MW727249 MW789894 MW789909 

BOT 2B N. parvum Syracuse, Siciliy-Italy C. x limon MW727250 MW789895 MW789910 

BOT 2C N. parvum Syracuse, Siciliy-Italy C. x limon MW727251 MW789896 MW789911 

BOT 2D N. parvum Syracuse, Siciliy-Italy C. x limon MW727252 MW789897 MW789912 

BOT 2E N. parvum Syracuse, Siciliy-Italy C. x limon MW727253 MW789898 MW789913 

BOT 4A N. parvum Messina, Siciliy-Italy C. x limon MW788562 MW789929 MW789919 

BOT 4B N. parvum Messina, Siciliy-Italy C. x limon MW788563 MW789930 MW789920 

BOT 4C N. parvum Messina, Siciliy-Italy C. x limon MW788564 MW789931 MW789921 

BOT 4D N. parvum Messina, Siciliy-Italy C. x limon MW788565 MW789932 MW789922 

BOT 4E N. parvum Messina, Siciliy-Italy C. x limon MW788566 MW789933 MW789923 

BOT 5A N. parvum Palermo, Siciliy-Italy  C. x limon MW788567 MW789934 MW789924 

BOT 5B N. parvum Palermo, Siciliy-Italy  C. x limon MW788568 MW789935 MW789925 

BOT 5C N. parvum Palermo, Siciliy-Italy  C. x limon MW788569 MW789936 MW789926 

BOT 5D N. parvum Palermo, Siciliy-Italy  C. x limon MW788570 MW789937 MW789927 

BOT 5E N. parvum Palermo, Siciliy-Italy  C. x limon MW788571 MW789938 MW789928 
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BOT 3A N. parvum Reggio Calabria, Calabria-Italy  C. x limon MW727254 MW789899 MW789914 

BOT 3B N. parvum Reggio Calabria, Calabria-Italy  C. x limon MW727255 MW789900 MW789915 

BOT 3C N. parvum Reggio Calabria, Calabria-Italy  C. x limon MW727256 MW789901 MW789916 

BOT 3D N. parvum Reggio Calabria, Calabria-Italy  C. x limon MW727257 MW789902 MW789917 

BOT 3E N. parvum Reggio Calabria, Calabria-Italy  C. x limon MW727258 MW789903 MW789918 

 

4.2.2 Morphological characteristics and cardinal temperatures for growth of the isolates 

The isolates were induced to sporulate by plating them on PDA containing sterilized pine needles (Smith et 

al., 1996), and incubating at room temperature (approx. 20 to 25°C) under diffused day light or near-UV light, 

until pycnidia developed. For microscopy, pycnidia and conidia were mounted in sterile distilled water or 

100% lactic acid and observed microscopically at x40 and x100 magnifications, with an Axioskop (Zeiss) 

microscope. Images were captured with an AxioCam MRc5 camera (Zeiss), and measurements were made 

with the software AxioVision. For each isolate, 50 conidia were randomly selected and their lengths, widths 

and shape were recorded. For pycnidium dimensions, 20 measurements were made. Colony characters and 

pigment production were noted after 4 to 6 d of growth on PDA or malt extract agar (MEA) at 25°C, in the 

dark. 

Colony colors (upper and lower surfaces) were rated according to Rayner (1970). The conidial characteristics 

observed were compared with those that were reported in previous studies (Crous et al., 2006; McDonald & 

Eskalen, 2011; Alan J.L. Phillips, 2002; Bernard Slippers et al., 2004; Wright & Harmon, 2010). 

Radial growth rate and cardinal temperatures for radial growth were determined by growing the isolates on 

PDA in Petri dishes (9 cm diam.), and incubating at 5, 10, 15, 20, 25, 30, 35°C, in the dark. Means of radial 

growth at the different temperatures were adjusted to a regression curve using Statgraphics Plus 5.1 software 

(Manugistics Inc.), and the best polynomial model was chosen based on parameter significance (P < 0.05) and 

coefficient of determination (R2) to estimate the optimum growth temperature for each isolate. Four replicates 

of each isolate were evaluated and each experiment was repeated twice. 

 

4.2.3 Amplification and sequencing 

Genomic DNA was isolated from 1-week-old cultures grown on PDA at 25°C in the dark using the procedure 

of Schena and Cooke (2006). The internal transcribed spacer (ITS) region of the ribosomal DNA was amplified 

and sequenced with primers ITS1/ITS4 (White et al.1990), part of the translation elongation factor 1 alpha 

gene (tef1) was sequenced and amplified with primers EF1-728F/EF1-986R (Carbone and Kohn, 1999), and 

the β-tubulin gene (tub2) was sequenced and amplified with Bt2a and Bt2b (Glass and Donaldson, 1995).  

The PCR amplifications were performed on a GeneAmp PCR System 9700 (Applied Biosystems, Monza-

Brianza, Italy). All PCRs were performed by using the Taq DNA polimerase recombinant (Invitrogen™) and 

carried out in a total volume of 25 μl contained the following: PCR Buffer (1X), 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. 
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The reaction protocol for ITS and β-tubulin included an initial preheat at 94°C for 2 min; followed by 35 cycles 

of denaturation at 94°C for 15 s, annealing at 58°C for 15 s, and extension at 72°C for 45 s; and final extension 

at 72°C for 10 min (35). The translation EF α-1 included an initial denaturation at 95°C for 8 min; followed 

by 35 cycles of 95, 58, and 72°C for 15, 20, and 60 s, respectively; and a final extension at 72°C for 10 min 

(7). The amplicons were detected in 1% agarose gel and purified products were sequenced by Macrogen 

Europe (Amsterdam, The Netherlands). Sequences were analyzed by using FinchTV v.1.4.0 (https://digitalw 

orldbiology.com/FinchTV) and MEGA7 (https://www.megasoftware.net/) and the consensus sequences were 

deposited in Genbank. 

 

4.2.4 Molecular identification and phylogenetic analyses 

Sequences of isolates were associated to a species by the application of BLAST algorithm on the NCBI 

nucleotide database. Species identity was confirmed by a multi-loci phylogenetical analysis including 

sequences from taxa that best matched the blast species identity (Anabela Lopes et al., 2017; B. Slippers et al., 

2013; Yang et al., 2017). The list of compared isolates is reported in Table 2. 

For all isolates, ITS, tef1 and tub2 sequences were trimmed to a common length and concatenated using the 

Sequence Matrix software (Vaidya et al., 2011). Concatenated sequences were aligned with MUSCLE (Edgar, 

2004) as implemented in Mega Version 7.0 (Kumar et al., 2016), and edited manually for checking indels and 

single nucleotide polymorphisms. Phylogenetic analyses were performed in Mega with the maximum 

likelihood method using the Tamura–Nei model and 1000 bootstrap replications (Tamura et al., 2013). 

Obtained results are reported in Figure 2. 
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Table 2. GenBank accession numbers of sequences of the Neofusicoccum spp. isolates of different geographical and 

host origins used as references in phylogenetic analyses. 

Species Isolate Origin Host Source 
GenBank accession number  

ITS  tef1  β-tubulin  

N. algeriense   CAA 322  Portugal   Malus domestica   (A. Lopes et al., 2016) KX505906 KX505894   KX505916    

N. algeriense   CBS 137504  Algeria   Vitis vinifera   (A. Lopes et al., 2016) KJ657702 KX505893   KX505915    

N. batangarum CBS 124922 Cameroon Terminalia catappa (Yang et al., 2017) FJ900606 FJ900652 FJ900633  

N. batangarum CBS 143023 Italy, Favignana Opuntia ficus-indica (Aloi et al., 2020) MF414730 MF414768 MF414749  

N. batangarum CBS 143025 Italy, Linosa Opuntia ficus-indica (Aloi et al., 2020) MF414747 MF414785 MF414766  

N. batangarum CBS 127348 USA: Florida Schinus terebinthifolius (Yang et al., 2017) HM357636 KX464674 KX464952  

N. batangarum CMM4553 Brasil Anacardium sp. Unpublished KT728917  KT728921 KT728913  

N. batangarum   CBS 124923 Cameroon   Terminalia catappa   (A. Lopes et al., 2016) FJ900608 FJ900654 FJ900635  

N. batangarum   CBS 124924 Cameroon   Terminalia catappa   (Yang et al., 2017) FJ900607 FJ900653 FJ900634  

N. batangarum CBS 143026 Italy, Lampedusa Opuntia ficus-indica (Aloi et al., 2020) MF414748 MF414786 MF414767  

N. batangarum CBS 143024 Italy, Ustica Opuntia ficus-indica (Aloi et al., 2020) MF414738 MF414776 MF414757  

N. brasiliense  CMM1285 Brazil  Mangifera indica  (A. Lopes et al., 2016) JX513628  JX513608  KC794030   

N. cordaticola  CBS 123634  South Africa  Syzygium cordatum  (A. Lopes et al., 2016) EU821898  EU821868  EU821838   

N. kwambonambiense  CBS 123639  South Africa  Syzygium cordatum  (A. Lopes et al., 2016) EU821900  EU821870  EU821840   

N. macroclavatum   CBS 118223  Australia   Eucalyptus globulus   (A. Lopes et al., 2016) DQ093196 DQ093217   DQ093206    

N. parvum CBS 111994 Australia Telopea sp. (Yang et al., 2017) AF452519 KX464702 KX464982  

N. parvum   CAA 192  Portugal   Ferula communis   (A. Lopes et al., 2016) KX505905 KX505892   KX505913    

N. parvum CBS 112930 South Africa Vitis vinifera (Yang et al., 2017) AY343467 AY343359 KX464983  

N. parvum CBS 121486 Spain Vitis vinifera cv. Parellada,  (Yang et al., 2017) EU650672 KX464707 KX464992  

N. parvum CBS 114472 USA Leucadendron sp. (Yang et al., 2017) AF452523 FJ150710 KX464987  

N. parvum CBS 111524 USA: Hawaii Protea cynaroides (Yang et al., 2017) AF452524 FJ150709 KX465009  

N. parvum CBS 124492 Zambia Syzygium guineense (Yang et al., 2017) FJ655000 KX464684 KX464962  

N. parvum   CBS 110301 (ex-type)  Portugal   Vitis vinifera   (A. Lopes et al., 2016) AY259098 AY573221   EU673095    

N. parvum   CMW9081 (ex-type)  New Zealand   Populus nigra   (A. Lopes et al., 2016) AY236943 AY236888   AY236917    

N. ribis   CBS 115475  USA   Ribes sp.  (A. Lopes et al., 2016) AY236935 AY236877   AY236906    

N. umdonicola  CBS 123646  South Africa  Syzygium cordatum  (A. Lopes et al., 2016) EU821905  EU821875  EU821845   
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4.2.5 Pathogenicity tests 

The pathogenicity of an isolate of Neofusicoccum parvum (BOT 1D), obtained from lemon in Sicily, was 

assessed on twigs and stem of 2-year-old trees of three citrus varieties, Citrus × limon var. Monachello, 

Citrus × limon var. Feminello and Citrange Carrizo (Citrus sinensis Osbeck × Poncirus trifoliata Raf.), 

grown in a greenhouse maintained at 20 to 26°C.  

Two plants per variety were inoculated in three points, on two twigs and on stem per tree. A hole in each 

twig was made with a 3 mm cork-borer. Fort the inoculation, a 3 mm diam. mycelium plug from 5-d-old 

PDA culture of the test isolate (BOT 1D) was placed on the freshly wounded surface; the wound was 

covered with the excised bark disk and sealed with Parafilm®. The stem of each tree was inoculated 10 cm 

above the soil level (a single hole per stem) using the method above reported. Two trees per each citrus 

variety were inoculated with sterile agar (Controls).  

The length and breadth of each resulting lesion were recorded 30 d a.i. (day after inoculation), and the outer 

surface areas of the bark cankers on twigs and stems were calculated as ellipses. 

In this pathogenicity test, re-isolation was made from lesions; the identity of resulting fungal colonies was 

confirmed by both morphological and molecular analysis (ITS, tef1 and tub2 genes were sequenced) as 

described above. 

 

4.2.6 Statistical analyses of data 

Data from pathogenicity tests were analyzed using RStudio v.1.2.5 (R). When comparing the means of 

multiple groups, a one-way ANOVA followed by Tukey’s HSD post hoc test was performed. Significant 

differences between groups (P < 0.05) were denoted with different letters.  

 

4.3 Results 

4.3.1 Symptoms 

Bot gummosis was detected on mature, fruit-bearing lemon trees, with an age ranging from approximately 

5 to 60 years, both in commercial orchards and in trees planted singularly or in small groups in home 

gardens where trees were grown for both ornamental purposes and domestic consumption of fruits. The 

disease was common but usually in commercial orchards symptomatic trees were scattered. Exceptionally, 

in an orchard in the municipality of Lentini (Syracuse) 30 out of 400, 20-yr-old trees were symptomatic. 

Typically, symtoms, i.e. cankers with an abundant gummous exudate, were observed on the main trunk and 

scaffold branches (Figure 2 A-E) of trees. Another typical symptom was a chocolate to dark brown 

discoloration of the wood and the cambial face of the bark, which was visible after removing the bark 

(Figure 2 C and Figure 3 B-D). Cankers usually originated at the level of main branch scaffolding and 

progressively expanded upward to the secondary branches and downward to the grafting line between the 

scion and the rootsctock (Figures 2 A, C, D). However, in most cases they were restricted to the lemon 

scion and only exceptionally and in any case to a limited extent they expanded on sour orange (Citrus × 

aurantium) or citrange (Citrus sinensis × Poncirus trifoliata) rootstock. In a few cases, as a consequence 



 76 

of chronic long-lasting infections the cankers girdled the trunk. Old cankers either ceased to produce gum 

or produced it only on the expanding edge; they showed longitudinal bark splittings on secondary branches 

and irregular cracking and scaling of the bark on trunk and scaffold branches (Figure 2 E and Figure 3 A, 

D). Leaf yellowing, defoliation and diebck of single branches occurred commonly. Severely affected trees 

showed decline symptoms, including leaf chlorosis, severe crown thinning, branch and twig blight and 

diebck.  

 
Figure 2. Symptoms of Bot gummosis on lemon trees: (E) old canker with bark scaling at the level of main 

branch scaffolding, expanding upward to the secondary branches and downward to the grafting line between 

the scion and the rootsctock; (D), gummous canker on a branch of lemon tree; (C) typical tan to brown 

discoloration of the wood beneath the bark of a canker; the discolored wood is visible after removing the bark; 

(A and B) cankers with abundant gummous exudate on scaffold branches of ‘Femminello Siracusano 2Kr’ 

lemon (Citrus × limon) tree. 
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Figure 3. (A) old canker on a secondary branch of lemon tree with longitudinal bark splitting at the base of 

the branch and the gum exudate in the advancing upward front, indicating the canker is still active; (B) the 

same as (A) after peeling the bark to show the dark brown discoloration of the wood beneath the bark; (C) 

typical chocolate brown discoloration of the wood underneath the bark; (D) a detail showing the necrotic 

bark of the canker exuding gum and the typical chocolate brown wood discoloration beneath the bark. 

 

4.3.2 Fungus isolation and morphological identification 

A fungus with pale gray and rapidly growing colonies on potato-dextrose-agar (PDA) was constantly (from 

all samples and in all sampling sites) and consistently (around 100% of isolations) recovered from the inner 

bark with the typical brown discoloration. Based on the morphotype, i.e. colony morphology and conidial 

characteristics, all isolates were assigned to Neofusicoccum, a genus in the Botryosphaeriaceae family 

(Figure 5 A and B). A representative set of 17 isolates, was characterized further. A single isolate was 

selected from each sampling site, with the only excetion of the site in the municipality of Lentini where due 

to the high incidence of the disease three isolates, each from a distinct tree, were selected. 

Colonies on MEA of all 17 isolates developed an abundant grayish aerial mycelium, which produced black 

pycnidia after 2 weeks of incubation at 25 ° C. On PDA mycelium was white and became smoky gray to 

gray-olivaceous after 5 d (Figure 4 A). The mycelium was fast-growing and covered the 9 cm diam. Petri 

dishes after 5 d incubation at 25°C in the dark. Optimum temperature for radial colony growth was between 

25 and 30°C for all the isolates tested (Table 3). Little growth was observed at 10 or 35°C. Stromatic 

conidiomata were produced in pine needle cultures within 14 d. The condidiomata were globose and non-

papillate to pyriform with a short, acute papilla, entire locule lined with conidiogenous cells, and measured 

150–250 μm in diameter. Conidia were ellipsoidal with apex round and base flat, unicellular and hyaline 

and measured 16.9–17.3 × 5.4–5.6 μm, with a mean length to width ratio = 3.2 (Figure 4 B). Old conidia 

becoming 1–2-septate hyaline, or light brown with the middle cell darker than the terminal cells. 
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Table 3. Mean radial growth rates of colonies of representative Neofusicoccum 

parvum isolates of different geographical origin on PDA at three different 

temperatures, as determined after 3 d of incubation. 

 

 

 

 

 

 

 

 

 

 

 
 

a Mean of four replicate Petri dishes. 

 

Isolates of N. parvum 
15°C (mm d-1)  

± S.D. a 

25°C (mm d-1) 

± S.D. a 

30°C (mm d-1)  

± S.D. a 

 
BOT 1A 3.73 ± 0.07 7.90 ± 1.08 6.71 ± 0.27  

BOT 1D 3.11 ± 0.91 7.73 ± 0.28 7.38 ± 0.47  

BOT 2A 3.41 ± 0.05 7.55 ± 0.32 7.06 ± 0.28  

BOT 2D 3.53 ± 0.62 6.68 ± 0.90 5.58 ± 0.28  

BOT 3A 3.45 ± 0.39 7.06 ± 0.28 6.23 ± 0.20  

BOT 3D  3.30 ± 0.17 6.83 ± 0.32 6.63 ± 0.46  

BOT 4A  3.42 ± 0.06 6.58 ± 0.62 7.38 ± 0.47  

BOT 5D  3.28± 0.17 7.22 ± 0.42 5.37 ± 0.38  
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Figure 4. (A), Colony morphology of an isolate of 

Neofusicoccum parvum recovered from lemon on 

potato-dextrose-agar after 5 d incubation at 25°C; 

(B), Unicellular, ellipsoidal, thin-walled hyaline 

conidia of Neofusicoccum parvum mounted in 

sterile distilled water. 

 

 

4.3.3 Molecular identification 

The isolates obtained had identical ITS, tef1 and tub2 sequences. Preliminary BLAST analyses of these 

three gene regions yielded several identical sequences belonging to Neofusicoccum spp. but deposited with 

different taxa names. Consequently, this analysis enabled the identification at the genus level, but did not 

provide reliable information on the species. The phylogenetic analysis of the combined data set of 

sequences from ITS, tef1 and tub2 sequences (Figure 5) produced trees with a high concordance with those 

reported by Lopes et al. (2016), Lopes et al. (2017), Yang et al. ( 2017) and Zhang et al.  (2021). According 

to this analysis, isolates obtained from gummy cankers of Citrus x limon were identified as Neofusicoccum 

parvum sensu stricto (s.s.), since they clearly clustered with the ex-type (CMW 9081 from Populus nigra 

(Lopes et al., 2016)) and other reference isolates of this species (CBS 111994 from Telopea sp. (Yang et 

al., 2017)) and were differentiated from other Neofusicoccum isolates in the Neofusicoccum species 

complex (Zhang et al., 2021). 
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Figure 5. Phylogenetic tree of isolates of Neofusicoccum parvum obtained from lemon trees in this study (in bold), 

and reference isolates of Neofusicoccum parvum (underlined) and other closely related Neofusicoccum species and 

isolates (Tables 1 and 2). The tree was built using concatenated sequences of ITS-5.8S-ITS2 region, tef1-α and β-

tubulin genes. Numbers on nodes indicate the posterior probabilities from the maximum likelihood method. 
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4.3.4 Pathogenicity tests 

In pathogenicity tests, N. parvum (isolate BOT 1D) induced gummy canker on twigs and stem of all three 

citrus varieties tested. Symptoms appeared at 14 days after inoculation (d.a.i.); they were more severe on 

lemon cultivars ‘Feminello 2kr’(lesion areas ranging from 8.4 to 8.9 cm2  30 d.a.i. ), and ‘Monachello’ 

(lesion areas ranging from 6.5 to 6.8 cm2  30 d.a.i.) and included abundant gummosis (Figure 6 A, B, C, 

D), while gummosis was much less abundant on Citrange ‘Carrizo’ (lesion areas ranging from 3.1 to 3.3 

cm2 30 d.a.i.) (Figure 6 E, F). Differences in mean lesion size between the three citrus varieties tested were 

significant, according to Tukey‘s HSD (Honestly Significant Difference) test (P < 0.05) (Figure 7). No 

symptoms were observed on the controls.  

The N. parvum test isolate was re-isolated from inoculated plants and identified by sequencing and multi-

loci phylogenetic analysis, while no fungal pathogens were isolated from control plants, thus fulfilling 

Koch’s postulates. 
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Figure 6. Gum exudate induced by wound-inoculation of Neofusicoccum parvum on stems and twigs of lemon 

‘Femminello 2kr’ (A, B) and ‘Monachello’ (C, D), 14 d a.i.; necrotic lesions without gummous flux on inoculated 

Citrange ‘Carrizo’ (E, F). 
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Figure 7. Mean lesion areas (cm2) on the stem of citrange (Citrus sinensis × Poncirus trifoliata) 

‘Carrizo’ and lemon (Citrus × limon) cultivars ‘Feminello 2kr’ and ‘Monachello’, wound-inoculated with 
isolate BOT1D of Neofusicoccum parvum, 30 d.a.i. Controls (‘Feminello 2kr’ lemon, ‘Monachello’ 

lemon and ‘Carrizo’ citrange) stem inoculated with a sterile agar plug, showed no symptoms. Values 

sharing different letters are statistically different according to Tukey’s honestly significant difference,  

for P=0.05. 
4.4 Discussion 

Bot gummosis, traditionally regarded as a minor disease in citrus orchards (Timmer et al., n.d.), was found 

to be common and widespread in lemon groves of southern Italy. Although it is not as destructive as 

malsecco disease caused by the mitosporic fungus Plenodomus tracheiphilus (syn. Phoma tracheiphila) 

(Migheli et al., 2009), bot gummosis can be regarded as a major constraint for the lemon industry in this 

production area as it causes premature aging of trees and reduces their productivity. In this respect the 

impact of bot gummosis in commercial lemon orchards is more severe than wood rot disease caused by 

species of Basidiomycetes (Roccotelli et al., 2014). The present study provided evidence that 

Neofusicoccum parvum in the family Botryosphaeriaceae is responsible for bot gummosis of lemon trees 

in Sicily and Calabria, the two major lemon producing Italian regions. This fungus was the only species of 

this family associated to the typical disease symptoms in all surveyed areas and the two most popular Italian 

lemon cultivars, ‘Femminello 2kr’ and ‘Monachello’, were shown to be very susceptible to the infections 

by this pathogen in pathogenicity assays.  Consistenly with symptoms observed on naturally infected trees 

in the field, pathogenicity tests revealed that N. parvum was very aggressive on ‘Femminello 2kr’ and 

‘Monachello’, which reacted to the infection with the abundant production of gum exudate, while it was 

weakly virulent on ‘Carrizo’ citrange, commonly used as a citrus rootstock. Neoufusicoccum parvum is a 

generalist, cosmopolitan pathogen, occurring in various environments with a temperate, Mediterranean or 
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subtropical climate. The host range of this species encompasses at least 90 botanical entities, especially 

woody angiosperms, including conifers and many horticultural plants (Golzar & Burgess, 2011; Iturritxa 

et al., 2011; Molina-Gayosso et al., 2012; Moral et al., 2019; A. J.L. Phillips et al., 2013; Sakalidis et al., 

2013; Spagnolo et al., 2011; Úrbez-Torres & Gubler, 2011). In association with other fungal pathogens, 

including other Botryosphaeriaceae species, N. parvum is involved in the trunk disease complex of 

grapevine and is regarded as one of the most aggressive causal agent of this disease (Mondello et al., 2018; 

Úrbez-Torres & Gubler, 2009). It was also reported as a pathogen of citrus from Australia, California and 

Europe (Adesemoye & Eskalen, 2011; Bezerra et al., 2021; Cunnington et al., 2007). However, this is the 

first report of N. parvum as a pathogen of citrus in Italy.  

In a previous study, it was shown that N. parvum is more aggressive than other Botryosphaeriaceae species 

associated to bot gummosis of citrus (Adesemoye et al., 2014). This may explain its prevalence on lemon, 

which is more susceptible to bot gummosis than other citrus species (Salerno & Cutuli, 1994). Like other 

species of Neofusicoccum, N. parvum produces phytotoxins, which probably act as virulence factors but 

none of them is host-specific (Abou-Mansour et al., 2015; Masi et al., 2020; Salvatore et al., 2021). 

Different Neofusicoccum species cause similar effects on plants, perhaps due to the production of these 

secondary metabolites. Neofusicoccum parvum e.g. when inoculated on cactus pear cladodes was able to 

induce on this host the same symptoms as N. batagarum (data not shown) and conversely in artificial 

inoculations N. batangarum induced on citrus plants the same symptoms as N. parvum (Aloi et al., 2020). 

In general, the Botryosphaeriaceae, like other opportunistic albeit aggressive plant pathogens such as 

Colletotrichum spp., behave as entophytes, saprobes or latent pathogens shifting to an aggressive 

pathogenic life style when the host-plant is stressed (Cacciola et al., 2020; Haridas et al., 2020; Pavlic-

Zupanc et al., 2015; Riolo et al., 2021; Bernard Slippers & Wingfield, 2007). It has been suggested that the 

widespread occurrence of N. parvum and related species is due to their polyphagy and cross-infection 

potential as well as to their behaviour as endophytes or latent pathogens favoring a global spread through 

the movement of asymptomatic plants and plant propagation material (Pancher et al., 2012; Pérez et al., 

2010; Sakalidis et al., 2013; Bernard Slippers & Wingfield, 2007). According with this hypothesis, it can 

be speculated that the widespread occurrence of N. parvum in lemon growing areas of southern Italy may 

also depend on their close proximity with districts where the nursery production of citrus plants is 

concentrated. As a consequence, it can be assumed that most lemon trees in these areas have a common 

origin and N. parvum has been spread as a latent pathogen with nursery plants. This study provided evidence 

that restricted outbreaks of bot gummosis may occur in lemon groves of southern Italy. Local emergence 

probably due to environmental stresses is typical of diseases caused by Botryosphaeriaceae (Aloi et al., 

2020; Marsberg et al., 2017; Moral et al., 2019). Extreme temperatures and water deficit are suspected to 

be the most frequent stressors favoring bot gummosis of citrus. These environmental factors condition not 

only the disease onset and development, but also the severity of symptom expression. A better 

understanding of the factors favoring the emergence of the bot gummosis in lemon orchards would be 

useful to adopt appropriate management strategies to prevent the disease.  
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Chapter 5. 

Characterization of Alternaria species associated with heart rot of pomegranate fruit  

 
5.1 Introduction 

In Italy, the commercial cultivation of pomegranate is rapidly expanding and has grown from around 130 

ha in 2013 to 1,234 ha in 2019 (Faedda et al., 2015; Istat.it, 2020). The most successful cultivar is 

Wonderful, originating from California and then introduced by Israeli in Italy, which is suitable for the 

consumption as fresh fruit and fresh-cut products as well as for processing to produce juice. Moreover, 

several industrial and medical applications of pomegranate peel extracts, e.g. as food preservatives, are 

being envisaged as pomegranate peel is rich in phenolic compounds, which are responsible for strong 

antioxidative and antimicrobial activity (Belgacem et al., 2019; Chen et al., 2020; Magangana et al., 2020; 

S. Pangallo et al., 2017; Sonia Pangallo et al., 2017, 2020; Tehranifar et al., 2011; R. Wang et al., 2010). 

Currently, a major constraint of pomegranate commercial production is constituted by heart rot, an 

emerging disease caused by Alternaria spp. and reported from California, India and several Mediterranean 

countries, including Cyprus, Greece, Egypt, Israel, and Italy (Benagi et al., 2011; Ezra et al., 2015; Faedda 

et al., 2015; Luo et al., 2017; Thomidis 2014; Tziros et al., 2008). The disease is also named Alternaria 

heart rot or black heart (Day & Wilkins, 2011; Zhang & McCarthy, 2012). No precise estimate of the 

damage caused yearly by heart rot to the pomegranate production in Italy is available. According with the 

first report of the disease in Italy, its incidence in commercial orchards varies from 1 to 9% of fruits (Faedda 

et al., 2015). However due to the difficulty in screening infected fruits on the basis of external symptoms 

and the unpleasant aspect of internal symptoms even the mere the presence of infected fruits causes a 

serious value loss of the whole fruit stock. 

Different Alternaria species were identified as causative agents of pomegranate heart rot on the basis of 

morphological characteristics and multi-loci phylogenetic analyses (Ezra et al., 2015; Faedda et al., 2015; 

Garganese et al., 2016; Michailides et al., 2008). Airborne spores of the pathogen are thought to cause 

flower infections (David Ezra et al., 2015; Michailides et al., 2008). Following fruit onset, infections can 

remain latent for most of the growing season until the establishment of favorable conditions (David Ezra et 

al., 2015). Since the affected fruits are more prone to fall, one of the preventive agronomic practices is the 

shaking of the trees before harvesting (Zhang & McCarthy, 2012). Precise identification of the causative 

agent of heart rot is crucial for all aspects concerning the epidemiology and management of the disease. 

Unfortunately, the taxonomy of Alternaria is problematic and has undergone several revisions (Lawrence 

et al., 2016; Patriarca, 2016; Woudenberg et al., 2015). The difficulties in the identification of this genus at 

species level are related to the considerable morphological plasticity of most of the recognized Alternaria 

species. Historically, the identification of Alternaria spp. was based on morphological characteristics, 

including cultural features, size and shape of conidia, and branching patterns of conidial chains (Simmons, 

1999, 2007). Although the main sections of Alternaria can be differentiated using these features, this 

approach is not sufficient for distinguishing closely related species (Andrew et al., 2009; Armitage et al., 
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2015). In the past, the production of host-specific toxins (HSTs) has been used to distinguish among species 

(Kusaba & Tsuge, 1995), but this criterion proved unreliable since HST biosynthetic gene clusters are 

located on small conditionally dispensable chromosomes, which can be lost or gained (Johnson et al., 2001). 

Molecular identification based on ribosomal DNA (rDNA), a genomic region typically used in fungal 

systematics, failed to differentiate small-spored Alternaria species (Peever et al., 2004; B. M. Pryor & 

Gilbertson, 2000; Barry M. Pryor & Bigelow, 2003). Furthermore, the poor resolution obtained even using 

more variable genetic loci, generated debate on which species should be kept within the Alternaria section 

Alternaria (i.e. A. alternata, A. tenuissima, A. arborescens, A. mali, and A. gaisen), suggesting to combine 

A. alternata and A. tenuissima or to merge the latter two species with A. arborescens (Andrew et al., 2009; 

Armitage et al., 2015; Woudenberg et al., 2015).  

The analysis of secondary metabolites has also been proposed as a mean to support species identification 

within the genus (Andersen et al., 2015; Patriarca, 2016). Alternaria is one of the major mycotoxigenic 

fungal genera (Andersen et al., 2015; Escrivá et al., 2017; Fraeyman et al., 2017; Hickert et al., 2016; 

Logrieco et al., 2009; Masiello et al., 2020; Patriarca, 2016; Prelle et al., 2013; Siciliano et al., 2015). 

Furthermore, it produces more than 70 phytotoxic metabolites, including host-specific toxins and non-host-

specific toxins (Thomma, 2003). However, only a few mycotoxins (e.g. tenuazonic acid, alternariol, 

alternariol monomethyl ether) may be found in food and are of major toxicological concern. These toxins 

are suspected to exert both acute and chronic detrimental effects (“Scientific Opinion on the risks for animal 

and public health related to the presence of Alternaria toxins in feed and food,” 2011). As a consequence, 

their presence as contaminants in pomegranate fruits and juice may represent a threat to human health.  

This study aimed at the characterization of Alternaria isolates obtained from pomegranate fruit with 

symptoms of heart rot in southern Italy and at determining their mycotoxigenic profile.  

  

5.2 Materials and Methods 

5.2.1 Alternaria isolates 

Overall, 42 Alternaria isolates obtained from pomegranate fruit with symptoms of heart rot were included 

in this study (Table 1). 
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Table 1. Alternaria isolates from pomegranate fruits characterized in this study, their geographical origins and 

accession numbers of their ITS, EF-1α, GAPDH and OPA 10-2 sequences in GenBank. 

Isolate Morphotype Location Host, cultivar 
Accession numbers 

ITS EF-1α GAPDH OPA 10-2 

AaMR7 1 Italy, Sicily Punica granatum cv. Wonderful MW580732 MW585113 MW590491 MW590533 

AaMP7a 1 Italy, Sicily Punica granatum cv. Wonderful MW580733 MW585114 MW590492 MW590534 

AaMP10 1 Italy, Sicily Punica granatum cv. Wonderful MW580734 MW585115 MW590493 MW590535 

AaMR11 1 Italy, Sicily Punica granatum cv. Wonderful MW580735 MW585116 MW590494 MW590536 

AaMMH6e 1 Italy, Sicily Punica granatum cv. Mollar de Helche MW580743 MW585121 MW590502 MW590544 

AaMP3 1 Italy, Sicily Punica granatum cv. Wonderful MW580745 MW585123 MW590504 MW590546 

AaMR9a 1 Italy, Sicily Punica granatum cv. Wonderful MW580747 MW585125 MW590506 MW590548 

AaMP9 1 Italy, Sicily Punica granatum cv. Wonderful MW580748 MW585126 MW590507 MW590549 

AaMDc5b 1 Italy, Sicily Punica granatum cv. Dente di cavallo MW580754 MW585132 MW590513 MW590555 

AaMDc5d 1 Italy, Sicily Punica granatum cv. Dente di cavallo MW580755 MW585133 MW590514 MW590556 

AaMMH6b 1 Italy, Sicily Punica granatum cv. Mollar de Helche MW580756 MW585134 MW590515 MW590557 

AaMMH7a 1 Italy, Sicily Punica granatum cv. Mollar de Helche MW580757 MW585135 MW590516 MW590558 

AaMMH7d 1 Italy, Sicily Punica granatum cv. Mollar de Helche MW580758 MW585136 MW590517 MW590559 

AaMMH6a 1 Italy, Sicily Punica granatum cv. Dente di cavallo MW580763 MW585140 MW590522 MW590564 

AaMMH6d 1 Italy, Sicily Punica granatum cv. Mollar de Helche MW580764 MW585141 MW590523 MW590565 

AaMMH7b 1 Italy, Sicily Punica granatum cv. Mollar de Helche MW580765 MW585142 MW590524 MW590566 

M24-BB1 1 Italy, Apulia Punica granatum cv. Dente di cavallo MW580768 MW585145 MW590527 MW590569 

M95 A2 1 Italy, Apulia Punica granatum cv. Wonderful MW580770 MW585147 MW590529 MW590571 

M103 A2-1 1 Italy, Apulia Punica granatum cv. Wonderful MW580771 MW585148 MW590530 MW590572 

M109 3 1 Italy, Apulia Punica granatum cv. Wonderful MW580772 MW585149 MW590531 MW590573 

AaMR4 2 Italy, Sicily Punica granatum cv. Wonderful MW580739 MW585117 MW590498 MW590540 

AaMR12 2 Italy, Sicily Punica granatum cv. Wonderful MW580742 MW585120 MW590501 MW590543 

AaMR2b 2 Italy, Sicily Punica granatum cv. Wonderful MW580744 MW585122 MW590503 MW590545 

AaMP4 2 Italy, Sicily Punica granatum cv. Wonderful MW580746 MW585124 MW590505 MW590547 

AaMR14b 2 Italy, Sicily Punica granatum cv. Wonderful MW580760 MW585137 MW590519 MW590561 

AaMP14a 2 Italy, Sicily Punica granatum cv. Wonderful MW580761 MW585138 MW590520 MW590562 

AaMR14a 2 Italy, Sicily Punica granatum cv. Wonderful MW580766 MW585143 MW590525 MW590567 

AaMP14b 2 Italy, Sicily Punica granatum cv. Wonderful MW580767 MW585144 MW590526 MW590568 

M80 B5 2 Italy, Apulia Punica granatum cv. Wonderful MW580769 MW585146 MW590528 MW590570 

AaMR5b 3 Italy, Sicily Punica granatum cv. Wonderful MW580731 MW585112 MW590490 MW590532 

AaMDc3a 4 Italy, Sicily Punica granatum cv. Dente di cavallo MW580751 MW585129 MW590510 MW590552 

AaMDc3b 4 Italy, Sicily Punica granatum cv. Dente di cavallo MW580752 MW585130 MW590511 MW590553 

AaMDc3c 4 Italy, Sicily Punica granatum cv. Dente di cavallo MW580753 MW585131 MW590512 MW590554 

AaMDc3d 4 Italy, Sicily Punica granatum cv. Wonderful MW580762 MW585139 MW590521 MW590563 

AaMR6b 5 Italy, Sicily Punica granatum cv. Wonderful MW580740 MW585118 MW590499 MW590541 

AaMP6b 5 Italy, Sicily Punica granatum cv. Wonderful MW580741 MW585119 MW590500 MW590542 

AaMDc2a 5 Italy, Sicily Punica granatum cv. Dente di cavallo MW580749 MW585127 MW590508 MW590550 

AaMDc2b 5 Italy, Sicily Punica granatum cv. Dente di cavallo MW580750 MW585128 MW590509 MW590551 

AaMDc1a 6 Italy, Sicily Punica granatum cv. Dente di cavallo MW580736 MW585150 MW590495 MW590537 

AaMDc1b 6 Italy, Sicily Punica granatum cv. Dente di cavallo MW580737 MW585151 MW590496 MW590538 

AaMDc1d 6 Italy, Sicily Punica granatum cv. Dente di cavallo MW580738 MW585152 MW590497 MW590539 
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AaMRa1 6 Italy, Sicily Punica granatum cv. Mollar de Helche MW580759 MW585153 MW590518 MW590560 

 

They were sourced from fruits of the three pomegranate cultivars Wonderful (Californian/Israeli origin), 

Mollar de Elche (Spanish origin) and Dente di Cavallo (Italian origin) (Holland et al., 2009; Pareek et al., 

2015), picked up in commercial pomegranate orchards in Apulia and Sicily from 2015 to 2016. 

Isolates were preserved in the collection of the laboratory of Molecular Plant Pathology at the Department 

of Agriculture, Food and Environment (Di3A) of the University of Catania, Italy. Reference strains of A. 

alternata and A. arborescens from CBS-KNAW were included for comparison (Table 2). 

 
Table 2. GenBank accession numbers of sequences of the Alternaria spp. isolates of different country and host 

origins used as references in phylogenetic analyses. 

Species Isolate Country Host 
Accession numbers a 

ITS EF-1α GPDH OPA 10-2 

Alternaria alternata 

(ex A. citri) 
CBS 102.47 USA Citrus sinensis KP124304 KP125080 KP124161 KP124610 

Alternaria alternata (ex-type) CBS 916.96 India Arachis hypogaea AF347031 KC584634 AY278808 KP124632 

Alternaria alternata 

(ex A. limoniasperae) 
CBS 102595 USA Citrus jambhiri FJ266476 KC584666 AY562411 KP124636 

Alternaria alternata 

(ex A. tenuissima) 
CBS 112252 - - KP124340 KP125116 KP124194 KP124650 

Alternaria alternata 

(ex A. godetiae) 
CBS 117.44 Denmark Godetia sp. KP124303 KP125079 KP124160 KP124609 

Alternaria gaisen CBS 118488 Japan Pyrus pyrifolia KP124427 KP124278 KP125206 KP124743 

Alternaria alstroemeriae CBS 118808 USA Alstroemeria sp. KP124296 KP125071 KP124153 KP124601 

Alternaria iridiaustralis CBS 118487 Australia Iris sp. KP124436 KP125215 KP124285 KP124752 

Alternaria jacinthicola CBS 878.95 Mauritius Arachis hypogaea KP124437 KP125216 KP124286 KP124753 

Alternaria tomato CBS 103.30 - Solanum lycopersicum KP124445 KP125224 KP124294 KP124762 

Alternaria burnsii CBS 107.38 India Cuminum cyminum KP124420 JQ646305 KP125198 KP124734 

Alternaria alternata 

(ex A. toxicogenica) 
CBS 102600 USA Citrus reticulata KP124331 KP125107 KP124186 KP124640 

Alternaria longipes CBS 540.94 USA Nicotiana tabacum AY278835 KC584667 AY278811 KP124758 

Alternaria alternata CBS 109803 Germany human skin KP124336 KP125112 KP124190 KP124645 

Alternaria betae-kenyensis CBS 118810 Kenya Beta vulgaris var. cicla KP124419 KP125197 KP124270 KP124733 

Alternaria eichhorniae CBS 119778 Indonesia Eichhornia crassipes KP124426 KP125205 KP124277 KP124741 

Alternaria arborescens CBS 109730 USA Solanum lycopersicum KP124399 KP125177 KP124251 KP124713 

Alternaria arborescens CBS 105.24 - Solanum tuberosum KP124393 KP125171 KP124245 KP124706 

Alternaria arborescens CBS 108.41 - wood KP124394 KP125172 KP124246 KP124707 

Alternaria arborescens CBS 112749 South Africa Malus domestica KP124401 KP125179 KP124253 KP124715 

Alternaria arborescens CBS 118389 Japan Pyrus pyrifolia KP124407 KP125185 KP124259 KP124721 

Alternaria arborescens CBS 115517 South Africa Malus domestica KP124404 KP125182 KP124256 KP124718 
a source (Woudenberg et al., 2015). 
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5.2.2 Symptoms, distribution, and incidence of the disease 

Infected fruits were characterized by a brown to black, soft to dry rot of the arils, visible when the fruit was 

cut open. Typically, the rot was confined to some aril compartments (Figure 1 C) and did not affect the 

peel and compartment membranes (septa). The outer peel (epicarp) in correspondence of the internal rot 

showed symptoms difficult to recognize, such as a dark-red discoloration and wrinkling of the peel (Figure 

1 A, B). 

 

 
Figure 1. (A, B) External symptoms of heart rot in pomegranate fruit: dark-red discoloration 

and wrinkling of the peel. (C) Cut open fruit of pomegranate with typical symptoms of heart 

rot. Note the dark brown mass of conidia produced by Alternaria sporulating on rotten arils 

within the fruit. Symptoms were restricted by membranes that separate the fruit compartments. 

 

Heavily affected fruits were asymmetric and lighter in weight. The incidence of fruits affected by heart rot 

in southern Italy was estimated to vary from 1 to 9% (Faedda et al., 2015), although it might have been 

higher under favorable conditions, such as rainy and warm weather during flowering and early fruit 

development (Prasad et al., 2010). Heart rot is considered a serious postharvest problem due to the difficulty 

in recognizing affected fruits from external symptoms (David Ezra et al., 2015; Faedda et al., 2015; Prasad 

et al., 2010; Zhang & McCarthy, 2012). 
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5.2.2 Morphological characterization 

Isolates were grown in Petri dishes on Potato Dextrose Agar (PDA; Oxoid Ltd., Basingstoke, UK) and Malt 

Extract Agar (MEA; Sigma-Aldrich, United States), prepared according to CBS-KNAW Fungal 

Biodiversity Centre (Utrecht, The Netherlands) (Crous et al., 2009). Dishes were incubated for 7 days at 

25±1°C in the dark (Figure 2).  

 
Figure 2. Growth pattern and colony morphology of isolates of Alternaria spp. obtained from pomegranate fruits 

with symptoms of heart rot collected from different Sicilian and Apulian orchards. From left to right: AaMDc1a, 

AaMP4, AaMRa1, AaMR4, and AaMDc5d. All the Alternaria isolated were grown on PDA and MEA culture 

media and incubated at 25±1 °C for 7 days in the dark. 

 

The macroscopic characteristics (color, margin, diameter, and texture) of colonies were examined 

according to Pryor and Michailides (Barry M. Pryor & Michailides, 2002), whereas microscopic features 

(conidium and conidiophore branch morphology) according to Simmons (Simmons, 2007). 

 

 

5.2.3 Molecular characterization 

Isolates 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 PowerPlant® Pro DNA isolation Kit (MO BIO 

Laboratories, Inc., Carlsbad, CA, USA), following the manufacturer’s protocol. The DNA was preserved 

at -20°C. A multilocus approach was adopted to characterize and determine the phylogenetic allocation of 

the 42 isolates from pomegranate fruit.  

Portions of four Alternaria barcoding genes/regions, i.e. internal transcribed spacer (ITS), translation 

elongation factor 1-α (EF-1α), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and one SCAR 

marker (OPA10–2), were sequenced (Woudenberg et al., 2015). The primers used for amplifying these 

genes/regions were: ITS1/ITS4 for ITS (White et al., 1990), EF1-728F/EF1-986R for EF-1α (Carbone & 
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Kohn, 1999), GPD1/GPD2 for GAPDH (Berbee et al., 1999) and OPA10-2R/OPA10-2L for OPA10-2 

(Andrew et al., 2009)(Table 3). 
Table 3. Primers used in this study 

Primer Primer DNA sequence PCR conditions Reference 

ITS1 5' TCC GTA GGT GAA CCT GCG G 3′ 94°C for 3 min; 94°C for 30 s, 55°C for 30 s, 

72°C for 30 s for 35 cycles and final 

extension at 72°C for 10 min 

(White et al., 1990) 

ITS4 5' GCT GCG TTC TTC ATC GAT GC 3′ 

EF1-728F 5' CAT CGA GAA GTT CGA GAA GG 3′ 94°C for 3 min; 94°C for 30 s, 58°C for 30 s, 

72°C for 30 s for 35 cycles and final 

extension at 72°C for 10 min 

(Carbone & Kohn, 1999) 

EF1-986R 5' TAC TTG AAG GAA CCC TTA CC 3′ 

GPD1 5' CAA CGG CTT CGG TCG CAT TG 3′ 94°C for 3 min; 94°C for 30 s, 54°C for 30 s, 

72°C for 30 s for 35 cycles and final 

extension at 72°C for 10 min 

(Berbee et al., 1999) 

GPD2 5' GCC AAG CAG TTG GTT GTG C 3′ 

OPA 10-2R 5' GAT TCG CAG CAG GGA AAC TA 3′ 94°C for 3 min; 94°C for 30 s, 62°C for 30 s, 

72°C for 30 s for 35 cycles and final 

extension at 72°C for 10 min 

(Andrew et al., 2009) 

OPA 10-2L 5' TCG CAG TAA GAC ACA TTC TAC G 3′ 

 

The PCR amplifications were performed on a GeneAmp PCR System 9700 (Applied Biosystems, Monza-

Brianza, Italy). All PCR reactions were carried out by using the Taq DNA polymerase recombinant 

(Invitrogen™) in a total volume of 25 μl containing: PCR Buffer (1X), 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, 55°C (ITS region)/58°C 

(EF-1α)/54°C (GAPDH)/62°C (OPA10-2) for 30 s, and 72°C for 30 s, followed by an additional 10-min 

extension at 72°C.  

The amplicons were detected on 1% agarose gel and purified products were sequenced with both forward 

and reverse primers by Macrogen Europe (Amsterdam, The Netherlands). 

Sequences were analyzed by using FinchTV v.1.4.0 (FinchTV v.1.4.0. Available on line: 

https://digitalworldbiology.com/FinchTV (accessed on May 18, 2020), n.d.) and the consensus sequences 

were deposited in Genbank (Table 2). 

For the molecular identification, sequences obtained in the present study and validated sequences of CBS 

representative strains of species within Alternaria sect. Alternaria, were phylogenetically analysed. Before 

analyses, the complete panel of reference sequences was tested utilizing the Elim Dupes software (Elim 

Dupes software. Available on line: 

http://hcv.lanl.gov/content/sequence/ELIMDUPES/elimdupes.html(accessed on June 15, 2020), n.d.) to 

delete multiple identical sequences. Identical reference sequences were included in the panel when 

representative of different Alternaria species (Woudenberg et al., 2015). Sequences were aligned using 

MUSCLE and introduced to MEGA6 for phylogenetic analysis with the Maximum Likelihood method 

using the Tamura-Nei model (Hall et al., 2013). Analyses were performed with 1000 bootstrap replications. 

In order to maximize the effectiveness of the investigation into the genetic diversity within isolates obtained 
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in the present study, the phylogenetic analysis was conducted using a combined data set of all sequenced 

markers (ITS, EF-1α, GPDH and OPA10-2). 

 

5.2.4 Pathogenicity tests 

The pathogenicity of two A. arborescens isolates (AaMDc1A and AaMDc1d) and six A. alternata isolates, 

one for each morphotype from 2 to 5 (AaMR2b, AaMR5b, AaMDc3a and AaMDc1a) plus two for 

morphotype 1 (M95 A2 and AaMP3, from Apulia and Sicily, respectively), was tested in a commercial 

farm at Lentini (Syracuse, Sicily) on pomegranate fruits ‘Wonderful’ using the injection method described 

by Luo et al. (Luo et al., 2017). In detail, on 15th August 2020 a conidial suspension (5 µl of 2x105 conidia 

ml -1) was injected with a syringe into one side of a pomegranate fruits (10 fruits per each isolate). Control 

fruits were injected with sterile distilled water. Ten weeks later fruits were cut open longitudinally into two 

halves to observe heart rot symptoms. 

 

5.2.5 Extraction and analyses of secondary metabolites  

Isolates were tested for production of secondary metabolites using a modified Czapek-Dox liquid medium: 

10 g/L glucose, 0.162 g/L NH4NO3, 1.7 g/L KH2PO4, 0.85 g/L MgSO4, 0.425 g/L NaCl, 0.425 g/L KCl, 

0.017 g/L FeSO4, 0.017 g/L ZnSO4 and 1.7 g/L yeast extract, pH 5.5. Cultures were inoculated with three 

mycelial plugs in 50 mL of medium. All cultures were performed in triplicate and incubated in the dark at 

28 °C. After 8 days, cultures were filtered and Alternaria toxins in the clear medium were extracted by 

liquid-liquid extraction. Each sample was adjusted to pH 2 with HCl and an aliquot (5 mL) was transferred 

in a separating funnel. Ten mL of dichloromethane were added three times and the mixture was shaken for 

1 min, then the dichloromethane extracts were collected in a flask. The final extract was evaporated to 

dryness in a rotary evaporator at 35 °C. The residue was dissolved in 1 mL of H2O:CH3OH 1:1 for the 

HPLC-MS/MS simultaneous detection of the main five Alternaria toxins. Analyses were carried out 

according to a previously validated method (Siciliano et al., 2015). 

Standards of TeA (tenuazonic acid) copper salt from A. alternata (Purity ≥ 98%), AOH (alternariol) from 

Alternaria spp. (Purity ≥ 94%), AME (alternariol monomethyl ether) from Alternaria alternata (Purity ≥ 

98%), ALT (altenuene) from Alternaria spp. (Purity ≥ 98%) and TEN (tentoxin) from Alternaria tenuis 

(Purity 99%) were purchased from Sigma-Aldrich in crystallized form. A stock solution of 1 mg/mL and a 

working solution of 10 μg/mL were prepared in methanol for each molecule and kept at −20 °C. Standards 

for HPLC calibration and standards for addition experiment were prepared by diluting the working solution 

and a calibration curve was built for each analyte. Good linearity was obtained for all analytes (R2 > 0.999). 

Recovery experiments were done spiking the matrix before extractions with a standard solution and the 

calculated recovery ranged between 80 and 100%. 
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5.3 Results 

5.3.1 Morphological characterization of isolates 

All 42 isolates were grouped according to macro- and microscopic features on PDA and MEA, along with 

reference strains of A. alternata and A. arborescens from CBS-KNAW. A higher variability in colony 

morphology was observed on PDA, as compared to MEA (Figure 2), allowing the differentiation of six 

morphotypes.   

In particular, on PDA twenty isolates (AaMMH7d, AaMDc5d, AaMP3, M24-BB1, AaMMH6b, 

AaMMH6a, AaMR9a, AaMR7, AaMR11, AaMDc5b, AaMMH7a, AaMMH7b, M103 A2-1, M109 3, M95 

A2, AaMMH6d, AaMP7a, AaMP10, AaMMH6e and AaMP9) showed colonies that were flat, woolly, with 

colors ranging from brown to black, and an average diameter of 65 mm. They produced dark brown conidia 

arranged in branched chains. Conidia appeared oval-ellipsoidal with 3–5 transverse septa. These features 

matched those of A. alternata ex-type reference strain CBS 916.96 (morphotype 1). 

Nine isolates (AaMR2b, M80 B5, AaMP4, AaMR4, AaMR14a, AaMR14b, AaMP14b, AaMR12, 

AaMP14a) showed greenish colonies with white margins. Conidia appeared elongated with a long-tapered 

beak. The characteristic sporulation pattern matched that of the reference strain of A. alternata (ex A. 

tenuissima) CBS 112252 (morphotype 2).  

One isolate (AaMR5b) exhibited a colony pale brown, flat, granulated with undulating edges. Conidia 

appeared long and ellipsoidal with 1–3 transverse septa. The sporulation pattern resembled that of A. 

alternata (ex A. limoniasperae) CBS 102595 (morphotype 3). 

Four isolates (AaMDc3a, AaMDc3b, AaMDc3c, AaMDc3d) exhibited a sporulation pattern resembling 

that of the reference strain of A. alternata (ex A. citri) CBS 102.47, with elliptical and subglobose conidia 

(morphotype 4);  

Four isolates (AaMDc2a, AaMDc2b, AaMP6b, AaMR6b) exhibited wide and long conidia, with a 

sporulation pattern resembling that of A. alternata (ex A. toxicogenica) CBS 102600 (morphotype 5). 

Four isolates (AaMDc1a, AaMRa1, AaMDc1d, AaMDc1b) showed colonies varying from greenish grey 

to brown, characterized by a lower growth rate (average diameter 45 mm after 7 days on PDA). Conidia 

appeared oval or ellipsoidal with 1–4 transverse septa and 1–2 longitudinal septa. They were borne by long 

primary conidiophores, occasionally presenting sub-terminal branches. These characteristics matched those 

of the reference strain for A. arborescens CBS 109730 (morphotype 6). 

 

5.3.2 Molecular characterization  

Alternaria isolates from pomegranate sourced in southern Italy and reference isolates from CBS 

(Woudenberg et al., 2015) were grouped on the basis of a four-gene phylogeny, including ITS, EF-1α, 

GAPDH and OPA 10-2 sequences. According to this analysis, 38 out of the 42 isolates were associated 

with A. alternata. They were from both the two sampling geographical areas, Sicily and Apulia, and 

clustered with reference isolates of A. alternata, including the isolates CBS 916.96, ex-type, and CBS 

112252 (Figure 3). The A. alternata phylogentic group included morphotypes from 1 to 5. The most 
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numerous phylogenetic sub-groups, corresponding to morphotype 1, included the ex-type isolate of A. 

alternata CBS 916.96.  

Conversely, four isolates, namely AaMDc1a, AaMRa1, AaMDc1d and AaMDc1b, all from Sicily albeit 

from two different pomegranate cultivars, clustered within the A. arborescens species complex along with 

strains CBS 109730 from Solanum lycopersicum, CBS 105.24 from Solanum tuberosum, CBS 108.41 from 

wood, CBS 112749 from Malus domestica, CBS 118389 from Pyrus pyrifolia and CBS 115517 from Malus 

domestica. This group of isolates corresponded to the morphotype 6. 
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Figure 3. - Internal transcribed spacer (ITS), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), translation 
elongation factor 1-α (EF-1α) and one SCAR marker (OPA 10-2) multi-locus phylogenetic tree developed using the 

Maximum Likelihood Method, based on the Tamura–Nei model. The tree with the greatest log likelihood (-3746.14) 

is shown. Relationships between the 42 isolates from pomegranate sourced in southern Italy and the CBS reference 

isolates of Alternaria alternata, A. arborescens (in bold CBS isolates used as reference for diverse morphotypes) 

and other Alternaria spp. The six morphotypes are highlighted in different colors. 

 

5.3.3 Pathogenicity tests 

All eight tested isolates of A. alternata and A. arborescens induced typical symptoms of heart rot on 

artificially inoculated pomegranate fruits and were reisolated from rotten arils. The proportion of 

symptomatic fruits for each isolate ranged from 88 to 100%, not to count inoculated fruits that dropped 

before harvesting (from one to two per each isolate). In each symptomatic fruit the rot extended to about 

half of the entire longitudinal section (Figure 4). No symptoms were observed on control fruit. 

 
Figure 4. – Symptoms of heart rot in a pomegranate fruits artificially inoculated by injecting a suspension 

of Alternaria conidia, 10 weeks after inoculation. 

 

5.3.5. Analyses of Alternaria mycotoxins 

The toxigenic potential of the 42 Alternaria spp. isolates was investigated in vitro on liquid culture medium, 

and the concentration levels of the five mycotoxins extracted from culture fluids are reported in Table 4. 

All isolates produced TeA, which was the prevalent mycotoxin found in culture extracts, with the only 

exception of isolates AaMR9a and AaMP9 of morphotype 1. Benzopyrone derivatives, AOH and AME, 

were produced by about 70% of the isolates. However, the amount of these two mycotoxins varied greatly 
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among isolates and within morphotypes and species. The isolates that produced AOH also produced AME, 

but the concentrations of the two toxins in culture filtrates were not correlated. ALT, a third toxin in the 

class of dibenzo-α-pyrones, was quantified in less than 50% of samples; it was not detected in culture fluids 

of isolates that did not produce AOH and AME. TEN, a cyclic tetrapeptide, was produced by 34 out of 38 

A. alternata isolates, but its amount varied greatly, ranging from 3.09 to 2434 μg/L. None of the four 

morphotype 6 (A. arborescens) isolates tested produced TEN. Two isolates, AaMR14b and AaMP14a, both 

of morphotype 2, produced only TeA. Overall, however, no correlation was found between the toxigenic 

profile of the isolates and their specific phylogenetic identity, morphotype and geographical origin.  

 
Table 4. In vitro mycotoxin production [µg/mL] by Alternaria isolates after 8 days of incubation at 28 °C in the 

dark. 

Isolate Morphotype Origin 
Mycotoxin concentration (μg/L)a 

TeA AOH AME ALT TEN 

AaMR7 1 Italy, Sicily 5133±561 9.141±1.46 2.094±0.22 9.177±1.32 167.5±31.9 

AaMP7a 1 Italy, Sicily 1555±139 41.44±7.22 26.56±4.01 307.8±34.7 303.2±13.6 

AaMP10 1 Italy, Sicily 1066±125 n.d.b n.d. n.d. 91.85±1.76 

AaMR11 1 Italy, Sicily 1889±146 38.73±3.95 23.98±8.38 131.41±13.5 214.4±13.1 

AaMMH6e 1 Italy, Sicily 279.4±44.6 5.619±0.44 4.735±0.42 n.d. 1.378±0.12 

AaMP3 1 Italy, Sicily 495.6±50.3 n.d. n.d. n.d. 3.16±0.25 

AaMR9a 1 Italy, Sicily 25.61±0.48 n.d. n.d. n.d. 30.77±2.28 

AaMP9 1 Italy, Sicily 24.13±2.02 7.734±0.17 4.462±0.18 17.98±0.79 34.05±4.67 

AaMDc5b 1 Italy, Sicily 839.2±65.7 n.d. n.d. n.d. 12.99±2.02 

AaMDc5d 1 Italy, Sicily 3146±256 26.50±0.32 12.34±1.65 83.59±2.33 40.80±4.32 

AaMMH6b 1 Italy, Sicily 786.8±111 6.604±0.29 2.451±0.40 8.236±1.31 n.d. 

AaMMH7a 1 Italy, Sicily 2799±132 55.49±3.16 14.41±1.21 36.82±1.57 13.77±0.72 

AaMMH7d 1 Italy, Sicily 1004±67.9 4.010±1.14 3.978±0.72 3.464±0.32 1.295±0.01 

AaMMH6a 1 Italy, Sicily 1606±168 57.24±5.39 24.06±0.35 44.33±4.31 19.37±2.13 

AaMMH6d 1 Italy, Sicily 1553±70.8 83.28±4.30 22.71±2.29 17.08±0.54 3.455±0.58 

AaMMH7b 1 Italy, Sicily 2189±149 11.64±0.20 4.932±0.05 n.d. 31.82±0.25 

M24-BB1 1 Italy, Apulia 4204±650 222.3±0.14 472.7±1.21 n.d. 1957±2.67 

M95 A2 1 Italy, Apulia 5204±233 161.2±0.25 407.3±1.97 n.d. 2434±2.78 

M103 A2-1 1 Italy, Apulia 1267±198 547.7±0.73 604.2±0.60 n.d. 1655±28.8 

M109 3 1 Italy, Apulia 3258±7.78 384.9±0.09 196.5±0.36 n.d. n.d. 

AaMR4 2 Italy, Sicily 1950±56.5 23.82±1.77 24.12±4.32 n.d. 87.62±4.76 

AaMR12 2 Italy, Sicily 1117±20.9 n.d. n.d. n.d. 20.80±0.31 

AaMR2b 2 Italy, Sicily 1177±44.6 3.922±0.64 2.209±0.38 6.019±0.27 3.09±0.86 

AaMP4 2 Italy, Sicily 789.3±113 n.d. n.d. n.d. 15.19±1.13 

AaMR14b 2 Italy, Sicily 952.9±0.34 n.d. n.d. n.d. n.d. 

AaMP14a 2 Italy, Sicily 488.2±22.3 n.d. n.d. n.d. n.d. 

AaMR14a 2 Italy, Sicily 1169±33.8 n.d. n.d. n.d. 3.542±0.66 

AaMP14b 2 Italy, Sicily 9227±904 44.87±2.87 6.603±0.27 n.d. 5.986±0.59 

M80 B5 2 Italy, Apulia 2987±1.09 39.15±0.55 73.27±0.68 n.d. 8621±37.1 

AaMR5b 3 Italy, Sicily 1264±73.0 18.29±1.63 23.59±1.36 112.5±2.51 153.2±15.4 
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AaMDc3a 4 Italy, Sicily 1762±38.6 37.64±1.16 4.853±0.01 17.97±1.06 51.69±5.91 

AaMDc3b 4 Italy, Sicily 2887±195 89.64±2.97 10.77±0.10 7.465±0.28 27.94±2.72 

AaMDc3c 4 Italy, Sicily 2336±154 n.d. n.d. n.d. 64.26±2.55 

AaMDc3d 4 Italy, Sicily 2532±214 32.55±0.60 4.905±0.28 9.409±0.40 77.48±7.63 

AaMR6b 5 Italy, Sicily 1460±83.6 n.d. n.d. n.d. 235.7±38.1 

AaMP6b 5 Italy, Sicily 1115±24.9 1.848±0.01 4.928±0.43 94.28±8.51 201.4±20.3 

AaMDc2a 5 Italy, Sicily 2028±92.3 n.d. n.d. n.d. 116.1±6.53 

AaMDc2b 5 Italy, Sicily 1840±159 n.d. n.d. n.d. 51.42±0.19 

AaMDc1a 6 Italy, Sicily 2769±207 56.18±6.82 7.050±1.71 425.97±33.2 n.d. 

AaMDc1b 6 Italy, Sicily 3918±473 18.04±2.17 4.074±0.04 43.23±0.92 n.d. 

AaMDc1d 6 Italy, Sicily 1680±171 33.12±4.62 2.984±1.26 67.54±2.91 n.d. 

AaMRa1 6 Italy, Sicily 2666±19.5 76.98±1.37 9.974±1.29 384.92±42.3 n.d. 
a Means ± standard error of three independent biological experiments consisting of three technical replicates each. 
b n.d.= not detected. 

 

5.4 Discussion 

Results evidenced the complexity of Alternaria populations associated to heart rot of pomegranate fruits. 

According to the classification system proposed recently by Woudenberg et al. (Woudenberg et al., 2015) 

for the small-spored Alternaria species in the Alternaria section Alternaria, the isolates recovered from 

symptomatic pomegranate fruit sampled in two major producing regions of southern Italy, Apulia and 

Sicily, were referred to A. alternata and A. arborescens species complex (AASC) (Woudenberg et al., 

2015), the former being by far the prevalent species. Despite the morphological and genetic variability, all 

isolates of both A. alternata and A. arborescens tested were pathogenic and induced typical symptoms of 

heart rot in pomegranate fruit artificially inoculated by injecting separately a conidial suspension of these 

two fungi into the fruit. These results indicate that A. alternata and A. arborescens are responsible for 

pomegranate heart rot disease in southern Italy. According to the available information, this is the first 

report of A. arborescens as a pathogen of pomegranate in Italy. Both species are known as plant pathogens 

and mycotoxin producers on a wide range of host plants (Andersen et al., 2015; Troncoso-Rojas & Tiznado-

Hernández, 2014). Due to their growth even at low temperature, these Alternaria species are also 

responsible for spoilage of fruits and processed plant products during refrigerated transport and storage 

(Faedda et al., 2016). 

 In agreement with a previous study aimed at identifying Alternaria species associated to brown spot of 

tangerines in southern Italy (Garganese et al., 2016), A. alternata isolates recovered from pomegranate fruit 

showed a great morphological and molecular variability and were separated into six morphotypes 

corresponding to distinct albeit phylogenetically related clusters. Our results confirmed previous findings 

of other authors in California showing that diverse species of Alternaria are associated to heart rot of 

pomegranate (Luo et al., 2017; Michailides et al., 2008). Although in California heart rot is regarded as a 

minor disease of pomegranate, the correct identification of Alternaria species associated to this disease is 

considered a crucial aspect as A. gaisen, included in the section Alternaria and closely related to A. 

arborescens, is a quarantine pathogen and its presence might impose export restrictions (Luo et al., 2017). 
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In the present study, multi-locus phylogenetic analysis based on the four gene regions ITS, EF-1α, GPDH 

and OPA 10-2, clearly separated A. alternata, A. arborescens and A. gaisen. However, neither ITS or EF-

1α and GPDH, alone or in combination, were able to discriminate these three species. Consistently with the 

results of this study aimed at characterizing the diversity of Alternaria species associated to heart rot of 

pomegranate, A. alternata and A. arborescens were the species associated to the brown fruit rot of 

tangerines and mandarins in southern Italy and California, and also in these cases A. alternata was the 

prevalent species (Garganese et al., 2016; F. Wang et al., 2020). It was demonstrated that the virulence of 

the Alternaria isolates recovered from citrus was positively correlated with the expression level of the 

ACTT1 and ACTT1 genes encoding for phytotoxins ACTT1 and ACTT2, respectively (Michailides et al., 

2008). Several formae speciales of A. alternata infecting fruit and vegetable crops and producing host 

specific toxins are currently recognized, including A. alternata f. sp. lycopersici producing AAL-toxins and 

causing necrotic lesions on tomato, A. alternata f. sp. mali producing the AM toxin, A. alternata f. sp. 

fragariae producing the AF-toxin, and A. alternata f. sp. citri with two pathotypes, i.e. pathotype rough 

lemon for isolates producing the ACR-toxin, and pathotype tangerine for isolates producing the ACT-toxins 

(Hickert et al., 2016, Masunaka et al., 2005). No f. sp. or pathotype of A. alternata have so far been 

identified within the A. alternata populations associated to pomegranate fruits. 

In standard laboratory conditions, isolates of both A. alternata and A. arborescens recovered from 

pomegranate fruit with symptoms of heart rot were able to produce mycotoxins, mainly tenuazonic acid 

(TeA), a tetramic acid derivative, and to a lesser extent alternariol (AOH), alternariol monomethyl ether 

(AME) and altenuene (ALT), in the structural group of dibenzopyrone derivatives. The majority of A. 

alternata produced also the cyclic tetrapeptide tentoxin (TEN) while none of the A. arborescens isolates 

tested produced this metabolite. The results of the present study are consistent with previous reports 

indicating that small-spored species in the section Alternaria (A. tenuissima, A. arborescens and A. 

alternata species groups) share a common secondary metabolite profile, but only a small proportion of A. 

arboresecns isolates are able to produce TEN (Pinto & Patriarca, 2017; Patriarca et al., 2019). TeA, AOH, 

AME and TEN have a broad host range (Thomma, 2003) and in pomegranate heart rot disease they might 

act as virulence factors (Elhariry et al., 2016; Logrieco et al., 2009). Some of these non-host-specific toxins, 

such as TeA, AOH and AME, have been reported to induce harmful effects in mammals (Wenderoth et al., 

2019). In vitro tests provided clear evidence of genotoxicity or acute toxicity in animals or rodent cells of 

AOH, AME ALT and TeA (“Scientific Opinion on the risks for animal and public health related to the 

presence of Alternaria toxins in feed and food,” 2011). Moldy arils of fresh pomegranate fruits affected by 

heart rot are usually removed by the consumer as they are not appropriate for human consumption. 

However, toxins can move from the rotten part to the surrounding tissues or processed fruit products. This 

may occur more frequently in Alternaria diseases that go unnoticed, as symptoms are internal such as heart 

rot. Moreover, current industrial processing methods do not exclude the risk of juice contamination by 

Alternaria toxins (Elhariry et al., 2016; Logrieco et al., 2009). As a consequence, the occurrence of heart 

rot on pomegranate fruits and of Alternaria toxins as contaminants in juice may be a risk factor for 
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consumer health. In a comprehensive study of EFSA (European Food Safety Authority) aimed at 

investigating the distribution of Alternaria toxins across the food categories and groups, AOH, AME, ALT, 

TeA and TEN were the toxins occurring most commonly in fruit and vegetable juices (“Scientific Opinion 

on the risks for animal and public health related to the presence of Alternaria toxins in feed and food,” 

2011). In this study the ability of Alternaria species associated to heart rot of pomegranate to produce toxins 

has been investigated for the first time in Europe.  
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Abstract: (1) Background: This study was aimed at identifying the Colletotrichum species associated
with twig and shoot dieback of citrus, a new syndrome occurring in the Mediterranean region
and also reported as emerging in California. (2) Methods: Overall, 119 Colletotrichum isolates
were characterized. They were recovered from symptomatic trees of sweet orange, mandarin and
mandarin-like fruits during a survey of citrus groves in Albania and Sicily (southern Italy). (3) Results:
The isolates were grouped into two distinct morphotypes. The grouping of isolates was supported
by phylogenetic sequence analysis of two genetic markers, the internal transcribed spacer regions
of rDNA (ITS) and β-tubulin (TUB2). The groups were identified as Colletotrichum gloeosporioides
and C. karstii, respectively. The former accounted for more than 91% of isolates, while the latter was
retrieved only occasionally in Sicily. Both species induced symptoms on artificially wound inoculated
twigs. C. gloeosporioides was more aggressive than of C. karstii. Winds and prolonged drought were
the factor predisposing to Colletotrichum twig and shoot dieback. (4) Conclusions: This is the first
report of C. gloeosporioides and C. karstii as causal agents of twig and shoot dieback disease in the
Mediterranean region and the first report of C. gloeosporioides as a citrus pathogen in Albania.

Keywords: Colletotrichum gloeosporioides; Colletotrichum karstii; ITS; TUB2; pathogenicity; citrus

1. Introduction

Albania with around 2000 ha of citrus groves is a relatively small citrus growing
country, but has an old tradition in the production of citrus, primarily represented by
mandarins and prevalently concentrated in the districts of Vlorë, Berat, Elbasan, Durrës,
Tiranë, Lezhë, Shkodër and Gjirokastër [1]. Italy ranks second among European citrus
producer countries, with Sicily and Calabria regions (southern Italy) accounting for approx-
imately 63 and 19% of total domestic production of oranges and 53 and 20% of production
of tangerines, respectively [2]. Sicily alone accounts for around 86% of total domestic
production of lemons [2]. Moreover, Italy is the leading producer country of organic citrus
fruit globally, with over 35,000 ha, corresponding to about one third of the total domestic
citrus growing area [3]. Over the last years in both Albania and southern Italy, outbreaks
of citrus twig and shoot dieback were observed to occur in major orange and mandarin
growing areas following extreme weather events whose frequency in the Mediterranean
region has increased due to climate change [4]. The disease, here named twig and shoot
dieback of citrus or Colletotrichum twig and shoot dieback to stress its association with
pathogenic Colletotrichum species, was recently described as an emerging new disease of
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citrus in Central Valley, California, distinct from the typical anthracnose of fruit, leaves
and twigs [5,6]. Symptoms of dieback caused by Colletotrichum included chlorosis, crown
thinning, necrotic blotches on leaves, blight and frequently gummosis of apical twigs, shoot
and branch dieback [6]. Two Colletotrichum species, C. gloeosporioides and C. karstii, were as-
sociated with Colletotrichum dieback in California. Overall, neither species clearly prevailed
over the other and, in pathogenicity tests, both species were able to infect twigs, although
not all field symptoms were reproduced [5]. In pathogenicity tests performed in California,
C. karstii was more aggressive than C. gloeosporioides [5]. Symptoms similar to twig and
shoot dieback described in California were reported from countries of the Mediterranean
region, including Algeria, Marocco and Tunisia, but they were always associated with other
symptoms typical of anthracnose on fruits and leaves [7–9]. In a recent survey of citrus
groves in Portugal aimed at identifying the Colletotrichum species associated with typical an-
thracnose on fruits, leaves and twigs, C. gloeosporioides, the dominant species, was isolated
preferentially from fruits and leaves while C. karstii was isolated preferentially from twigs
and leaves, suggesting the hypothesis of differences in host-plant organ specificity between
these two species [10]. Differences in host-plant organ preference between Colletotrichum
species complex have long been known [11]. Two of the best-known examples of host and
organ specificity are provided by C. abscissum and C. limetticola, both in the C. acutaum
complex, associated to post-bloom fruit drop (PFD) of citrus and Key Lime Anthracnose
(KLA), respectively, occurring in the Americas [12–16]. According to the new molecular
taxonomy of the genus Colletotrichum, based on multi-locus phylogeny and a polyphasic
approach, 25 distinct Colletotrichum species have been so far identified to be associated
to Citrus and allied genera worldwide. Seven of these, including C. aenigma, C. ciggaro
(syn. C. kahawae subsp. ciggaro), C. gloeosporioides sensu stricto (s.s.) and C. hystricis, within
the C. gloeosporioides species complex, C. catinaense and C. karstii, within the C. boninense
species complex, and C. acutatum s.s., within the C. acutatum species complex, have been
reported from Italy [9,10,17–28], while in the literature there is no record of Colletotrichum
infecting citrus from Albania. The objectives of this study were to identify the Colletotrichum
species associated with the new disease twig and shoot dieback or Colletotrichum twig
and shoot dieback of citrus in Albania and Sicily and evaluate the pathogenicity of these
Colletotrichum species on different plant organs, including fruit, leaves and shoots.

2. Materials and Methods
2.1. Sampling and Isolation

During 2017 and 2018, citrus orchards were surveyed for twig and shoot dieback
in six municipalities (Augusta, Lentini, Mineo, Misterbianco, Ramacca and Scordia) of
the provinces of Catania and Syracuse (Sicily, southern Italy), and in the municipality of
Xarrë, prefecture of Vlorë (Vlorë, Albania). Colletotrichum isolates were obtained from twigs
with symptoms of blight and gumming and from leaves showing necrotic patches and
mesophyll collapse. Overall, samples were collected from 10 citrus groves in Albania and
six citrus groves (one for each municipality) in Sicily and from diverse citrus species and
cultivars, including Clementine mandarin (Citrus x clementina), three cultivars of sweet
orange (Citrus × sinensis), “Tarocco Lempso”, ‘Tarocco Scirè’ and “Lane Late”, and two
mandarin-like hybrids, “Fortune” (C. × clementina × “Orlando” tangelo) and “Mandared”
(C. × clementina “Nules” × C. × sinensis “Tarocco”).

To obtain fungal isolates, twig and leaf fragments (5 mm) were washed with tap
water, surface sterilised with a sodium hypochlorite solution (10%) for 1 min, immersed
in 70% ethanol for 30 s and rinsed in sterile distilled water (s.d.w.). After disinfection,
the fragments were blotted dry on sterilised filter paper, placed in Petri dishes on potato-
dextrose-agar (PDA; Oxoid Ltd., Basingstoke, UK) amended with 150 µg/mL streptomycin
and incubated at 25 ◦C until typical Colletotrichum colonies were observed. Sporulating
conidiomata from subcultures were collected, crushed in a drop of s.d.w. and spread in
Petri dishes over the surface of PDA amended with streptomycin to obtain single-conidium
isolates. After 24 h incubation at 25 ◦C, germinating conidia were individually transferred
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to Petri dishes onto PDA. Stock cultures of single-conidium isolates were mantained on
PDA slants under mineral oil at 5–10 ◦C in the culture collection of the Molecular Plant
Pathology laboratory of the Department of Agriculture, Food and Environment of the
University of Catania, Italy.

2.2. Fungal Isolates

A total of 119 single-conidium isolates of Colletotrichum from citrus, representing a
population of mass isolates around ten-fold larger, was characterised in this study (Table 1).

Table 1. Isolates of Colletotrichum sourced from different cultivars of Citrus species in Sicily (southern Italy) and Albania and
characterized in this study. * Tetraploid hybrid clementine ‘Nules’x sweet orange ‘Tarocco’.

Isolate
Code Species Host

(Species and Cultivar) Organ Geographical
Origin

Genbank
Accession

ITS-rDNA β-tubulin 2

AC1 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997785 MW001517

AC2 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997786 MW001518

AC3 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997787 MW001519

AC4 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997788 MW001520

AC5 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997789 MW001521

AC6 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997790 MW001522

AC7 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997791 MW001523

AC8 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997792 MW001524

AC9 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997793 MW001525

AC10 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997794 MW001526

AC11 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997795 MW001527

AC12 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997796 MW001528

AC13 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997797 MW001529

AC14 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997798 MW001530

AC15 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997799 MW001531

AC16 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997800 MW001532

AC17 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997801 MW001533

AC18 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997802 MW001534

AC19 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997803 MW001535

AC20 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997804 MW001536

AC21 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997805 MW001537

AC22 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997806 MW001538
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Table 1. Cont.

Isolate
Code Species Host

(Species and Cultivar) Organ Geographical
Origin

Genbank
Accession

AC23 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997807 MW001539

AC24 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997808 MW001540

AC25 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997809 MW001541

AC26 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997810 MW001542

AC27 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997811 MW001543

AC28 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997812 MW001544

AC29 C gloeosporioides. Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997813 MW001545

AC30 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997814 MW001546

AC31 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997815 MW001547

AC32 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997816 MW001548

AC33 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997817 MW001549

AC34 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ twig Ramacca (Ct)-Sicily MT997818 MW001550

AC35 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ leaf Ramacca (Ct)-Sicily MT997819 MW001551

AC36 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ leaf Ramacca (Ct)-Sicily MT997820 MW001552

AC37 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ leaf Ramacca (Ct)-Sicily MT997821 MW001553

AC38 C. gloeosporioides Sweet orange ‘Tarocco
Lempso’ leaf Ramacca (Ct)-Sicily MT997822 MW001554

ALL1A C. gloeosporioides Sweet orange ‘Lane
late’ leaf Augusta (Sr)-Sicily MT997843 MW001575

ALL1B C. gloeosporioides Sweet orange ‘Lane
late’ leaf Augusta (Sr)-Sicily MT997844 MW001576

ALL1C C. gloeosporioides Sweet orange ‘Lane
late’ leaf Augusta (Sr)-Sicily MT997845 MW001577

ALL1D C. gloeosporioides Sweet orange ‘Lane
late’ leaf Augusta (Sr)-Sicily MT997846 MW001578

ALL1E C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997847 MW001579

ALL1F C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997848 MW001580

ALL1G C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997849 MW001581

ALL1H C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997850 MW001582

ALL1I C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997851 MW001583

ALL1L C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997852 MW001584

ALL2A C.karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997853 MW001545

ALL2B C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997854 MW001585

ALL2C C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997855 MW001586
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Table 1. Cont.

Isolate
Code Species Host

(Species and Cultivar) Organ Geographical
Origin

Genbank
Accession

ALL2D C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997856 MW001587

ALL2E C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997857 MW001588

ALL2F C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997858 MW001589

ALL2G C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997859 MW001590

ALL2H C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997860 MW001591

ALL2I C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997861 MW001546

ALL2L C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997862 MW001547

ALL2M C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997863 MW001548

ALL2N C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997864 MW001549

ALL2O C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997865 MW001550

ALL2P C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997866 MW001551

ALL2Q C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997867 MW001552

ALL2R C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997868 MW001553

ALL2S C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997869 MW001554

ALL2T C. karstii Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997870 MW001555

ALL3A C. gloeosporioides Sweet orange ‘Lane
late’ twig Augusta (Sr)-Sicily MT997871 MW001592

ALL3B C. gloeosporioides Sweet orange ‘Lane
late’ twig Lentini (Sr)-Sicily MT997872 MW001593

ALL3C C. gloeosporioides Sweet orange ‘Lane
late’ twig Lentini (Sr)-Sicily MT997873 MW001594

ALL4A C. gloeosporioides Sweet orange ‘Lane
late’ twig Lentini (Sr)-Sicily MT997874 MW001595

ALL4B C. gloeosporioides Sweet orange ‘Lane
late’ twig Lentini (Sr)-Sicily MT997875 MW001596

ALL4C C. gloeosporioides Sweet orange ‘Lane
late’ twig Lentini (Sr)-Sicily MT997876 MW001597

ALL4D C. gloeosporioides Sweet orange ‘Lane
late’ twig Scordia (Ct)-Sicily MT997877 MW001598

F169 C. gloeosporioides Mandarin ‘Fortune’ twig Scordia (Ct)-Sicily MW506960 MW513961
F170 C. gloeosporioides Mandarin ‘Fortune’ twig Scordia (Ct)-Sicily MW506961 MW513962
F172 C. gloeosporioides Mandarin ‘Fortune’ twig Scordia (Ct)-Sicily MW506962 MW513963
F189 C. gloeosporioides Mandarin ‘Fortune’ twig Scordia (Ct)-Sicily MW506963 MW513964
F190 C. gloeosporioides Mandarin ‘Fortune’ twig Scordia (Ct)-Sicily MW506964 MW513965

F191 C. gloeosporioides Mandarin ‘Fortune’ twig Misterbianco
(Ct)-Sicily MW506965 MW513966

F224 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Misterbianco

(Ct)-Sicily MW506966 MW513967

F225 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Misterbianco

(Ct)-Sicily MW506967 MW513968

F226 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Misterbianco

(Ct)-Sicily MW506968 MW513969
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Table 1. Cont.

Isolate
Code Species Host

(Species and Cultivar) Organ Geographical
Origin

Genbank
Accession

F227 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Misterbianco

(Ct)-Sicily MW506969 MW513970

F239 C. gloeosporioides Sweet orange ‘Moro’ twig Carlentini
(Sr)-Sicily MW506970 MW513971

F253 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Misterbianco

(Ct)-Sicily MW506971 MW513972

F254 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Misterbianco

(Ct)-Sicily MW506972 MW513973

F256 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ leaf Misterbianco

(Ct)-Sicily MW506973 MW513974

SR 5 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Mineo (Ct)-Sicily MW506974 MW513975

SR6 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Mineo (Ct)-Sicily MW506975 MW513976

SR8 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Mineo (Ct)-Sicily MW506976 MW513977

SR12 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Mineo (Ct)-Sicily MW506977 MW513978

SR 15 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Mineo (Ct)-Sicily MW506978 MW513979

SR 19 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ twig Mineo (Ct)-Sicily MW506979 MW513980

SF 2 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ leaf Mineo (Ct)-Sicily MW506980 MW513981

SF 3 C. gloeosporioides Sweet orange ‘Tarocco
Scirè’ leaf Mineo (Ct)-Sicily MW506981 MW513982

SR 21 C. gloeosporioides Mandarin-like hybrid
‘Mandared’ * twig Mineo (Ct)-Sicily MW506982 MW513983

SR 23 C. gloeosporioides Mandarin-like hybrid
‘Mandared’ * twig Mineo (Ct)-Sicily MW506983 MW513984

SR 25 C. gloeosporioides Mandarin-like hybrid
‘Mandared’ * twig Mineo (Ct)-Sicily MW506984 MW513985

SR 28 C. gloeosporioides Mandarin-like hybrid
‘Mandared’ * leaf Mineo (Ct)-Sicily MW506985 MW513986

Citrus Ctrl 1 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997823 MW001555
Citrus Ctrl 2 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997824 MW001556
Citrus Ctrl 3 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997825 MW001557
Citrus Ctrl 4 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997826 MW001558
Citrus Ctrl 5 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997827 MW001559
Citrus Ctrl 6 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997828 MW001560
Citrus Ctrl 7 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997829 MW001561
Citrus Ctrl 8 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997830 MW001562
Citrus Ctrl 9 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997831 MW001563
Citrus Ctrl

10 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997832 MW001564

Citrus Ctrl
11 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997833 MW001565

Citrus Ctr
12 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997834 MW001566

Citrus Ctrl
13 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997835 MW001567

Citrus Ctrl
14 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997836 MW001568

Citrus Ctrl
15 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997837 MW001569

Citrus Ctrl
16 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997838 MW001570
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Table 1. Cont.

Isolate
Code Species Host

(Species and Cultivar) Organ Geographical
Origin

Genbank
Accession

Citrus Ctrl
17 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997839 MW001571

Citrus Ctrl
18 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997840 MW001572

Citrus Ctrl
19 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997841 MW001573

Citrus Ctrl
20 C. gloeosporioides Clementine mandarin twig Xarre-Albania MT997842 MW001574

UWS 149 C. acutatum Olea europaea fruit Agonis Ridge
WA-Australia JN121186 JN121273

C2 C. gloeosporioides Citrus x limon fruit Lamezia Terme
(CZ)-Calabria JN121211 JN121298

CAM C. karstii Camellia sp. leaf Sicily KC425664 KC425716

* holotype; ** epitype.

Mass isolates were obtained from symptomatic twigs and leaves and were preliminar-
ily separated into two groups on the basis of morphotype, i.e., colony morphology, radial
growth rate on PDA at 25 ◦C and microscopical traits, such as the shape and size of conidia
and the presence of setae. About 10% of mass isolates of each morphotype and from each
site were selected randomly and a single-conidium isolate was obtained from each selected
mass isolate. A C. acutatum s.s. isolate (UWS 149) from olive (Olea europaea) sourced in
Australia and a C. gloeosporioides s.s. isolate (C2) from lemon (Citrus × limon), sourced in
Calabria [29], as well as a C. karstii (CAM) from Camellia sp., sourced in Sicily [26], were
used as references in growth and pathogenicity tests.

2.3. Morphological Characteristics and Optimum Growth Temperature of Isolates

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

Optimum temperature for radial growth was determined only for a restricted num-
ber of isolates of the two morphotypes and also for isolates of C. acutatum (UWS 149),
C. gloeosporioides (C2) and C. karstii (CAM) used as references. Agar plugs (5-mm-diam)
were taken from the edge of actively growing cultures on PDA and transferred to the centre
of 9-cm diameter Petri dishes containing PDA. Dishes were incubated at 20, 25 and 30 ◦C
in the dark (three replicates per each temperature and per each isolate). Two orthogonal
diameters were measured per each colony after 3 and 7 d incubation. The experiment was
repeated once with similar results, so results of only one experiment are reported.

2.4. DNA Extraction, PCR Amplification and Sequencing

Genomic DNA was extracted from single-conidium Colletotrichum isolates using the
method described in Cacciola et al. [30]. The ITS1–58S–ITS2 region and the fragment of
the β-tubulin 2 gene (TUB2) between exons 2 and 6 were amplified and sequenced from
a complete panel of isolates as described in a previous paper [30]. Amplified products
were analyzed by electrophoresis and single bands of the expected size were purified with
the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and sequenced with both
forward and reverse primers by Macrogen Europe (Amsterdam, The Netherlands). The
ChromasPro v. 1.5 software [31] was used to evaluate 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 re-
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sequenced. The ITS and TUB2 sequences obtained in the present study were deposited in
GenBank and the relative accession numbers are reported in Table 1. Validated sequences
representative of all species identified within the 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 a reference (Table 2).

Table 2. GenBank accession numbers of sequences of the isolates of worldwide origin used as references in phylogenetic
analyses.

Species Isolate Clade Origin Host Source
GenBank Accession Number

ITS-rDNA β-tubulin 2

C. acutatum ** IMI 117620 acutatum Australia C.papaya [32] FJ788417 FJ788419
C. aenigma * ICMP 18608 gloeosporioides USA Persea americana [23] JX010244 JX010389

C. aeschynomenes * ICMP 17673 gloeosporioides USA A. virginica [23] JX010176 JX010392
C. alatae * CBS 304.67 gloeosporioides India Dioscorea alata [23] JX010190 JX010383

C. alienum * ICMP 12071 gloeosporioides New Zealand Malus domestica [23] JX010251 JX010411
C. annellatum * CBS 129826 boninense Colombia Hevea brasiliensis [14] JQ005222 JQ005656

C. aotearoa * ICMP 18537 gloeosporioides New Zealand Coprosma sp [23] JX010205 JX010420
C. beeveri * CBS 128527 boninense New Zealand B. repanda [14] JQ005171 JQ005605

C. boninense * CBS 123755 boninense Japan C. asiaticum var.
sinicum [14] JQ005153 JQ005588

C. brasiliense * CBS 128501 boninense Brazil Passiflora edulis [14] JQ005235 JQ005669
C. brisbaniense * CBS 292.67 acutatum Australia C. annuum [22] JQ948291 JQ949942

C. carthami ** SAPA100011 acutatum Japan C. tinctorium [33] AB696998 AB696992
C. clidemiae * ICMP 18658 gloeosporioides USA Clidemia hirta [23] JX010265 JX010438

C. colombiense * CBS 129818 boninense Colombia Passiflora edulis [14] JQ005174 JQ005608
C. fioriniae * CBS 128517 acutatum USA Fiorinia externa [22] JQ948292 JQ949943

C. gloeosporioides ** CBS 112999 gloeosporioides Italy Citrus sinensis [14] JQ005152 JQ005587
C. gloeosporioides * STE-U4295 gloeosporioides Italy Citrus sp. [34] AY376532 AY376580

C. godetiae * CBS 133.44 gloeosporioides Denmark Clarkia hybrida [14] JQ948402 JQ950053

C. karstii * CBS 132134/
CORCG6 boninense China Vanda sp. [35] HM585409 HM585428

C. paspali * MAFF 305403 graminicola Japan P. notatum
Fluegge [36] EU554100 JX519244;

C.truncatum ** CBS 151.35 truncatum USA Phaseolus lunatus [36] GU227862 GU228156

* ex-holotype; ** epitype.

Phylogenetic analysis was conducted for the ITS and TUB2 sequences, as well as
for the combined data set of the two markers using maximum likelihood and Bayesian
methods. TOPALi v2 [37] was used to determine the substitution model that best fitted
the data. The model HKY + I + G was selected for the Bayesian and maximum likelihood
phylogenetic analysis using MrBayes v. 3.1.1 and PhyML v. 2.4.5, respectively, implemented
in TOPALi. Bayesian analysis was performed with four runs conducted simultaneously
for 500,000 generations with 10% sampling frequency and burn-in of 30%. Maximum
likelihood was performed with 100 bootstrap replicates.

2.5. Pathogenicity Test

The pathogenicity of all 119 single-conidium isolates of Colletotrichum from citrus and
the reference isolates of C. acutatum, C. gloeosporioides and C. karstii was tested on mature
apple fruits (Malus domestica) ‘Fuji’ and ‘Cripps Pink’. The assay on apples was included
in this study as it was often used as a standard method to evaluate the pathogenicity of
Colletotrichum spp. from various host-plants [38]. Apples (three apples per fungal isolate)
were wound inoculated by removing aseptically a piece of tissue (3 mm side) using a
scalpel, then inserting a mycelim plug of the same size upside down into the pulp of
the fruit and putting back in place the piece of tissue. A sterile agar plug was inserted
into control apples. Apples were incubated at 25 ◦C and the area of the external lesion
was measured seven days post inoculation (d.p.i.). In a preliminary test using a set of
isolates, including the reference isolates of C. acutatum (UW 149), C. gloeosporioides (C2) and
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C. karstii (CAM), no difference in susceptibility was observed between ‘Fuji’ and ‘Cripps
Pink’ apples, so in subsequent tests of the 119 Colletotrichum isolates sourced from citrus
during the survey and the reference isolates of the three Colletotrichum species fruits of the
two apple cultivars were used indifferently depending on the availability.

The pathogenicity of a more restricted subset of isolates, including four C. gloeospo-
rioides isolates from citrus (one, Citrus ctrl 1, sourced in Albania, and three, AC5 and
AC24 from twigs and AC38 from leaf, sourced in Italy) two C. karstii isolates (ALL2I and
ALL2S sourced in Italy) and the reference isolates of C. acutatum from olive (UWS 149), C.
gloeosporioides (C2) from lemon and C. karstii (CAM) from camellia, was tested on different
citrus plant organs, including young twigs of sweet orange ‘Tarocco Scirè’, lemon (C. ×
limon) ‘Femminello 2Kr’ and bergamot (C. × bergamia) ‘Fantastico’, young and mature
expanded leaves of sweet orange ‘Moro’ and ‘Navelina’, mature fruit of sweet orange
‘Tarocco Meli’ and lemon ‘Femminello 2Kr’ as well as green fruitlets of lemon ‘Femminello
2Kr’.

On 1 June 2020, twigs (around 0.5 cm diameter) were wound inoculated using a
scalpel to lift a strip of bark and insert under the bark, upside down and in contact with the
cambium, a mycelium plug (3 mm side) taken from the edge of an actively growing culture
on PDA. A plug of sterile agar was inserted under the bark of control twigs. The wounds
were sealed tightly with Parafilm®. Inoculations were carried out on four-year-old trees in
an experimental field in the municipality of Mineo. Six twigs on each tree were inoculated
and six served as a control. The length of necrotic lesions was recorded at 14 d.p.i. The
experimental design was a complete randomized block with three replicates (trees) per
each citrus variety and Colletotrichum isolate combination. The experiment was repeated
on June 30th and the data of the two experiments were analyzed separately.

The same Colletotrichum isolates were used to inoculate fruits and leaves, to test
their ability to produce symptoms of anthracnose. Ripe sweet orange and lemon fruits
were surface disinfected with 70% ethanol, rinsed with s.d.w., blotted dry and inoculated
by wounding and without wounding. Unwounded fruits were inoculated by putting
mycelium plugs (3 mm side) directly on the peel (two plugs on the upper side of each fruit
placed horizontally, four cm apart from each other). Control fruits received sterile agar
plugs. The same number of fruits was inoculated using a scalpel to remove aseptically
two small pieces (3 mm side) of peel, four cm apart from each other. Mycelium plugs
of the same size were inserted upside down into the albedo and the peel pieces were
replaced to cover the wounds. Sterile agar plugs were inserted into the albedo of control
fruits. After inoculation, fruits were placed in humid chambers (plastic boxes with air-
tight lid) on plastic rings to avoid direct contact with the humid paper and incubated
at 25 ◦C under 16/8 h light/dark photoperiod and 90% RH. Symptoms were recorded
three, six and 12 d.p.i. Four replicated fruits for each inoculation method (wounding and
without wounding) and Colletotrichum isolate combination were included in each of the
two separate experiments, one with mature sweet orange fruit and the other with mature
lemon fruit, respectively. In a separate trial the same Colletotrichum isolates were inoculated
on unripe fruitlets of lemon ‘Feminello 2Kr’. Differently from tests on mature fruit, each
fruitlet was inoculated with a single plug instead of two. Symptoms were recorded three
and six d.p.i.

Expanded young (from summer vegetative flushing) and mature (from spring or
previous year vegetative flushing) leaves of sweet orange ‘Moro’ and ‘Navelina’ were
collected on 2 October 2020 in the same citrus orchard, surface disinfected with 70%
ethanol, washed with s.d.w., blotted dry and transferred to a humid chamber (plastic boxes
with air-tight lid) on blotting paper soaked with s.d.w. and covered with aluminium foil
to avoid direct contact between leaves and water. Leaves were inoculated on the abaxial
side by wounding and without wounding. A razor blade was used to gently scrape the
surface of the leaf lamina so as to create small (2 mm side) superficial lesions (six lesions
per leaf, three on each side of the midrib). A mycelium plug (3 mm side) taken from the
edge of an actively growing culture on PDA was put on each lesion with the side covered
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by mycelium in contact with the leaf surface. Six mycelium plugs (three on each side of the
midrib) were placed on the lamina of unwounded leaves. Sterile agar plugs were placed on
both wounded and unwounded leaves used as controls. Leaves were incubated in humid
chamber at 25 ◦C under 16/8 h light/dark photoperiod and 90% RH and symptoms were
recorded at five d.p.i. The experimental design was a complete randomized block with
four replicates (leaves) for each citrus variety, type of leaf (young or mature), inoculation
method (wounded or unwounded) and Colletotrichum isolate combination.

Colletotrichum isolates used in pathogenicity tests were re-isolated from the lesions
and identified based on colony morphology to fulfil Koch’s postulates. The identity of the
isolates obtained from artificially inoculated symptomatic twigs, fruit and leaves was also
confirmed by sequencing the ITS and TUB2 regions.

2.6. Statistical Analysis

Data from pathogenicity tests were analyzed using RStudio v.1.2.5 (R) [39]. The means
of surface areas of necrotic lesions induced by different Colletotrichum isolates were com-
pared and analyzed by one-way Analysis of Variance (ANOVA) coupled with Tukey-
Kramer Honestly Significant Difference (HSD) test. Likewise, ANOVA and Tukey-Kramer
Honestly Significant Difference (HSD) test were applied for statistical analysis of the dif-
ferences between mean colony diameters in radial growth tests of isolates at different
temperatures. When comparing independent groups, Student’s t-test was used. Levene’s
test was used to determine the homogeneity of variance between independent trials. No
heterogeneity was detected and data from independent trials were combined.

3. Results

In all surveyed orchards, outbreaks of Colletotrichum twig and shoot dieback of citrus
were observed from April to October on both young and mature trees and always following
strong winds, occurring on trees suffering because of water stress after prolonged drought.
Symptoms included blight and gumming of twigs (Figure 1B,C), defoliation and crown
thinning as well as necrotic blotches, russeting of the abaxial side and mesophyll collapse
of leaves remained still attached to the twigs (Figure 1D). In most severe cases, dieback of
entire branches (Figure 1A) and death of young (one- to three-year-old) trees were observed.
The incidence of the disease in a single orchard varied greatly irrespective of the age of the
trees. In most orchards, affected trees were scattered and only a few twigs or shoots were
symptomatic within a tree while in a few orchards more than 80% of trees were more or
less seriously affected.

Symptoms were often severe on the top of the canopy of mature trees and on trees
exposed to wind and suffering because of drought. Overall, about 1200 Colletotrichum
isolates were sourced in Sicily, 93% from twigs and 7% from leaves. About 180 isolates
were sourced in Albania, all from twigs. All the isolates from Albania showed the same
morphology.

Colonies of these isolates on PDA were low-convex, fast-growing (10–11 mm average
growth per day at 25 ◦C), with entire margin and dense, cottony, aerial mycelium, initially
white turning to pale grey and salmon pink conidial mucilaginous masses in the centre of
the colony, dark acervuli scattered over all the surface in old colonies. Colony reverse was
pale orange to uniformly grey. Single-celled conidia were, hyaline, smooth, cylindrical with
both ends rounded; the range of their dimensions was 11–15 × 4–6 µm. Setae were common
in most isolates. Conversely, Colletotrichum isolates from Italy were separated into two
clearly distinct groups on the basis of morphotype (Figure 2). The first group, encompassing
the majority of isolates and including isolates from both twigs and leaves, showed the same
morphotype as isolates from Albania. The second group, encompassing about 100 mass
isolates from twigs sourced from sweet orange ‘Lane Late’ in the municipality of Augusta,
showed a different morphotype. Colonies on PDA were less fast growing (8 mm average
growth per day at 25 ◦C) and flat, with entire margin, mycelium appressed and moderately
dense, white-orange to pale gray-orange, minute salmon orange conidium masses scattered
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over all the surfaces. The colony reverse was pale orange. Conidia were single-celled,
hyaline, smooth, cylindrical with both ends rounded; the range of their dimensions was
10–17 × 4–6 µm. Setae were exceedingly rare or absent in most isolates.
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Figure 2. Morphology of 6-day-old colonies of Colletotrichum gloeosporioides (AC24, AC38, AC5, C2 and Citrus ctrl1), C. 
acutatum (UWS 149) and C. karstii (ALL 2I and CAM) grown on potato-dextrose-agar at 25 °C in the dark. 
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of ‘Tarocco Scirè’ sweet orange. Conidiomata of Colletotrichum are visible on necrotic lesions as black pin point-dots.

The phylogenetic analysis of the combined data set of sequences from ITS and TUB2
regions of all single-conidium Colletotrichum isolates from citrus sourced in Albania and
southern Italy (Table 1), along with sequences of the isolates of C. acutatum (UWS 149), C.
gloeosporioides (C2) and C. karstii (CAM) used as references and the reference sequences
of Colletotrichum species separated within the C. gloeosporioides and C. boninense species
complexes, produced a phylogenetic tree (Figure 3) with a similar topology and high
concordance with those reported by the authors who revised the systematics of these
species complexes using multigene sequence analysis [14,22,23].

All the isolates from Albania and the isolates from southern Italy with the same mor-
photype were identified as C. gloeosporioides because they clustered (bootstrap values 100%)
with the ex-type isolate of this species. Conversely, the 10 single-conidium isolates from
the municipality of Augusta showing a distinct morphotype clustered (bootstrap values
100%) with ITS and TUB2 region sequences of reference isolates of C. karstii, including the
culture from holotype isolate CBS 132134/CORCG6 and the isolate CAM from camellia
sourced in Sicily. Sequences of isolates of both C. gloeosporioides and C. karstii were clearly
distinct from reference sequences of C. acutatum.

All selected isolates of both C. gloeosporioides and C. karstii as well as the reference
isolate of C. acutatum grew faster at 25 than at 30 and 35 ◦C. However, at 30 and 35 ◦C
the C. gloeosporioides isolates were less inhibited than isolates of the other two species,
indicating they were more thermofilic. In particular, the radial growth of C. gloeosporioides
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isolates at 30 ◦C was reduced only by 7 to 11% compared to the growth at 25 ◦C, and by 16
to 30% at 35 ◦C. Conversely, the growth of C. karstii isolates was reduced by 55 to 60% at
30 ◦C and by 75 up to 79 % at 35 ◦C. The growth of the reference isolate of C. acutatum was
dramatically reduced at 30 and 35 ◦C, by 79 and 88% respectively (Table 3).
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Figure 2. Morphology of 6-day-old colonies of Colletotrichum gloeosporioides (AC24, AC38, AC5, C2
and Citrus ctrl1), C. acutatum (UWS 149) and C. karstii (ALL 2I and CAM) grown on potato-dextrose-
agar at 25 ◦C in the dark.

Table 3. Mean radial growth rates of colonies of Colletotrichum spp., isolates on PDA at three different
temperatures, as determined after 7 d of incubation.

Colletotrichum spp. Isolate 25 ◦C (mm d−1)
Mean ± S.D. a

30 ◦C (mm d−1)
Mean ± S.D. a

35 ◦C (mm d−1)
Mean ± S.D. a

C. acutatum UWS 14 57 ± 0.6 12 ± 0.5 8 ± 0.3
C. gloeosporioides AC 24 79 ± 0.5 70 ± 0.8 64 ± 1.2
C. gloeosporioides Citrus ctrl1 76 ± 0.6 70 ± 1.6 53 ± 17.6
C. gloeosporioides AC 5 75 ± 0.6 69 ± 0.6 63 ± 1.8
C. gloeosporioides C2 75 ± 0.8 68 ± 0.3 63 ± 0.3
C. gloeosporioides AC 38 73 ± 1.1 67 ± 1.3 62 ± 0.6

C. karstii ALL 2I 57 ± 5.4 26 ± 1.9 12 ± 0
C. karstii CAM 56 ± 1.1 22 ± 0.8 25 ± 0.3

a Mean of three replicate Petri dishes.

In pathogenicity tests on apples, all isolates were pathogenic. However, symptoms
induced on apples by isolates of the three tested Colletotrichum species were different.
Necrotic lesions induced by the C. gloeosporioides isolates were dark brown, with a definite
margin and black conidiomata emerging from the surface in concentric rings (Figure 4A).

Lesions induced by the C. acutatum isolate were pale brown with an irregular margin,
a faint white aerial mycelium around the inoculation wound and point-like orange masses
of conidia scattered over the surface of the lesion (Figure 4B). Lesions on apples inoculated
with C. karstii isolates were restricted, dark brown with a faint white mycelim emerging
from the wound and without sign of sporulation (Figure 4C). No significant difference in
virulence was found between isolates of the same species irrespective of their origin, so data
of all isolates belonging to the same species were pooled together. C. gloeosporioides isolates
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and the reference isolate of C. acutatum were significantly more virulent than isolates of
C. karstii (Figure 5).
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Figure 3. Phylogenetic tree obtained using combined internal transcribed spacers (ITS) and β-tubulin
(TUB2) sequences of isolates of Colletotrichum spp. collected in the present study along with reference
isolates of C. karstii, C. gloeospoiroides, and other representative species of the other Colletotrichum
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boninense, C. gloeosporioides and C. acutatum species complex. 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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(C) Necrotic lesion induced by a Colletotrichum karstii isolate on a wound inoculated apple seven d.p.i.
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Figure 5. Mean area (± SD) of necrotic lesions (mm2) induced by Colletotrichum gloeosporioides (GLO),
C. karstii (KAR) and C. acutatum (ACU) isolates on wound inoculated apples, seven d.p.i. Values
sharing same letters are not statistically different according to Tukey’s honestly significant difference
(HSD) test (p ≤ 0.05).

In in-field tests on twigs of sweet orange, lemon and bergamot the isolates of C. gloeospo-
rioides and C. acutatum were more aggressive than isolates of C. karstii. Isolates of C. acutatum
and C. gloeosporioides induced gumming in twigs of all three citrus species while isolates of
C. karstii induced gumming only in bergamot twigs (Figure 6A–C).

Mean length of necrotic lesion of the bark induced by the C. gloeosporioides and C. acu-
tatum isolates was significantly higher than the length of lesions induced by the C. karstii
isolates (Figure 7). In twigs inoculated with C. karstii isolates, the necrotic lesion was local-
ized around the inoculation point and the wound healed rapidly. No significant difference
in lesion size was observed between sweet orange, lemon and bergamot twigs. Likewise,
no significant difference in virulence, as determined on the basis of the size of the necrotic
lesion, was observed between isolates of the same Colletotrichum species so data of all
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isolates belonging to the same species were pooled together. On control twigs, inoculation
wounds healed rapidly without any symptoms of necrosis or gummosis.
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Figure 6. (A) Gumming on a twig of lemon ‘Femminello 2Kr’ wound inoculated with a Colletotrichum gloeosporioides isolate
14 d.p.i. (B) Gumming on a twig of bergamot ‘Fantastico’ wound inoculated with a Colletotrichum gloeosporioides isolate
14 d.p.i. (C) Twigs of bergamot ‘Fantastico’ wound inoculated with Colletotrichum karstii (left) and C. gloeosprioides (right)
14 d.p.i. The bark was removed to show the internal symptoms: the twig on the left shows a gum impregnation of the
young xylem and a cicatricial tissue around the inoculation point while the twig on the right shows a profuse gumming
extending beyond the inoculation point.
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Cells 2021, 10, 449 16 of 23

In tests on green and mature fruit as well as on tender and mature leaves Colletotrichum
isolates were able to induce lesions only after wounding. In pathogenicity tests on mature
fruit of sweet orange and lemon, C. gloeosporioides isolates were more aggressive than
isolates of C. karstii even on fruits. Isolates of both species induced a brown necrotic
halo around the inoculation wound and the necrosis extended deep into the albedo
(Figure 8A,B), but the mean size of lesions induced by the C. gloeosporioides isolates was
greater than the mean size of lesions induced by the C. karstii isolates on both sweet orange
and lemon (Figure 9). No significant difference in virulence, as determined based on the
average size of the necrotic lesion, was observed between isolates of the same Colletotrichum
species so data of isolates belonging to the same species were pooled together (Figure 9).
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Figure 8. (A) Necrotic lesions around the inoculation point in a fruit of sweet orange ‘Tarocco Meli’ wound inoculated with
an isolate of Colletotrichum gloeosporioides 12 d.p.i.; the peel has been removed to show that the necrosis extends into the
albedo. (B) Necrotic lesions around the inoculation point in a fruit of lemon ‘Femminello 2Kr’ wound inoculated with
an isolate of Colletotrichum gloeosporioides 12 d.p.i.; the peel has been removed to show that the necrosis extends into the
albedo. (C) Aerial mycelium developed on the two inoculation points in a fruit of sweet orange ‘Tarocco Meli’ wound
inoculated with the reference isolate of Colletotrichum acutatum 12 d.p.i.; the peel has been removed to show the necrotic
lesion extending into the albedo lined by an orange coloured cicatricial tissue. (D). Aerial mycelium growing on the two
inoculation points in a fruit of lemon ‘Femminello 2Kr’ wound inoculated with the reference isolate of Colletotrichum
acutatum 12 d.p.i.; the peel has been removed to show the necrotic lesion extending into the albedo.

The reference isolate of C. acutatum induced quite peculiar symptoms on both sweet
orange and lemon fruit as the inoculation wounds were covered by a white, cottony aerial
mycelium, which masked the lesion. The necrosis extended into the albedo and reached its
maximum extent 6 d.p.i., but did not expand further (Figure 8C,D).

As a consequence, the area of the external necrotic lesion cannot be measured and
direct comparison with isolates of the other two Colletotrichum species was not possible in
terms of virulence. No symptoms were observed on control fruits.

On green fruitlets of lemon differences of symptoms induced by isolates of the three
Colletotrichum species were almost exclusively qualitative. All C. gloeosporioides and C. karstii
isolates induced gumming and a very restricted necrotic lesion around the inoculation point
(Figure 10A,C) while fruitlets inoculated with the C. acutatum isolate showed gumming and
an abundant white aerial mycelium covering the lesion (Figure 10B). Symptom appeared
three d.p.i. and did not evolve further over the next three days. The only symptom on
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control fruitlets was the necrosis of tissue plug removed temporarily to inoculate the
fruitlets and replaced to plug the inoculation wound.
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Figure 9. Mean area (mm2) of necrotic lesions (± SD) induced by isolates of Colletotrichum gloeosporioides b (GLO) (five
isolates) and C. karstii c (KAR) (three isolates) a on wound inoculated fruits of sweet orange ‘Tarocco Meli’ and lemon
‘Femminello 2Kr’, 12 d.p.i. Values sharing same letters are not statistically different according to Tukey’s honestly significant
difference (HSD) test (p ≤ 0.05). a Four fruits for each citrus species and two inoculation wounds per fruit. b Means of
40 replicates. c Means of 24 replicates.
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Figure 10. (A) Aerial gray mycelium and gum exudate on green fruitlets of lemon ‘Femminello 2Kr’ wound inoculated with
an isolate of Colletotrichum gloeosporioides 6 d.p.i. (B) Aerial white mycelium and gum exudate on green fruitlets of lemon
‘Femminello 2Kr’ wound inoculated with the reference isolate of Colletotrichum acutatum 6 d.p.i. (C) Aerial gray mycelium
and gum exudate on green fruitlets of lemon ‘Femminello 2Kr’ wound inoculated with an isolate of Colletotrichum karstii
6 d.p.i.

All Colletotrichum isolates induced circular necrotic lesions on young leaves of both
‘Navelina’ and ‘Moro’ (Figure 11A–D) while the only symptom induced on mature leaves
of these two sweet orange cultivars was a translucid, very restricted dark brown halo
around the inoculation point. No symptoms were observed on both young and mature
control leaves.

Slight, albeit significant, differences in susceptibility were observed between ‘Moro’
and ‘Navelina’, the latter being more susceptible to the infection of aggressive isolates.
There were, in fact, significant differences in virulence among the Colletotrichum isolates
tested. Unexpectedly, the two heterologous isolates, i.e., the C. acutatum reference isolate
from olive and the C. karstii reference isolate from camellia, were the most aggressive. Both
the C. karstii isolates recovered from ‘Lane Late’ showed an intermediate virulence while
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the C. gloeosporioides isolates were slightly less virulent and did not differ significantly
between each other (Figure 12).
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4. Discussion

A new disease of citrus, named twig and shoot dieback or Colletotrichum twig and
shoot dieback to stress its association with pathogenic Colletotrichum species, and recently
observed in California, is reported for the first time from two citrus growing countries of
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the Mediterranean region, Albania and Italy, where it was found to be quite common and
widespread. According to the modern taxonomy of Colletotrichum based prevalently on
multilocus sequence phylogeny and consistently with the results obtained in California,
the Colletotrichum species associated with twig and shoot dieback of citrus in Albania
and Italy were identified as C. gloeosporioides s.s., in the C. gloeosporioides species complex,
and C. karstii, in the C. boninense species complex. Colletotrichum gloeosporioides was the
only species associated with twig and shoot dieback in Albania and by far the prevalent
species associated with this syndrome in Sicily. C. gloeosporioides is reported for the first
time as a pathogen of citrus in Albania. Differently from C. gloeosporioides, C. karstii was
found only sporadically, accounting for just around one third of the Colletotrichum isolates
retrieved from a single sampling site in Sicily. The results of in-field tests provided evidence
that both Colletotrichum species were pathogens on twigs of different citrus species, but
C. gloeosporioides was more aggressive than C. karstii, indicating the former species was
the main causative agent of twig and shoot dieback in surveyed areas. By contrast, in
California C. karstii was proved to be more virulent than C. gloeosporioides [5]. To explain
this discrepancy one can only speculate that populations of C. gloeosporioides and C. karstii
associated to citrus in California are different from populations of these two species from
the Mediterranean region. However, no general conclusion can be drawn as in pathogenic-
ity tests performed in California only a single isolate of C. gloeosporioides and a single isolate
of C. karstii were compared [5]. In agreement with our results, previous studies aimed at
identifying the Colletotrichum species associated to citrus anthracnose in China and Europe,
showed that among the Colletotrichum species recovered from citrus groves C. gloeospo-
rioides was the most common and the most virulent on detached citrus fruits [17,25,27].
No significant intraspecific variability in virulence was observed among the isolates of
C. gloeosporioides and C. karstii recovered from citrus in Albania and Italy. However, evi-
dence from other studies indicate the pathogenicity of isolates of both C. gloeosporioides
and C. karstii may vary even within populations originating from the same host-plant and
geographic area. Marked differences in pathogenicity were reported among isolates of
C. gloeosporioides from citrus sourced in Tunisia as well as among C. gloeosporioides isolates
from olive sourced in Italy [19,26]. In Portugal, an isolate of C. karstii from sweet orange
was as virulent as an isolate of C. gloeosporioides from lemon when inoculated on sweet
orange fruits and significantly less virulent when inoculated on lemon and mandarin
fruits [10]. In this study, all tested isolates of C. gloeosporioides were more aggressive on
twigs than isolates of C. karstii irrespective of their origin.

Colletotrichum gloeosporioides, both in a broad (C. gloeosporioides species complex) and
in a strict sense (C. gloeosporioides s.s.), has a wide host range and is the most common
Colletotrichum species associated to symptoms of citrus anthracnose globally [8,17,23–25,40–
42]. In this study, all isolates of C. gloeosporioides recovered from trees with symptom of
twig and shoot dieback in Albania and Sicily were overly aggressive and were able of
inducing anthracnose symptoms on fruits and leaves, as well as necrosis and gumming on
twigs of different citrus species.

C. karstii is also a polyphagous species and among the species in the C. boninese
complex it is the most common and the one reported from a greater number of countries
and different geographical areas [14]. In Italy, it was recovered from several host-plants
including olive (Olea europaea), and there is evidence of it as a citrus inhabitant in southern
Italy since the 1990s [26,43]. In this study, isolates of C. karstii retrieved from citrus were less
virulent than isolates of C. gloeosporioides on artificially inoculated fruits and twigs of both
sweet orange and lemon. However, isolates of C. karstii from citrus demonstrated to be
more virulent than C. gloeosporioides isolates on young leaves of sweet orange. This agrees
with previous reports indicating this Colletotrichum species is a common foliar pathogen of
citrus [10,23–25]. In a previous study aimed at characterizing the Colletotrichum species in
the C. gloeosporioides and C. boninense complexes associated with olive anthracnose, C. karstii
isolates from olive showed a low level of virulence on olive drupes, suggesting this species
was an occasional pathogen on olive [26].
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Overall the results of this survey do not support the hypothesis of organ specificity as
a factor determining the prevalence of a Colletotrichum species over another in citrus trees
affected by twig and shoot dieback. It is likely that the proportion of C. gloeosporioides and
C. karstii isolates recovered in this study and the distribution of these two Colletotrichum
species in surveyed areas depend on other factors conditioning their fitness and adaptative
capacity. In the years following the revision of the systematics of C. gloeosporioides and
C. boninense species complexes that led to the segregation of C. karstii as a distinct species
within the C. boninense complex, C. karstii has been increasingly reported from several
citrus growing countries, including China, Iran, Italy, New Zealand, Portugal, South Africa,
Tunisia, Turkey and USA, always in association with other Colletotrichum species, mainly
C. gloeosporioides [5,10,19,20,23,24,27,28]. This does not imply necessarily that C. karstii
is an emerging pathogen sensu [4]. It seems more likely that the proliferation of reports
of this Colletotrichum species on citrus from diverse and distant geographical areas is a
consequence of the taxonomic revision of the C. gloeosporioides and C. boninense species
complexes based on multilocus phylogenetic analysis, which provided a framework for a
correct identification of already present cryptic species.

In the present study, a third Colletotrichum species included as a reference, C. acutatum
s.s., was shown to be as virulent as C. gloeosporioides on artificially inoculated twigs of
different citrus species while on fruits of sweet orange and lemon induced symptoms
different from the typical anthracnose. Interestingly, shoot blight is one of the symptoms
of KLA, a disease caused by C. limetticola, also a species in the C. acutatum complex and
affecting exclusively Key lime [14,44]. The only report of C. acutatum s.s. on citrus in Europe
is from a small island of the Aeolian archipelago, north of Sicily, where it was recovered
from leaves of lemon and sweet orange [17]. Yet this polyphagous Colletotrichum species,
probably originating from the southern hemisphere, is already established in southern Italy
on different host-plants and is replacing C. godetiae (syn. C. clavatum) as the main causal
agent of olive anthracnose in Calabria [45–47]. In addition, there is evidence of its presence
on oleander in Sicily since 2001 [29]. The threat posed by this exotic Colletotrichum species
as a potential citrus pathogen in the Mediterranean region deserves particular attention.

The sudden outbreak of twig and shoot dieback in vast areas following winds and
prolonged drought presupposes an inoculum already present and widespread throughout
the citrus orchards. As a matter of fact, Colletotrichum gloeosporioides and C. karstii, like
many other Colletotrichum species, may have different lifestyles. They may be latent
pathogens, endophytes, epiphytes or saprobes and switch to a pathogenic lifestyle when
host plants are under stress [48]. As stress factors have a fundamental role in triggering the
infection by Colletotrichum species, twig and shoot dieback may be regarded as a complex
disease, a definition also encompassing other emerging citrus diseases, such as dry root rot
incited by species of Fusarium s.l. [49–51]. A common feature of this type of diseases is the
difficulty in reproducing the syndrome in experimental conditions as even wounding may
only partially substitute environmental stresses and cannot reproduce alone the effects
of different stressors acting simultaneously on host-plant. This may explain the failure
in reproducing all field symptoms of Colletotrichum twig and shoot dieback by artificial
inoculations [5].

5. Conclusions

This study provided evidence that the new disease of citrus named twig and shoot
dieback emerging in the Mediterranean region is caused by Colletotrichum gloeosporioides,
and occasionally by C. karstii. Consistently with the results of this study, both C. gloeospo-
rioides and C. karstii were found to be associated with the disease in Central Valley in
California, but the proportion and distribution of the two Colletotrichum species in citrus
groves of California, Albania and Italy were different. In Albania and Italy, winds and
drought were identified as the stress factors predisposing the host-plant to the infections
by Colletotrichum spp. and allowing these ubiquitous fungi to switch from a endophytic or
saprophytic to a pathogenic lifestyle, while in California the predisposing stress factors
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have not yet been precisely determined [5,52]. A better understanding of both the diversity
of Colletotrichum species, associated with twig and shoot dieback of citrus, and the factors
triggering the outbreaks of this disease is basilar for developing effective management
strategies. In California, the effectiveness of chemical treatments with fungicides, including
strobilurins (azoxystrobin, pyraclostrobin and trifloxystrobin), triazoles (fenbuconazole)
and copper fungicides, are being investigated as part of an integrated disease manage-
ment strategy. A more sustainable management strategy, compatible with organic farming,
should privilege measures aimed at both preventing or mitigating the effect of predisposing
factors and reducing the amount of inoculum of Colletotrichum in the orchard, such as
proper management of the irrigation to avoid water stress, use of windbreaks to protect
the trees from winds and pruning to remove withered twigs and branches and stimulate
new vegetation flushing.
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Chapter. 7 

General conclusions 
 

Fungal plant pathogens are among the foremost biotic factors that cause devastating diseases in crops 

(Doehlemann et al., 2017). About 8,000 species of fungi and oomycetes are responsible for diseases in 

plants (Horst, 2008; Fisher et al., 2020). Pathogenic fungi infect plants at any phase from the seedling stage 

to the seed maturity stage under natural environmental conditions, either alone or in concert with other 

pathogens (Narayanasamy, 2011).  

Case studies included in this PhD thesis describe diseases that can cause significant losses in yield, quality 

and quantity in various agricultural systems of economically important horticultural and forest plant 

species. 

Accurate diagnosis of diseases, i.e.  the identification of causative agents, is a prerequisite for the 

development of rational and effective disease management strategies (Hariharan & Prasannath, 2021). This 

PhD thesis illustrates original examples of applications of molecular techniques based on PCR in the 

diagnosis of fungal plant diseases. Examples include the validation of different specific diagnostic methods 

for routine detection of Fusarium circinatum, a pathogen of quarantine concern in Europe. But it also 

reports examples of the correct identification of fungal pathogens, causing emerging or re-emerging 

diseases of crops of relevant economic importance in the Mediterranean macroregion, such as scabby 

canker of cactus pear, whose causal agent was identified as Neofusicoccum batangarum, twig and shoot 

dieback of citrus, a complex disease caused by  Colletotrichum species, bot gummosis of lemon, whose 

causal agent  in southern Italy was identified as Neofusicoccum parvum, and heart rot of pomegranate 

incited by Alternaria  alternata and A. arborescens. As regards F. circinatum, the objective was to 

participate in an international European network which is seeking for a practical, sensitive and robust 

detection method that can be used routinely and universally by phytosanitary national and regional services 

to avoid the introduction and spread of this destructive quarantine pathogen in the EPPO area. Conversely, 

as far as the other diseases are concerned the main objective was to identify precisely the causal agents 

according to the modern molecular fungal taxonomy based on DNA sequencing and multi-locus 

phylogenetic analysis. The advent of DNA sequencing technology, in fact, has revolutioned the taxonomy 

and nomenclature of fungi. In particular, the multi-locus sequence phylogeny resulted in a substantial 

taxonomic and nomenclatural revision of families and genera encompassing also important plant pathogens, 

including among others the Botryospaeriaceae family and the genera Alternaria and  Colletotrichum 

(Andrew et al., 2009; Armitage et al., 2015; Cannon et al., 2012, Damm et al., 2012a; Damm et al., 2012b; 

Dissanayake et al., 2016; Lawrence et al., 2016; Phillips et al., 2013; Phillips et al., 2019; Shivas et al., 

2009; Weir et al., 2012; Woudenberg et al., 2015; Zhang et al., 2021). Numerous cryptic species have been 

described and phylogenetic frameworks have been provided which prelude to the identification of new taxa 

as well as to a more accurate identification of pathogen genotypes and a more fine tuning of disease 

management strategies. However, due to the increasing number of DNA loci analysed and the number of 
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fungal isolates examined, molecular taxonomy of fungi is still evolving and defining species boundaries is 

still challenging. Moreover, not all fungi associated with plants are pathogens: most of them are saprobes, 

endophytes, opportunistic or latent pathogens and shift to an aggressive pathogenic lifestyle when 

environmental conditions are favorable or the host-plant is stressed.  As a consequence, molecular diagnosis 

must be integrated with a more complete characterization of the fungus biology and ecology as well as of 

the fungus-plant genetic interaction. These aspects, including the differential expression of pathogenesis-

related genes in pine seedlings inoculated with F. circinatum and Phytophthora species (as a model-system 

of multiple infections), the host range of N. batangarum, the ability of distinct Colletotrichum species to 

infect different organs of citrus plants and the toxigenic profile of A. alternata, A. arborescens and N. 

batangarum have been also considered in this thesis. 

The study on Fusarium circinatum (Ioos et al., 2019) evaluated the transferability and the performance of 

nine molecular diagnostic protocols based on conventional or real-time PCR, involving an international 

collaborative team of 23 partners. Diagnostic sensitivity, specificity and accuracy of the nine protocols all 

reached values >80%, and the diagnostic specificity was the only parameter differing significantly between 

protocols. The rates of false positives and of false negatives were computed and only the false positive rates 

differed significantly, ranging from 3.0% to 17.3%. Considering that participating laboratories were free to 

use their own reagents and equipment, this study demonstrated that the diagnostic protocols for F. 

circinatum were not easily transferable to end users. More generally, obtained results suggested that the 

use of protocols using conventional or real-time PCR outside their initial development and validation 

conditions should require careful characterization of the performance data prior to use under modified 

conditions (i.e. reagents and equipment). These results highlight the difficulty still encountered in the large-

scale routine application of molecular diagnosis for the detection of quarantine pathogens and the need of 

validation of published protocols retrieved from the literature using the ring test-lab system to evaluate their 

performance.  

In this study a combined molecular and biochemical approach has been used to obtain a better insight into 

a peculiar disease of cactus pear named scabby canker, which constitutes a serious limit to the cultivation 

of this Cactacea in minor islands around Sicily. Despite its regional and worldwide economic importance 

as a fruit crop the diseases of cactus pear have been only occasionally studied. Scabby canker was first 

reported about 50 years ago and the causal agent was originally identified as Dothiorella ribis, an epithet 

no longer used in the modern taxonomy of Botryosphaeriaceae and recently put in synonimy with N. ribis 

(Somma et al., 1973). Subsequently in a comprehensive recent review of cactus pear diseases the 

cosmopolitan fungus Lasiodiplodia thebromae (Botryosphaeriaceae) was cited as the causal agent of this 

disease (Granata et al., 2017). In this study, using multi-locus phylogenetic analysis and according with the 

moden molecular taxonomy of Botryosphaeriaceae, the causal agent of scabby canker of cactus pear was 

identified as N. batangarum, a species reported for the first time in Europe (Aloi et al., 2020). Quite 

interestingly, in a very recent critical review of the taxonomy of Botryosphaeriaceae (Zhang et al., 2021), 

the species concept of N. ribis was broadened and N. batangarum, although genetically distinct, was put in 
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synonymy with N. ribis, a species with a very broad host range, confirming that the modern molecular 

taxonomy of fungi is still in a continuous evolution. Apart from the purely taxonomic aspects, the presently 

restricted host- and geographical range of N. batangarum despite its potentially wide host range shown in 

pathogenicity tests, its aggressiveness and exclusive presence on catus pear are epidemiological and 

ecological aspects deserving further investigation. An additional aspect with phytosanitary implications, 

deserving particular attention is the threat this pathogen poses for catus pear cultivation in Sicily, the first 

cactus pear fruit producer in Europe and the second globally.  

The ability of N. batangarum to produce phytotoxic secondary metabolites, including  (−)‐(R)‐mellein (1); 

(±)‐botryoisocoumarin A; (−)‐(3R,4R)‐ and (−)‐(3R,4S)‐4‐hydroxymellein; (−)‐terpestacin; and (+)‐3,4‐

dihydro‐4,5,8‐trihydroxy‐3‐methylisocoumarin, named (+)‐neoisocoumarin (Masi et al., 2020), is 

consistent with the literature concerning the production of secondary metabolites by Botryosphaeriaceae 

and  expands the list of biologically active metabolites produced by Neofusicoccum species (recently 

reviewed by Salvatore et al., 2021).  The most active compounds were (±)‐botryoisocoumarin A, (−)‐

terpestacin, and (+)‐neoisocoumarin, that showed phytotoxicity on both cactus pear and a non‐host and 

taxonomically not related plant (tomato), suggesting these metabolites can have an active role as wide-

spectrum virulence factors in scabby canker and other plant diseases caused by Botryosphaeriaceae. The 

ability to produce such a large arsenal of phytotoxins may, at least in part, explain the polyphagy of 

Botryosphaeriaceae in general and the potential wide host-range of N. batangarum, in particular.  

Moreover, it has been hypothesized that (−) ‐terpestacin, due to its allelopatic, anti-fungal and anti-bacterial, 

activity may help N. batangarum to compete with other components of the microbiota in colonizing the 

plant. The ecological functions of secondary metabolites produced by Neofusicoccum and possible 

applications of their allelopatic activity, as herbicides or antimicrobial compounds, have been little explored 

so far.  Masi et al. (2018) questioned the possibility to use (−) ‐terpestacin as an herbicide due to its 

phytotoxicity. Another Neofusicoccum species that has been characterized in this study using multi-locus 

phylogenetic analysis, is N. parvum, a very polyphagous and aggressive plant pathogen. In a survey of 

lemon groves of the two major lemon production regions of southern Italy N. parvum has been identified 

as the prevalent causal agen of bot gummosis of lemon, for the first time in this country. Pathogenicity tests 

carried out to fulfill Koch’s postulates showed differences in susceptibility between the two tested lemon 

cultivars, suggesting that a screening of a larger number of commercial lemon cultivars for the susceptibility 

to this disease could be interesting for developing a sustainable disease management strategy based on 

genetic resistance.  
Another topical aspect addressed by this thesis was the role of opportunistic pathogens such as 

Colletotrichum spp. in the etiology of complex plant diseases, as a consequence of the ability of these fungi 

to shift from a saprobic or endophytic into a pathogenic life style on stressed plants. In this respect, the 

attitude of Colletotrichum spp. to behave as latent, opportunistic pathogens is similar to that of 

Neofusicoccum spp. and other Botryosphaeriaceae (Slippers and Wingfield, 2007). Using multi-locus 

phylogenetic analysis and completing Koch’s postulates, C. gloeosporioides and C. karstii, two 
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polyphagous and common species, were identified as the causal agents of a new syndrome named twig and 

shoot dieback of citrus. However, winds and drought were the environmental stressors that triggered the 

shift of this fungi into an aggressive pathogenic life style. This case-study clearly exemplify the possibility 

of new plant diseases emerging in the Mediterranean region as a result of climate change. 

Finally, multi-locus phylogenetic analysis allowed to clearly identify as A. alternata and A. arborescens, 

the species associated to heart rot, a complex disease that has emerged recently in commercial pomegranate 

orchards in California and the Mediterranean basin (Riolo et al., 2021). This study also highlighted another 

aspect of Alternaria heart rot of pomegranate, namely the toxigenic potential of Alternaria species 

associated with the disease, which has practical implications for the juice industry and the EU regulations 

of the limits of mycotoxins in foods. Food security, in general, is a topical aspect of the UE policy. The 

actual risk and level of contamination of pomegranate juice by Alternaria toxins during the industrial 

processing have not yet been quantified and deserve to be thoroughly investigated.  

The diversity of case-studies addressed in this study offered the opportunity to apply different molecular 

approaches spanning from molecular techniques based on PCR in the diagnosis of plant diseases or in the 

study of the transcriptomic response of plant in a model pathosystem, to the multi-gene sequencing and 

phylogenetic analysis to precisely identify the pathogens. Another interesting aspect was the application of 

thsese molecular techiques to better understand the complex interactions host-plant/pathobiome in multiple 

infections and host-plant/pathogens/ environment in complex diseases, in which environmental stressors 

have a still unexplored key-role.  

In previous paragraphs, main results have been summarized and discussed for each case-study, moreover 

potential applications and further developments of each research line have been suggested or hypothesized. 

A general aspect that as a PhD student I would like to highlight is the formative aspect of the thesis in the 

way it was conceived; it oriented me toward a problem-solving attitude using modern technologies and a 

multi-disciplinary approach. 
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