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Abstract 

Twenty-seven isolates of Fusarium oxysporum f. sp. eustomae obtained from diseased Eustoma 

grandiflorum (lisianthus) plants in north Italy, showing typical fusarium wilt symptoms, were studied 

for genetic diversity, pathogenicity, and vegetative compatibility (VC). The strains were examined 

for differences in the nucleotide sequence of translation elongation factor 1-α (tef) and two 

endopolygalacturonase genes (pg1 and pg5). The phylogenetic analysis performed on the isolates 

enabled the identification of three main groups, named I, II, and III, and two subgroups (Ia and Ib). 

In pg1 and pg5 sequences most of nucleotide variations resulted in aminoacid variations, while in tef 

most of SNPs are in the introns or are silent. By considering the virulence of the strains included in 

Group I, a low virulence could be observed, Group II and III showed a reduced virulence at 30°C 

compared to 20°C. Some cultivars showed higher tolerance at 30°C. Principal component analysis 

(PCA) performed on pathogenicity values, confirmed the three molecular clusters. VC identified two 

VCGs (vegetative compatibility groups) in Group II, one VCG in Group III, and vegetatively 

incompatible isolates grouped together in Group I. The integrated analysis confirmed the presence of 

virulence variation and genetic diversity among the F. oxysporum f. sp. eustomae isolates studied. 

 

Keywords: 

endopolygalacturonase, forma specialis, Fusarium wilts, lisianthus, multilocus sequencing, 

translation elongation factor.  
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Introduction 

Eustoma grandiflorum, commonly known as lisianthus, is a relatively new flower crop for the 

international market and it is one of the most appreciated cultivated ornamental crop due to its rose-

like flowers. Original of the grasslands of north American prairie, lisianthus is an herbaceous annual, 

15 – 60 cm tall, with bluish-green, slightly succulent leaves, and large funnel-shaped flowers growing 

on long straight stems. Lisianthus flowers are either single-flowered or double-flowered. The 

Eustoma flower is extremely popular as a cultivated cut flower because of the wide colour palette and 

also because of the long post-harvest life. It is also widely used as a flowering potted and bedding 

plant in gardens (Harbaugh 2007). 

The phytosanitary situation of this species has been worsened by the occurrence of various 

diseases, such as powdery mildew (Gullino and Garibaldi 2012), downy mildew (Buonocore and 

Pane 1995), a parenchymatic fusariosis caused by Fusarium avenaceum (Pecchia 1999), and more 

recently a Fusarium wilt (Raabe 1985; Hahm 1998; Rapetti et al. 2002).  

Fusarium wilt causes severe damages in several commercial farms in Liguria (northern Italy; 

Gilardi et al. 2006). Affected plants are wilted, stunted and show chlorotic leaves and gradual 

necrosis. Roots are asymptomatic, but, when dissected, vascular tissue shows red brown discoloration 

(Li et al. 2009). Symptoms appear during spring and summer seasons when the temperature ranges 

from 22° to 27°C. The distribution of the disease is generally uniform in the affected crop (Li et al. 

2009), with 10 to 30% of the plants attacked with estimated annual production losses between 15 and 

25% (Gullino and Garibaldi 2012). 

Fusarium oxysporum is a ubiquitous soil-borne ascomycete, which causes wilt or rot disease in 

most agricultural and ornamental crops, provoking severe losses throughout the world (Dean et al. 

2012). It can penetrate the roots and colonize xylem vessels. Fusarium oxysporum is responsible for 

an enormous range of plant diseases, usually involving a vascular wilt syndrome. The majority of the 

isolates causing vascular wilts are infecting only a small number of host plants and that are 

differentiated on the basis of their pathogenicity as formae speciales and races, reflecting the apparent 

plant pathogenic specialization. F. oxysporum isolates have been divided into over 150 ff. spp. 

according to the host specific range (Gullino et al. 2012; Lievens et al. 2012). Morphologically these 

strains are very similar, and cannot be differentiated from non-pathogenic or saprophytic strains. 

Sometimes, formae speciales are subdivided into physiological races depending on their ability to 

cause wilt disease on different host cultivars (Correll 1991, Gullino et al. 2012).  

The control of Fusarium wilt is managed with a broad range of practices, including soil 

disinfestation with fumigants or steam, grafting on resistant rootstocks, or the use of resistant 

cultivars, when these are available (Katan et al. 2012). 
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Identification of these strains has traditionally involved pathogenicity tests with sets of appropriate 

differential hosts (Leslie and Summerell 2006). Although bioassays are very useful in verifying 

pathogenicity, this is a high time-consuming procedure requiring at least 40 days for the analysis, and 

the host reactions can be influenced by environmental parameters (Mbofung et al. 2007). Also several 

sets of cultivars are needed and some of the differentiation is based on intermediate reactions (Sharma 

et al. 2005). To overcome these problems several other approaches have been attempted. 

A valuable approach in defining the relationship among individuals is the use of Vegetative 

Compatibility Group (VCG; Leslie 2012). Vegetative compatibility (VC) is the ability to form a 

heterokaryon between different fungal individuals. VC is mediated by multiple incompatibility vic 

loci: two isolates belong to the same VCG, if alleles in vic loci are identical. To test vegetative 

compatibility, different groups of nit mutants have to be used: NitM mutation affects molybdenum 

cofactor that is upstream of nitrate and hypoxanthine pathways, nit1 mutation affects nitrate 

reductase, while nit3 affects nitrite reductase. Different nit mutants from the same parental isolate can 

form a heterokaryon to restore nitrogen pathway if they are compatible, while non compatible isolates 

cannot form heterokaryon. When there are few VCGs in a forma specialis, VC can be a very effective 

diagnostic tool: for this reason VCGs works well for some formae speciales, e.g., F. oxysporum f. sp. 

cubense (Moore et al. 2001), but not for others, e.g., F. oxysporum f. sp. asparagi (Elmer 2001; Leslie 

2012).  

Although bioassays are very effective, they are time consuming and laborious. Several groups 

attempted to replace pathogenicity tests with molecular identification techniques to group isolates 

(Lievens et al. 2008; Pasquali et al. 2008). For other formae speciales or races of F. oxysporum, DNA-

based molecular markers can be used to study the variability. RFLP and AFLP analysis can help to 

rapidly characterize large F. oxysporum populations (Edel et al. 1995). Among the genes used for 

phylogenetic studies (e.g. intergenic spacer (IGS) rDNA, elongation factor-1α, polygalacturonases, 

mitochondrial small subunit ribosomal RNA, phosphate permease, β-tubulin, nitrate reductase, 

MAT1 and MAT2), the EF-1α (Poli et al. 2012) and polygalacturonases genes (Hirano and Arie 2009) 

seem to be the most appropriate for application to the Fusarium genus (O’Donnell et al. 2009; 

Srinivasan et al. 2012). In particular, polygalacturonases are the major secreted cell-wall-degrading 

enzymes in plant pathogenic fungi. It has been suggested that the comparison of polygalacturonase 

gene sequences might be a useful method for analyzing the genetic diversity of populations in fungal 

species (Schilling et al. 1996; Hirano and Arie 2009).  

The first Fusarium wilts caused by F. oxysporum on Lisianthus were reported in Italy in 2007 (Li et 

al. 2010). A collection of strains isolated from Liguria region (northern Italy) in 2007 and 2009 was 

created.  
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The genetic diversity of isolates of F. oxysporum from lisianthus have been assessed to date just 

with a RAPD analysis (Li et al. 2009). Within F. oxysporum f. sp. eustomae, no races have been 

reported, and it is possible that all of them belong to one or few clones dispersed with plants cultivated 

for ornamental purposes. 

The main objective of this work was to study genetic diversity of Italian isolates of Fusarium 

oxysporum from lisianthus by using a multilocus sequencing approach, based on the sequence of 

translation elongation factor (tef), endopolygalacturonase 1 (pg1), and endopolygalacturonase PG5 

(pg5), to characterize the pathogenicity of the isolates, and to correlate the sequence differences with 

the pathogenicity and VCGs.  

 

Materials and Methods 

 

Fusarium oxysporum isolates 

Twenty-seven isolates of Fusarium oxysporum were collected from wilted lisianthus [Eustoma 

grandiflorum (Raf.) Shinn.] plants cultivated in Liguria (Northern Italy). Pathogens were isolated 

from symptomatic vascular tissues onto Komada selective medium (Komada 1975). Single-spores 

isolates were identified, after applying the Koch’s postulates, as F. oxysporum f. sp. eustomae by 

subculturing on potato dextrose agar (PDA, Merck, Darmstadt, Germany), inoculating in healthy 

lisianthus plants, and reisolating, by following the protocol of Li et al. (2009). Table 1 provides details 

of the isolates, including their code, year of isolation, geographical origin, and original host. Every 

isolate was maintained as pure monoconidial culture on PDA slants and stored at 8°C. Moreover, 

strains were also transferred and preserved in glycerol stocks at -80°C.  

 

DNA extraction 

Genomic DNA from F. oxysporum isolates from lisianthus was extracted from approximately 100 

mg of 7 days grown mycelium scraped from petri dishes, by using Tissue Lyzer (Qiagen, Hilden, 

Germany) and the NucleoSpin kit (Macherey Nagel, Duren, Germany), according to the 

manufacturer’s protocol, adding 10 μl Proteinase K solution (10 mg/ml) and 10 μl RNAse A (12 mg 

ml-1) to the lysis buffer in each tube. For every isolate, DNA was extracted in duplicate. DNA 

extracted were stored at -20°C. 

 

PCR amplification 

Molecular analysis was performed by sequencing Translation Elongation Factor (tef) region and two 

different endopolygalacturonases (pg1 and pg5). The tef gene (EF-1α) was amplified by using the 

specific primers (O’Donnell et al. 1998): EF-1 (5’-ATGGGTAAGARGACAAGAC-3’) and EF-2 
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(5’-GGARGTACCAGTSATCATGTT-3’). The reaction mixture contained 2 µl colourless buffer 

10X, 1 µl MgCl2 (25 mM), dATP, dCTP, dGTP, dTTP at 0.5mM each, 1U Taq DNA polymerase 

(Qiagen), 0.5 mM each primer, and 20 ng genomic DNA in 20 µl final volume. Amplification was 

carried out in a T-Gradient thermal cycler (Biometra, Göttingen, Germany), by using the following 

program: 95°C for 3 min; 35 cycles: 94°C for 30 seconds, 60°C for 1.2 minutes, 72°C for 1 minute; 

and a final extension at 72°C for 7 minutes. PCR products (5 µl) were separated by electrophoresis 

in a 1.2% agarose gel (Agarose D-1 LOW EEO Eppendorf, Milan, Italy) with SYBR safe DNA gel 

stain (Invitrogen, Eugene, OR, USA). Gel images were acquired with a Gel Doc EC (Bio-Rad, 

Hercules, CA, USA). The pg1 and pg5 genes were amplified by using specific primer pairs (Hirano 

and Arie 2009) endoF (5’-CCAGAGTGCCGATACCGATT-3’) and endoR2 (5’-

GCTTAGYGAACAKGGAGTG-3’), PG2F (5’-AGATGCAAGGCCGATGATGT-3’) and PG2R 

(5’-TCCATGTACTTCTCCTCACC-3’), respectively. The reaction mixtures and the thermal cycler 

were the same as described before. The cycling parameters consisted of denaturation at 95°C for 1 

min, annealing at 52°C for 1 min, and elongation at 72°C for 2 min for 50 cycles. PCR products were 

separated in 1.2% agarose gel. The tef, pg1 and pg5 PCR products were purified using a QIAquick 

PCR purification kit (Qiagen) and sequenced by the BMR Genomics Centre (Padova, Italy) using the 

ABI PRISM 3730xl DNA Sequencer. The complete sequences of tef, pg1 and pg5 regions were 

performed in both directions and assembled in consensus sequences. 

 

Phylogenetic analysis 

The tef, pg1, and pg5 sequences were aligned using the program DNA Baser v3 (Heracle Software, 

Lilienthal, Germany). Sequences alignments were adjusted manually to remove mismatches and 

sequencing mistakes. Phylogenetic analysis were conducted using MEGA v5 software (Tamura et al. 

2007). Initially tef, pg1, and pg5 were analyzed separately to determine the phylogenetic relationships 

by distance and parsimony methods. Fourteen strains of F. oxysporum belonging to other formae 

speciales obtained from GenBank database were used as reference sequences and out-groups. A 

distance matrix for aligned sequences was calculated using the Tajima - Nei model and analyzed with 

Neighbor-Joining method (Saitou and Nei 1987) using the program ClustalW. Bootstrap analysis was 

based on 10,000 re-samplings. The tef, pg1, and pg5 sequences were assembled in an artificial contig 

and re-analyzed with the same parameters. 

 

Pathogenicity tests 

Each isolate of F. oxysporum used in this study was grown in shake culture (100 rpm) for 10 days on 

casein hydrolysate (Merck) at 25°C with 12 hours of fluorescent light per day. The culture suspension 
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was then filtered through one layer of cheese cloth. The concentration of spores and mycelium 

fragments was adjusted with deionized water to 1x106 conidia/ml. 

Plants of the cultivars Paloma Rose Deep, Paloma Blue Rim, Paloma White, Dream White, Mariachi 

Misty Blue, Mariachi Misty Pink, Mariachi Pink, and Mariachi Yellow obtained from a nursery were 

used for the artificial inoculation. Roots of 20-30 day-old plants were dipped in 200 ml of the spore 

suspensions at 1x106 conidia/ml for each isolate for 10 min. Inoculated plants were then transplanted 

into 15 l plastic pots filled with a steamed substrate (peat: clay: perlite, 70:20:10 vol/vol). Control 

plants of each variety were prepared similarly but soaked in deionised water. Ten plants were used 

for each cultivar and repetition. Three repetitions were performed in each trial. All strains were tested 

at least three times in three trials carried out under growth chamber at 20°C and 30°C.  

Plants were checked for disease development, starting 7 days after inoculation, at 7 days interval, up 

to 35 days, depending on the trial. Wilted plants were counted and removed. The final disease rating, 

performed five weeks after inoculation, corresponded to: 0= healthy plant; 1 = initial symptoms of 

leaf chlorosis; 2 = severe leaf chlorosis and initial symptoms of wilting during the hottest hours of 

the day; 3 = severe wilting symptoms and leaf chlorosis; 4 = plant totally wilted, leaves completely 

necrotic. The score obtained was standardized onto a 0–100 scale. Data of the replications of repeated 

experiments were pooled and analysed together. The mean disease index (D.I.) values for each strain 

and cultivar were calculated. Single strains were given a letter according to their mean D.I.: (NP) 

non-pathogenic strains (D.I.: 0-10); (L) low virulence strains (D.I.: 11-30); (M) moderate virulence 

(D.I.: 31-60); (H) high virulence (D.I.: 61-100). 

 

Principal Component Analysis (PCA) 

To analyse the relationships among results obtained from biomolecular analysis and pathogenicity 

assays a principal component analysis (PCA) was performed on the correlation matrix using virulence 

data (mean D.I. for each cultivar) at 20°C, at 30°C and a combination of the virulence values at both 

temperatures. Analyses were carried out with PAST v2.17 (Hammer et al. 2001). 

 

VCG testing 

Some isolates chosen randomly from the three molecular groups were also investigated using 

complementation tests with nitrate non-utilizing (nit) mutants to assess their vegetative compatibility. 

Strains were grown on Minimal Medium (MM) (30 g l-1 sucrose, 1 g l-1 KH2PO4 , 0.5 g l-1 

MgSO4.7H2O , 0.5 g l-1 KCl , 20 g l-1 agar , 10 mg l-1 FeSO4.7H2O , 0.2 ml l-1 sterile trace elements 

solution (50 g l-1 citric acid , 50 g l-1 ZnSO4.7H2O , 2.5 g l-1 CuSO4.5H2O , 0.5 g l-1 MnSO4.H2O , 0.5 

g l-1 H3BO3 , 0.5 g l-1 Na2MoO4.2H2O, 2 g l-1 NaNO3 ) (Puhalla 1985; Correll et al. 1987) for 3-4 days 

at room temperature. The first step was to obtain nit mutants on chlorate media containing ClO3 (MM 
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amended with 1.6 g l-1 asparagine and 15 g l-1 KCLO3 and PDA amended with 15 g l-1 KCLO3). Fast-

growing chlorate-resistant sectors were rapidly transferred on MM to verify a very thin growth 

(confirmed nit mutants) and then stored as conidial suspension in glycerol stocks at -80°C. Nit 

mutants are transferred onto different nitrogen media (nitrate medium: MM; nitrite medium: BM+0.5 

g l-1 NaNO2, hypoxanthine medium: BM + 0.2 g l-1 hypoxanthine) to check the mutation type (nit1, 

nit3, NitM). Plates were incubated at 25°C for 4 days. Morphology on different media was scored 

and the mutation type was identified. Two mutant types were collected for every parental isolate. 

Isolates were then paired on MM in all possible combinations to identify self-compatible or self-

incompatible mutants. In case of self-compatible mutants, one nit1, nit3, or NitM mutant were chosen 

as representatives of each isolate. Self-compatible mutants were paired with all other mutants in all 

possible combinations. The presence of aerial mycelia at the point of hyphal contact was evidence of 

vegetative compatibility. Nit mutants compatible formed a heterokaryon. Strains with the same 

phenotype grouped together and associated to the same vegetative compatible group (VCG). 

 

 

Results 

 

Multilocus sequencing and phylogenetic analysis 

The PCR performed with specific primers on 27 strains of Fusarium oxysporum isolated from 

lisianthus resulted in products ranging from 588 bp to 685 bp for tef amplicons, from 1360 to 1522 

bp for pg1 amplicons, and from 1025 to 1333 bp for pg5 amplicons in the isolates tested. Forward 

and reverse sequences were obtained to create a consensus sequence for each gene and each strain 

(Table 1). The consensus sequences for each gene of each isolate were analysed to infer the 

phylogenetic relationship using the Neighbor-Joining statistical method and Tajima-Nei substitution 

model (Fig. 1). Three main clusters (Groups I, II and III) were identified. It was also evident that the 

3 groups were conserved among genes, even if the reciprocal relation among them is different for the 

3 gene sequences. It is also evident that Group I is divided into 2 subgroups (Ia and Ib) that are 

conserved in the three phylogenetic trees.  

Single nucleotide polymorphisms (SNPs) were common among the pathogenic isolates. In SNPs 

discovery, false SNP call could result from alignment mistakes, sequencing errors, or from defects in 

the SNP detection algorithm. By considering only the non – silent mutations, four proteotype could 

be identified (Table 2). Proteotype profile totally reflects the molecular groups. 

Concerning the SNPs present in the polygalacturonase genes, the highest level of variation was found 

in the exons, while in the tef sequences was in the introns. Out of the 27 nucleotide variations in pg1, 

14 (51.8%) were localized into the exons. In pg5, 11 out of 12 (91.6%) were in the exons. Instead, 
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only 1 out of 16 (6.3%) of the SNPs in tef was in the exons. Among the three genes considered, pg5 

was the most polymorphic one in the exons. However, by considering the nucleotide variation in the 

exons, only few of them resulted in aminoacid changes. Of the CDS-specific variations, 2 of 14 (pg1), 

4 of 11 (pg5), and none (tef) resulted in changes in aminoacids (Supplementary Table 1), so the most 

of them are silent mutations. The tef sequence is highly conserved within analysed isolates f. sp. 

eustomae. 

Afterward, the artificial contigs (pg1+pg5+tef) aligned with the contigs, assembled in the same way, 

of 14 other formae speciales were submitted to phylogenetic analysis with the same parameters. Our 

isolates conserved the three groups (and subgroups) (but these clusters are not well separated from 

other formae speciales (Fig. 2). 

 

Pathogenicity tests 

Typical symptoms of fusarium wilt were first observed 4 days after inoculation in growth chamber at 

20°C, while 7 days were needed for the first wilted plants at 30°C. At the end of the experiments, re-

isolation was carried out from inoculated and control plants. All trials provided statistically similar 

results. The tested cultivars provided consistent results in the different trials. In the case of highly 

virulent strains, wilt developed very quickly, particularly under growth chamber at 20°C. Results of 

the virulence of the tested isolates of Fusarium oxysporum on eight different cultivars of lisianthus 

are reported in Table 3.  

Three main molecular groups corresponded to three virulence trends. Group I shows a low level of 

virulence both at 20°C and 30°C, with the exception of strains 49/09, 50/09, and 55/09. In some cases, 

isolates were more virulent at 30°C than at 20°C. No differences in virulence were noticed between 

subgroups Ia and Ib. Group II was highly virulent at 20°C, but at 30°C the virulence decreases for 

almost every isolate and in every cultivar to medium-low level, in particular in cultivars Paloma Blue 

Rim, Mariachi Misty Blue, Mariachi Misty Pink, Mariachi Pink, and Mariachi Yellow. Group III 

shows high virulence at 20°C, while at 30°C the virulence decreased only in some cultivars: in Paloma 

Blue Rim to a medium level, and in Mariachi cultivars to a low - non pathogenic level. 

 

Principal Component Analysis (PCA) 

Three principal component analysis were performed on the virulence data obtained for the Fusarium 

isolates tested on eight lisianthus cultivars. The analysis was singularly conducted using the mean 

disease index (scale: 0-100) at 20°C, at 30°C, and pooling the data from 20°C and 30°C in a single 

value (20°-30°C) obtained by subtracting the mean at 30°C to the same value obtained at 20°C for 

each isolates. The analysis provided a visual representation of the virulence of the strains belonging 

to the three groups obtained through the molecular analysis.  
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At 20°C, the first two principal components (PCs) explained 94.48% (eigenvalue 7.56) and 2.30% 

(eigenvalue 0.18) of the variability for disease severity respectively; and together they therefore 

accounted for >95% of the total variance.  

The scatter diagram in Fig. S1a shows that the PCA discriminated the Group I in quadrant II-III and 

Group II in quadrant IV, Group III in quadrant I. 

At 30°C, the first two PCs explained 75,13% (eigenvalue 6,01) and 11,71% (eigenvalue 0,94) of the 

variability for disease severity respectively; and together they therefore accounted for >75% of the 

total variance. In this case, PCA differentiate the Group I and Group II in quadrant I and II, Group III 

in quadrant IV (Fig. S1b). 

In the combined (20°-30°C) analysis of the virulence PCs explained 79,72% (eigenvalue 6,38) and 

7,20% (eigenvalue 0,58) of the variability for disease severity respectively; accounting for >85% of 

the total variance.  

In the scatter diagram the analysis separates Group I in between quadrant II and III, Group II is found 

mostly in quadrant I while Group III in the IV quadrant (Fig. 3). 

Principal component analysis has been employed widely used in genetic diversity analysis concerning 

multilocus population genetic data (François et al. 2010).  

 

VCG testing 

Mutants obtained were crossed in every possible combination and the strains compatible were 

grouped together. Three different vegetative compatibility groups (VCGs) were formed and a fourth 

group is the list of the isolates incompatible to every others. Results are not clearly determinant but it 

is clear that strains from molecular Group II belong to two different VCG: VCG1 and VCG2; isolates 

from Group III are compatible grouping in VCG3; and isolates from molecular Group I have in 

common that they aren’t compatible to any other strain tested (Table 4). 

 

Discussion 

Recent papers demonstrated the utility of multilocus sequencing inside F. oxysporum species complex 

(FOSC; Taylor et al. 2000; O’Donnell et al. 2009). In this paper, the sequencing of more genes was 

used to better understand the phylogeny of the isolates, and, to our knowledge, this is the first report 

of a multilocus sequencing to study the variability within F. oxysporum f. sp. eustomae. 

Due to the fact that many Fusarium spp. possess non-orthologous copies of the ITS region, which 

can lead to incorrect phylogenetic inferences (O’ Donnell and Cigelnik, 1997; O’ Donnell et al. 1998), 

analysis of the translation elongation factor 1-a (tef) gene is often applied. tef encodes an essential 

part of the protein translation machinery and has high phylogenetic utility because it is highly 

informative at the species level in Fusarium. Non-orthologous copies of the gene have not been 
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detected in the genus and universal primers have been designed that work across the phylogenetic 

breadth of the genus (Geiser et al. 2004). Besides the tef, the other two polygalacturonase genes were 

chosen because they provide clear and reproducible results, as previously reported on Fusarium spp. 

by Hirano and Arie (2009). 

There is evidence that tef gene accumulate more SNPs in introns than in exons, most probably because 

it is a housekeeping gene that cannot tolerate variations in the aminoacidic sequence, because 

variations may cause lethal phenotype. On the contrary, pg1 and pg5 can tolerate more SNPs in exons, 

because of their secondary role in the fungal cell biology. 

Multilocus sequence typing (MLST) and analyses of the individual pg1, pg5 and, tef data sets 

permitted to identify intraspecific groups within the collection of F. oxysporum f. sp. eustomae 

isolates studied. 

The phylogenetic analysis allowed to identify three main groups although the relationship between 

these groups varies by considering different gene sequences. Two further sub-clusters, corresponding 

to different haplotypes, were identified within the group I: subgroup Ia and Ib. In Group II, isolates 

shared the same molecular profile, pathogenicity and the same geographical place of origin. Probably 

a single ancestor originated them, even if these strains were divided into to two different VCGs.  

Some formae speciales of F. oxysporum have a monophyletic origin (as ff. sp. lilii, tulipae, 

cucumerinum), whereas most of the other formae speciales, such as, melonis, dianthi, and lycopersici, 

revealed multiple evolutionary origins. For F. oxysporum, no stable correlation between phylogeny 

and pathogenic-group has been reported (Hirano and Arie 2009). It was demonstrated in F. 

oxysporum f. sp. lycopersici (FOL) that the transfer of lineage-specific (LS) chromosomes between 

strains was able to convert a non-pathogenic strain into a pathogen. Therefore, LS chromosomes 

transfer explains the polyphyletic origin of host specificity (Ma et al. 2010). Although bootstrap high 

values confirm the stability of the three clusters formed by forma specialis eustomae, they were not 

separated from the other formae speciales suggesting a polyphyletic origin of the groups. 

By considering the cultivar of origin, generally we could not find a relationship between host 

virulence and cultivar of origin. Only the strains isolated from the cultivar Ecodream Blue clustered 

together in Group Ib. 

It was not possible to observe a clear virulence profile when inoculating the strains on different 

cultivars of Lisianthus. The virulence pattern was depending on the temperatures of the trials. From 

our results, clearly emerged the importance of the temperature of the pathogenicity trials. Group II 

and Group III showed higher virulence at 20°C, than at 30°C in almost all the cultivars tested. This 

behaviour is in contrast with literature, as usually the optimal temperature for the development of 

wilts caused by Fusarium oxysporum is around 28°C (Leslie and Summerell, 2006). Therefore, these 

isolates from lisianthus could represent a risk also in fields of temperate regions, and not only in the 
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greenhouse conditions. On the opposite, Group I isolates have low pathogenicity, but it is a bit higher 

at 30°C, in contrast to Group II and III.  

Noteworthy, the cultivars Mariachi and Paloma Blue Rim are more resistant at 30°C. The cultivar 

tolerance or resistance could be a useful information for the growers to choose the best cultivar, 

according to the climatic conditions of the cultivation area. It could be interesting to investigate if 

some cultivars could be used to discriminate races within F. oxysporum f. sp. eustomae.  

In two of the three PCA carried out, the analysis confirmed the molecular grouping of the F. 

oxysporum f. sp. eustomae isolates, strengthening the hypothesis of the existence of separated genetic 

and phenotypic entities within this group of isolates. Based on PCA, the trials performed at lower 

temperature were more informative. Indeed, the three genetic groups were best separated by the PCA 

at 20°C, with respect to the PCA at 30°C. A good resolution was also obtained by the same analysis 

conducted on the dataset generated from a combination of the disease severity at 20°C and at 30°C. 

VCGs are useful to identify physiological races (Leslie and Summerell 2006). In our experiments, 

vegetative compatibility permitted to hypothesize more than three races within F. oxysporum f. sp. 

eustomae. VC divide Group II into two different VCGs, providing more information about the strains 

compared to the other tools used. Anyway, it is not clear why Group I strains could not form 

anastomosis with each other. 

Molecular characterization is an important tool for disease resistance testing, and pathogenicity data 

and cultivar susceptibility are useful for disease resistance selection (particularly against Fusarium) 

during the breeding programmes (Harbaugh 2007). Phytosanitary measures should be employed to 

limit the movement of F. oxysporum, reducing its diffusion. 

Future research will focus on the analysis of isolates coming from different countries and regions, to 

increase the knowledge about the population genetics, important to manage this pathogen.  

An integrated approach, based on different biological, molecular and physiological techniques, 

showed to be an efficient strategy to study the population of F. oxysporum f. sp. eustomae.  
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Table 1 List of the strains of Fusarium oxysporum used in the current study, with their year, host 

species and cultivar, place of isolation, and accession numbers (deposited in NCBI) of their genes tef, 

pg1, and pg5.  

 

Isolate code 
Year of 

isolation 
Host Cultivar Farm and location 

PG1 

sequence 

(Accession 

n°) 

PG5 

sequence 

(Accession 

n°) 

TEF 

sequence 

(Accession 

n°) 

3/07 2007 E. grandiflorum --- Ceriale (SV), Italy KJ361521 KJ361548 KJ361575 

4/07 2007 E. grandiflorum --- Ceriale (SV), Italy KJ361522 KJ361549 KJ361576 

5/07 2007 E. grandiflorum --- Ceriale (SV), Italy KJ361523 KJ361550 KJ361577 

6/07 2007 E. grandiflorum --- Sanremo (IM), Italy KJ361524 KJ361551 KJ361578 

35/07 2007 E. grandiflorum 
Mariachi Misty 

Blue 
Ceriale (SV), Italy KJ361525 KJ361552 KJ361579 

1/09 A 2009 E. grandiflorum Paloma Blue Rim Ceriale (SV), Italy KJ361526 KJ361553 KJ361580 

2/09 A 2009 E. grandiflorum Paloma Blue Rim Ceriale (SV), Italy KJ361527 KJ361554 KJ361581 

3/09 A 2009 E. grandiflorum Polestar Ceriale (SV), Italy KJ361528 KJ361555 KJ361582 

4/09 A 2009 E. grandiflorum Polestar Ceriale (SV), Italy KJ361529 KJ361556 KJ361583 

14/09 2009 E. grandiflorum Ecodream Blue Sanremo (IM), Italy KJ361530 KJ361557 KJ361584 

16/09 2009 E. grandiflorum Ecodream Blue Sanremo (IM), Italy KJ361531 KJ361558 KJ361585 

17/09 2009 E. grandiflorum Ecodream Blue Sanremo (IM), Italy KJ361532 KJ361559 KJ361586 

25/09 2009 E. grandiflorum Mariachi White Sanremo (IM), Italy KJ361533 KJ361560 KJ361587 

26/09 2009 E. grandiflorum Mariachi White Sanremo (IM), Italy KJ361534 KJ361561 KJ361588 

29/09 2009 E. grandiflorum Charme A Sanremo (IM), Italy KJ361535 KJ361562 KJ361589 

31/09 2009 E. grandiflorum Charme B Sanremo (IM), Italy KJ361536 KJ361563 KJ361590 

33/09 2009 E. grandiflorum Charme B Sanremo (IM), Italy KJ361537 KJ361564 KJ361591 

36/09 2009 E. grandiflorum Rosita Sanremo (IM), Italy KJ361538 KJ361565 KJ361592 

39/09 2009 E. grandiflorum Dream Yellow Sanremo (IM), Italy KJ361539 KJ361566 KJ361593 

41/09 2009 E. grandiflorum Ecodream Pink Sanremo (IM), Italy KJ361540 KJ361567 KJ361594 

49/09 2009 E. grandiflorum Mariachi Pink Sanremo (IM), Italy KJ361541 KJ361568 KJ361595 

50/09 2009 E. grandiflorum Mariachi Pink Sanremo (IM), Italy KJ361542 KJ361569 KJ361596 

51/09 2009 E. grandiflorum Mariachi Pink Sanremo (IM), Italy KJ361543 KJ361570 KJ361597 

52/09 A 2009 E. grandiflorum Mariachi Pink Sanremo (IM), Italy KJ361544 KJ361571 KJ361598 

55/09 2009 E. grandiflorum Mariachi Blue Sanremo (IM), Italy KJ361545 KJ361572 KJ361599 

56/09 2009 E. grandiflorum Mariachi Blue Sanremo (IM), Italy KJ361546 KJ361573 KJ361600 

57/09 2009 E. grandiflorum Mariachi Blue Sanremo (IM), Italy KJ361547 KJ361574 KJ361601 

F. oxysporum f. sp. 

cucumerinum 

MAFF744005 

--- Cucumis sativus --- Fukuoka, Japan AB256756 AB256844 FJ985379 

F. oxysporum f. sp. dianthi 

MAFF305946 
1989 

Dianthus 

caryophyllus 
--- Shizuoka, Japan AB256758 AB256846 FJ985284 

F. oxysporum f. sp. 

fragariae MAFF744009 
--- 

Fragaria x 

ananassa 
--- Fukuoka, Japan AB256760 AB256849 DQ452425 

F. oxysporum f. sp. 

lactucae MAFF744029 
--- Lactuca sativa --- Japan AB256762 AB256851 DQ837657 

F. oxysporum f. sp. 

lycopersici MAFF103038 
1988 

Lycopersicon 

esculentum 
--- Ibaraki, Japan AB256769 AB256858 HM057317 

F. oxysporum f. sp.  

melongenae MAFF103051 
1989 

Solanum 

melongena 
--- Ibaraki, Japan AB256776 AB256865 FJ985382 

F. oxysporum f. sp. 

melonis MAFF305122 
--- Cucumis melo --- Japan AB256777 AB256866 FJ985357 
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F. oxysporum f. sp. niveum 

MAFF305543 
1963 

Citrullus 

vulgaris 
--- Shizuoka, Japan AB256779 AB256868 FJ985340 

F. oxysporum f. sp. 

phaseoli NBRC9970 
--- 

Phaseolus 

angularis 
--- Japan AB256782 AB256871 DQ016286 

F. oxysporum f. sp. 

radicis-lycopersici Saitama 

rly 

--- 
Lycopersicon 

esculentum 
--- Saitama, Japan AB256786 AB256875 HM057326 

F. oxysporum f. sp. 

raphani MAFF103058 
1990 Raphanus sativus --- Saitama, Japan AB256787 AB256876 FJ985441 

F. oxysporum f. sp. 

spinaciae MAFF731044 
1997 

Spinacia 

oleracea 
--- Iwate, Japan AB256790 AB256878 AF246849 

F. oxysporum f. sp. 

tracheiphilum 

MAFF235726 

1961 
Vigna 

unguiculata 
--- Japan AB256792 AB256880 FJ985343 

F. oxysporum f. sp. tulipae 

MAFF235105 
--- 

Tulipa 

gesneriana 
--- Toyama, Japan AB256793 AB256881 FJ985275 
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Table 2 Proteotypes characterized using polymorphic markers on 27 isolates of Fusarium oxysporum 

from lisianthus. The aminoacids present for most of the isolates are in italics, whereas the aminoacid 

variants are indicated in regular type. A stands for Alanine, E stands for Glutamic acid, S stands for 

Serine, V stands for Valine, G stands for Glycine, D stands for Aspartic acid, N stands for Asparagine, 

T stands for Threonine.  

  Polymorfisms position 

Isolate 

code 
Proteotype 

PG1 PG5 TEF 

277 285 52 79 188 261 - 

A S A G N S - 

 6/07  Ia - - V D - - - 

 14/09 Ib - - V - - - - 

 16/09 Ib - - V - - - - 

 17/09 Ib - - V - - - - 

 25/09 Ia - - V D - - - 

 26/09 Ia - - V D - - - 

 29/09  Ia - - V D - - - 

 49/09 Ia - - V D - - - 

 50/09 Ia - - V D - - - 

 51/09 Ia - - V D - - - 

 52/09 A Ia - - V D - - - 

 55/09 Ia - - V D - - - 

 3/07 II E A - - - A - 

 4/07  II E A - - - A - 

 5/07  II E A - - - A - 

 35/07  II E A - - - A - 

 1/09 A II E A - - - A - 

 2/09 A II E A - - - A - 

 3/09 A II E A - - - A - 

 4/09 A II E A - - - A - 

 31/09 III - - - - T - - 

 33/09 III - - - - T - - 

 36/09 III - - - - T - - 

 39/09 III - - - - T - - 

 41/09 III - - - - T - - 

 56/09 III - - - - T - - 

 57/09 III - - - - T - - 
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Table 3 Virulence of different strains of Fusarium oxysporum artificially inoculated into 8 cultivars of lisianthus grown at two temperatures. Data are 

expressed as average of the three trials carried out in growth chamber at 20°C and 30°C. The isolates are divided in three groups based on the 

phylogenetic analysis. 

  Strain virulence 

Group 
 Isolate 

code 

Paloma rose deep Paloma blue rim Paloma white Dream white 
Mariachi misty 

blue 

Mariachi misty 

pink 
Mariachi pink Mariachi yellow 

20°C 30°C 20°C 30°C 20°C 30°C 20°C 30°C 20°C 30°C 20°C 30°C 20°C 30°C 20°C 30°C 

Ia  6/07  NP M NP L NP L NP L NP L NP NP NP L NP L 

Ib  14/09 L NP NP NP L NP L NP L NP L NP NP NP NP NP 

Ib  16/09 L NP NP NP NP NP L NP NP NP NP NP L NP NP NP 

Ib  17/09 NP L NP NP NP NP NP NP NP NP NP NP NP NP NP NP 

Ia  25/09 NP H L H NP L L M NP M L L NP L NP M 

Ia  26/09 NP L NP L NP NP NP NP NP NP NP NP NP NP NP NP 

Ia  29/09  NP NP NP NP NP NP NP NP NP NP NP NP NP NP M NP 

Ia  49/09 H H M H M M M H H M NP M M H M M 

Ia  50/09 M H L M NP H M H M H M M NP H M H 

Ia  51/09 NP L NP NP NP NP L NP L L L NP NP NP NP L 

Ia  52/09 A L H NP M NP L M M L M NP M NP M NP M 

Ia  55/09 L H H M H L H M M M M M L M H M 

                   
II  3/07 H H H M H M H M H L H NP H NP H L 

II  4/07  H M H M H M H M H L H NP H L H NP 

II  5/07  H NP H M H NP H L H NP H NP H NP H NP 

II  35/07  M NP M M M M M M M M H M M M H M 

II  1/09 A M M H H H H H M H M H M NP L H M 

II  2/09 A H H H M H H H H H M H M H M H M 

II  3/09 A H H H H H H H H H H H H H L H H 

II  4/09 A H H H H H H H H H H H M H H H H 

                   
III  31/09 H H H M H M H H H L H L H L H M 

III  33/09 H H H M H H H H H NP H M H NP H NP 

III  36/09 H H H L H H H M H NP H NP H L H L 

III  39/09 H H H M H H H H H NP H NP H L H M 

III  41/09 H H H M H H H H H L H L H NP H L 

III  56/09 H H H H H H H H H M H M H L H H 

III  57/09 H H H M H H H H H L H L H NP H L 

Single strains were given a letter according to their virulence: (NP) non-pathogenic strains (0-10%); (L) low virulence strains (11-30%); (M) moderate 

virulence (31-60%); (H) high virulence (61-100%). 
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Table 4 Vegetative Compatibility Groups (VCGs) of Fusarium oxysporum isolates from lisianthus. 

Molecular 

Group 
Isolate code 

Assigned VCG 

code 

Ia 6/07 NA* 

Ib 16/09 NA 

Ib 17/09 NA 

Ia 25/09 NA 

Ia 49/09 NA 

Ia 51/09 NA 

II 3/07 VCG1 

II 4/07 VCG1 

II 5/07 VCG1 

II 35/07 VCG1 

II 1/09 A VCG2 

II 2/09 A VCG2 

II 4/09 A VCG2 

III 36/09 VCG3 

III 41/09 VCG3 

III 56/09 VCG3 

 

* Not Assigned: isolates are non compatible with other three VCGs 
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Figure legends 

 

Fig. 1 Phylogenetic analysis of the nucleotide sequences of three genes (A, pg1; B, pg5; C, tef) of the 

strains of F. oxysporum isolated from lisianthus using the neighbour-joining (NJ) method. Numbers 

of nodes represent bootstrap percentages estimated from 10,000 replications of the data set.  

 

Fig. 2 Phylogenetic analysis of the contig sequences (pg1 + pg5 + tef) of the strains of F. oxysporum 

isolated from lisianthus using the neighbour-joining (NJ) method. Numbers at nodes represent 

bootstrap percentages estimated from 10,000 replications of the data set. 

 

Fig. 3 Principal component analysis of the pathogenicity values of the strains of F. oxysporum f. sp. 

eustomae tested on 8 lisianthus cultivars at two temperatures (20°C and 30°C). The figure displays 

the scatter diagram of Component 1 versus Component 2, with convex hulls classified by 

biomolecular clusters. The PCA was obtained by using a combination of the virulence values at 20°C 

and 30°C. Group I, II and III are represented by blue, red and green figure, respectively. 
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Supplementary materials 

 

Supplementary Fig. 1 Principal component analysis of the pathogenicity values of the strains of F. 

oxysporum f. sp. eustomae tested on eight lisianthus cultivars at 20°C (Plot A) and 30°C (Plot B). 

The figure displays the scatter diagram of Component 1 versus Component 2, with convex hulls 

classified by biomolecular clusters. Group I, II and III are represented by blue, red and green figure, 

respectively.  
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Supplementary Table 1 Aplotype characterized using single nucleotide polymorphic(SNPs) markers in coding sequences (CDS) of 27 isolates of 

Fusarium oxysporum from lisianthus. The nucleotides present for most of the isolates are in italics, whereas the nucleotide variants are indicated in 

regular type. A stands for adenine, C stands for cytosine, T stands for thymine, G stands for guanine. The effect of the polymorphism is reported in the 

last row. SM stands for Silent Mutation, CM stands for Conservative Mutation, NCM stands for Non Conservative Mutation. 

 SNPs position (CDS) 

  pg1 pg5 tef 

Molecular 

Group 

Isolate 

code 

72 267 294 324 402 621 717 830 840 853 876 900 930 951 155 165 236 237 246 321 387 563 729 781 897 108 

C C A G T T T C T T T T C T C C G C A C C A C T T C 

Ia 6/07 T T - - - - C - - - - - A - T - A - - - T - - - C - 

Ib 14/09 T T - - - - - - - - - - - C T - - - G - - - - - C T 

Ib 16/09 T T - - - - - - - - - - - C T - - - G - - - - - C T 

Ib 17/09 T T - - - - - - - - - - - C T - - - G - - - - - C T 

Ia 25/09 T T - - - - C - - - - - A - T - A - - - T - - - C - 

Ia 26/09 T T - - - - C - - - - - A - T - A - - - T - - - C - 

Ia 29/09 T T - - - - C - - - - - A - T - A - - - T - - - C - 

Ia 49/09 T T - - - - C - - - - - A - T - A - - - T - - - C - 

Ia 50/09 T T - - - - C - - - - - A - T - A - - - T - - - C - 

Ia 51/09 T T - - - - C - - - - - A - T - A - - - T - - - C - 

Ia 52/09 

A 
T T - - - - C - - - - - A - T - A - - - T - - - C - 

Ia 55/09 T T - - - - C - - - - - A - T - A - - - T - - - C - 

II 3/07 - - - - - - - A G G C C - - - - - G - - - - T G - - 

II 4/07 - - - - - - - A G G C C - - - - - G - - - - T G - - 

II 5/07 - - - - - - - A G G C C - - - - - G - - - - T G - - 

II 35/07 - - - - - - - A G G C C - - - - - G - - - - T G - - 

II 1/09 A - - - - - - - A G G C C - - - - - G - - - - T G - - 

II 2/09 A - - - - - - - A G G C C - - - - - G - - - - T G - - 

II 3/09 A - - - - - - - A G G C C - - - - - G - - - - T G - - 

II 4/09 A - - - - - - - A G G C C - - - - - G - - - - T G - - 

III 31/09 - - T A C C - - - - - - - C - T - - - T - C - - - - 

III 33/09 - - T A C C - - - - - - - C - T - - - T - C - - - - 

III 36/09 - - T A C C - - - - - - - C - T - - - T - C - - - - 

III 39/09 - - T A C C - - - - - - - C - T - - - T - C - - - - 

III 41/09 - - T A C C - - - - - - - C - T - - - T - C - - - - 

III 56/09 - - T A C C - - - - - - - C - T - - - T - C - - - - 

III 57/09 - - T A C C - - - - - - - C - T - - - T - C - - - - 

  SM SM SM SM SM SM SM 
NC
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