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Abstract

Banana Fusariumwilt is a major production constraint globally and a sig-
nificant threat to the livelihoods of millions of people in East and Central
Africa (ECA). A proper understanding of the diversity and population
dynamics of the causal agent, Fusarium oxysporum f. sp. cubense
(Foc), could be useful for the development of sustainable disease man-
agement strategies for the pathogen. The current study investigated the
diversity of Foc in ECA using vegetative compatibility group (VCG)
analysis, PCR-RFLPs of the ribosomal DNA’s intergenic spacer region,
as well as phylogenetic analysis of the elongation factor-1a gene. Six
VCGs (0124, 0125, 0128, 01212, 01220, and 01222), which all belong
to one lineage (Foc lineage VI), were widely distributed throughout the

region. VCGs 0128 and 01220 are reported for the first time in Burundi,
the Democratic Republic of Congo (DRC), Rwanda, Tanzania, and
Uganda, while VCG 01212 is reported in the DRC and Rwanda. Isolates
that did not belong to any of the knownVCGswere identified as Foc line-
age VI members by phylogenetic analysis and may represent novel
VCGs. CAV 2734, a banana pathogen collected in Rwanda, clustered
with nonpathogenic F. oxysporum isolates in lineage VIII. Results from
this study will contribute significantly toward the implementation of
banana Fusarium wilt disease management practices in the region, such
as the restricted movement of infected planting material and the selective
planting of resistant banana varieties.

The fungus Fusarium oxysporum f. sp. cubense (E.F. Smith) W.C.
Snyder & H.N. Hansen (Foc) is the causal agent of Fusarium wilt, an
important disease of banana and one of the most destructive of all
plant diseases (Simmonds 1966; Stover 1962). In East and Central
Africa (ECA), the disease is the major threat to the sustainability
of banana processing and export initiatives, as these generally rely
on cultivars that are highly susceptible to Foc race 1 (Karangwa
et al. 2016). While many banana production constraints may be man-
ageable, the management of Fusarium wilt is restricted by the paucity
of effective and reliable control options (Ploetz 2015). The use of re-
sistant cultivars is most effective, but the choice of cultivar depends
on the character of the pathogen. An in-depth understanding of the
genetic diversity of Foc, therefore, is crucial for development of ef-
fective and durable management strategies.
Initial studies on the diversity of Foc focused on variation in path-

ogenicity, and recognized three races with selective pathogenicity
to certain banana cultivars (Stover and Buddenhagen 1986; Stover
and Simmonds 1987; Waite and Stover 1960). However, the race
structure in Foc is not clearly defined, and pathogenicity testing of
F. oxysporum pathogens has been shown to be influenced by a num-
ber of variables including host age (Hart and Endo 1981) and method

of inoculation (Kraft and Haglund 1978). Further investigations into
Foc diversity beyond physiological races have focused on vegetative
compatibility, the natural ability of filamentous fungi to merge their
mycelium through the process of anastomosis, when they are genetically
similar (Glass et al. 2000). So far, 24 vegetative compatibility groups
(VCGs) have been identified within Foc (Fourie et al. 2011).
Interest in VCGs as genetic markers stems from the assumption that

isolates sharing common alleles at all vic loci would be genetically very
similar for the rest of their genomes (Glass et al. 2000; Leslie and Sum-
merell 2006). Though useful as an identification tool for genetically re-
lated genotypes, vegetative compatibility does not inform on the degree
of relatedness between vegetatively compatible strains or on genetic
distance between vegetatively incompatible strains. A mutation in
even a single vic locus would place two otherwise identical isolates
in different VCGs (Glass et al. 2000; Leslie and Summerell 2006).
Studies of Foc’s genetic diversity and evolutionary relationships have

advanced considerably over the past two decades. They now involvemo-
lecular and phylogenetic methods that have enabled the discovery of Foc
lineages that constitute a meaningful classification of genetic variation
within the pathogen (Bentley et al. 1998; Fourie et al. 2009, 2011; Groe-
newald et al. 2006; Koenig et al. 1997; O’Donnell et al. 1998).
Plant pathogen diversity and evolutionary studies are presumably

more informative in the host’s centers of origin and diversifica-
tion than elsewhere. Having nurtured the evolution of the Foc race
1-resistant East African highland bananas (EAHB; AAA genome),
ECA is considered the banana’s secondary center of diversity after
Southeast Asia (Stover and Simmonds 1987). This region also harbors
two Foc VCGs that have not yet been reported anywhere else in the
world, i.e., VCGs 01212 and 01214, and one VCG so far reported only
in easternAfrica and SoutheastAsia (VCG01222) (Bentley et al. 2001;
Ploetz and Pegg 2000). VCG 01214 has been reported from an isolated
area located near Malawi’s border with Tanzania (Ploetz et al. 1990),
and was found to be evolutionarily distant to other Foc VCGs (Bentley
et al. 1998; Fourie et al. 2009; Koenig et al. 1997).
Previous surveys conducted in ECA (Burundi, DRC, Kenya,

Rwanda, Uganda, and Tanzania) revealed that VCGs 0124 and 0125
are ubiquitously found in the region. VCGs 0128 and 01220, however,
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were only found in Kenya, VCG 01212 in Kenya, Tanzania, and
Uganda, and VCG 01222 in Kenya and Uganda (Kangire et al. 2001;
Kung’u and Jeffries 1998; Ploetz et al. 1990; Rutherford 2001). VCGs
0124, 0125, 0128, 01212, 01220, and 01222 are all members of Foc
lineage VI, and complexes among these VCGs are common. VCG
01214 is hitherto the only known member of Foc lineage VIII (Fourie
et al. 2009). A “tropical” form of Foc race 4 (Foc TR4), previously con-
fined to countries in Australasia, has recently been found in Africa
when the fungus was discovered in Mozambique (Butler 2013). Foc
TR4 includes strains belonging to the VCG 01213-01216 complex,
which are members of Foc lineage V. Foc TR4 is particularly severe
and affects a range of banana varieties well beyond the host range of
Foc race 1 (Fourie et al. 2009).
The objective of the current study was to investigate Foc diversity

in five ECAcountries (Burundi, DRC,Rwanda,Uganda, andTanzania).
These countries are considered among the most important banana-
producing and -consuming countries in the world (Karamura et al.
1999; Lynam 2000; Rutherford 2001; http://faostat3.fao.org). Knowl-
edge of Foc diversity in ECA could provide a basis to further investi-
gate disease management options, such as the development of markers
for the early and accurate detection of Foc in the region.

Materials and Methods
Sample collection, purification, and maintenance of isolates.

Surveys for banana Fusariumwilt were conducted in 2009 (June, No-
vember, and December) and 2010 (May, June, and July), during
which 442 plant samples were collected from plants showing typical
Fusariumwilt symptoms. Externally, these plants displayed chlorosis
and collapse of the oldest leaves, and internally (inside the pseudostem),
a brown to brick red discoloration of the vascular system (Ploetz
2015). Collected samples included 168 samples from Rwanda, 100
from Tanzania, 100 from Burundi, and 74 samples from the DRC.
Samples were also received from collaborators in the DRC (38 sam-
ples), Burundi (10 samples), and Uganda (85 samples). The sampling
was extensive in Rwanda, Burundi, and Uganda, while it was limited to
the Kagera and Kigoma regions in Tanzania and to the South and North
Kivu provinces in the DRC due to logistical limitations. Samples were
collected from all susceptible host cultivars grown in the region (Pisang
Awak, Sukari Ndiizi, Gros Michel, Ney Poovan, and Bluggoe).
Fungal isolation was carried out at the Department of Plant Pathol-

ogy, Stellenbosch University (USPP) in South Africa. For each sam-
ple, a segment of about 5 mm was cut from a dry pseudostem strand
and placed in a Petri dish onto potato dextrose agar (PDA) that was
supplemented with streptomycin (4 mg/liter). Cultures were incubated
at 25°C for 7 days, after which they were purified and single-
spored. A total of 281 pure cultures were tentatively identified as
F. oxysporum based on cultural characteristics that included fluffy,
cottony mycelia and the production of a pale to dark violet or dark
magenta pigment in agar (Leslie and Summerell 2006). Two isolates
of F. sacchari (E.J. Butler) W. Gams (CAV 2804 and 2837) and two
isolates ofF. semitectumBerk. &Ravenel (CAV2580 and CAV 2678)
were also tentatively identified. All isolates aremaintained on carnation
leaf agar medium slants (Leslie and Summerell 2006) at 4°C as well as
in 15% glycerol at –80°C in the CAV culture collection of USPP.
DNA isolation. DNA was extracted from pure cultures grown on

PDA at 25°C for 7 days using the Wizard SV Genomic DNA Purifi-
cation Systems DNA extraction kit (Promega,Madison, U.S.A.). The
manufacturer’s instructions were followed, with a slight modification
for the initial step. In this step, the mycelia were first vigorously
shaken with glass beads (diameter: 2 mm; Lasec, Cape Town, South
Africa) in 400 ml of the lysis buffer (provided with the kit) using a
MM301 shaker (Retsch, Haan, Germany) set at 30 Hz for 5 min,
and then incubated for 10 min in a water bath at 65°C. The lysate
was thereafter centrifuged for 4 min at 4,000 rpm, and the liquid
phase pipetted into the kit’s columns. The extraction process then
proceeded as described in the manufacturer’s instructions.
IGS PCR-RFLP. Characterization of F. oxysporum isolates by

PCR-RFLP analysis was conducted according to the technique de-
veloped by Fourie et al. (2009), which separates Foc into two clades
(A/B) and eight lineages (I to VIII). For each isolate, the intergenic

spacer (IGS) region was selectively amplified with primers PNFo and
PnF22 (Edel et al. 1995) using a GeneAmp PCR System 9700 (Applied
Biosystems, Foster City, U.S.A.). Each amplification reaction contained
~5 ng/ml DNA, 0.3 mM of each primer, 250 mM dNTPs (Fermantas,
Nunningen, Switzerland), 0.04 U/ml Taq DNA polymerase (RocheMo-
lecular Biochemicals,Manheim,Germany), and PCRbufferwithMgCl2
(Roche). PCR cycling conditions consisted of 35 cycles at 94°C for 45 s,
50°C for 45 s, and 72°C for 90 s. Each PCR reaction was preceded by an
initial denaturation step at 94°C for 2 min and concluded by a final ex-
tension step at 72°C for 5 min. The RFLP reactions were conducted by
subjecting all IGS amplicons to digestion with the restriction enzyme
Eco88I (Aval) (Thermo Fischer Scientific, Massachusetts, U.S.A.), fol-
lowing the manufacturer’s instructions, in order to differentiate Foc iso-
lates into clades A and B. Clade A isolates were further digested
with the BceAI enzyme, while clade B isolates were digested with
BbvI (Fermantas, Nunningen, Switzerland) for identification of line-
ages. Isolates representative of each clade and lineage (Fourie et al.
2009) were used as reference isolates. All restriction productswere sep-
arated by gel electrophoresis and visualized under UV light with a gel
documentation and analysis unit (Syngene, Cambridge, U.K.).
Vegetative compatibility testing. Vegetative compatibility test-

ing was conducted on 281 single spore isolates of F. oxysporum
(Table 1), using nitrate non-utilizing (nit) mutants as described by
Leslie and Summerell (2006). The nit mutants were generated on
minimal medium and/or PDA supplemented with 1.5 to 4% potas-
sium chlorate, and phenotyped as nit1, nit3, or NitM mutants based
on their inability to assimilate nitrogenous compounds (nitrate, nitrite,
and hypoxanthine, respectively) (Leslie and Summerell 2006). For
each isolate, nit1 mutants were paired with the NitM mutant of the
same isolate to confirm heterokaryon self-compatibility, and with the
NitM of tester isolates to determine VCG identity (Ploetz and Correll
1988). At least two mutants were generated per isolate and VCG test-
ing was conducted at least twice for the same isolate to confirm vege-
tative compatibility. Heterokaryon compatibilitywas confirmed by visual
observation as described by Leslie and Summerell (2006).
Sequencing and phylogenetic analysis. Thirteen F. oxysporum

isolates that did not pair with the Foc VCG tester set, as well as
the F. sacchari isolates and F. semitectum isolates, were selected
for phylogenetic analysis. For each isolate, the translation elongation
factor 1a (TEF) DNA region was amplified with the primer set EF1
and EF2 (O’Donnell et al. 1998) in a GeneAmp PCR System 9700
(Applied Biosystems). The PCR products were then purified using
a High Pure PCR Product purification kit (Roche Applied Biochem-
icals), and sequenced in both directions with the original PCR primers
using the 3130XLGenetic Analyzer (Applied Biosystems). TEFDNA
sequences for the 17 isolates were phylogenetically compared with
TEF sequences of 48 Foc isolates previously studied by Fourie et al.
(2009). The TEF sequence of F. circinatum Nirenberg & O’Donnell
isolate FCC4880 (gb|KC514062) was included as outgroup.
Sequences were edited with Geneious bioinformatics software (Bio-

matters, Auckland, New Zealand) by trimming off low quality extrem-
ities and by generating consensus assemblies between the forward and
reverse primer sequences, and then exported to MAFFT version 5.85
for multiple sequence alignment with the L-INS-I option effective
(Katoh et al. 2005). All ambiguously aligned sites were excluded from
further analyses. Phylogeny based on maximum likelihood (ML) was
inferred for the TEF dataset using PhyML, version 3 (Guindon et al.
2010). The general time reversible (GTR) model (Tavare 1986) plus I
were used, as indicated by SmartModel selection tool in PhyML (Lefort
et al. 2017). Initial trees for the heuristic search were obtained automat-
ically by applying neighbor-join and BioNJ algorithms to a matrix of
pairwise distances estimated using the maximum composite likelihood
(MCL) approach, and then selecting the topology with superior log
likelihood value (–1880.65590).ML bootstrap confidence values were
based on 1,000 replications. Trees were visualized and edited in Tree-
grah 2 version 2.14.0-771 (Stover and Müller 2010).
Pathogenicity testing. Isolates that did not pair with any of the

known VCGs were subjected to pathogenicity testing, except those
that were identified as F. semitecum (CAV 2580 and CAV 2678)
and F. sacchari (CAV 2804 and CAV 2837). Pathogenicity testing

Plant Disease /March 2018 553

http://faostat3.fao.org


was conducted with 4-month-old tissue culture-derived Gros Michel
plantlets by using the method described by Dita et al. (2011). Three
plants were inoculated per isolate and three positive controls were in-
cluded in the experiment. After inoculation, the plantlets were kept at
25°C under a 16/8-h photoperiod regime. Disease development was
assessed 6 weeks after inoculation by cutting the rhizomes to exam-
ine vascular discoloration typical of Foc internal symptoms (Dita
et al. 2011). The pathogen was reisolated from discolored rhizome
tissue and transferred onto PDA to complete Koch’s postulates.

Results
IGS PCR-RFLP. Restriction pattern profiles of IGS amplicons

digested with the Eco88I (Aval) restriction enzyme divided ECA

isolates into clades A and B, with four isolates belonging to clade
A while 274 isolates belonged to clade B (Table 1, Fig. 1). IGS
amplicons of the four clade A isolates (CAV 2581, CAV 2633,
CAV 2678, and CAV 2723), when digested with BceAI, resulted
in restriction patterns that did not match any of the typical IGS pro-
files of Foc lineages I, II, III, IV, and V described by Fourie et al.
(2009). Digestion of IGS amplicons of clade B isolates with BbvI re-
striction enzyme revealed that, among 274 clade B isolates, 268
belonged to Foc lineage VI (Fig. 2). All isolates that could not be sep-
arated into known Foc lineages as described by Fourie et al. (2009)
(Table 1) were subjected to pathogenicity testing as well as phylo-
genetic analysis with reference Foc isolates to investigate their
relationships with Foc.

Table 1. Clades, lineages, vegetative compatibility groups (VCGs), and origin of Fusarium oxysporum f. sp. cubense (Foc) characterized in the current study

Isolate ID no. Clade Lineage VCG Origin Isolate ID no. Clade Lineage VCG Origin

CAV 2572 B Foc VI 0124 Tanzania CAV 2644 B Foc VI 0124/22 Tanzania
CAV 2573 B Foc VI 01222 Tanzania CAV 2646 B Foc VI 01222 Tanzania
CAV 2574 B Foc VI 01222 Tanzania CAV 2647 B Foc VI 0124/22 Tanzania
CAV 2575 B Foc VI 0124/22 Tanzania CAV 2648 B Foc VI 0124/22 Tanzania
CAV 2576 nta Foc VI (phylo)b incomp.c Tanzania CAV 2649 B Foc VI 01212 Tanzania
CAV 2577 B Foc VI 0125/8/20/22 Tanzania CAV 2678 A A.P.d nt Rwanda
CAV 2578 B Foc VI 0124/22 Tanzania CAV 2745 B Foc VI 0124/22 Burundi
CAV 2579 B Foc VI 0128 Tanzania CAV 2746 B Foc VI 0124 Burundi
CAV 2580 nt nt nt Tanzania CAV 2748 B Foc VI 0124/22 Burundi
CAV 2581 A A.P. incomp. Tanzania CAV 2749 B Foc VI 0124/22 Burundi
CAV 2582 B Foc VI 0124 Tanzania CAV 2750 B Foc VI (phylo) incomp. Burundi
CAV 2583 B Foc VI 0125/8/20/22 Tanzania CAV 2752 B Foc VI 0124/22 Burundi
CAV 2586 B Foc VI 0124/5/20/22 Tanzania CAV 2753 B Foc VI 0124/22 Burundi
CAV 2587 B Foc VI 0124/22 Tanzania CAV 2755 B Foc VI 0128/20 Burundi
CAV 2588 B Foc VI 0124 Tanzania CAV 2756 B Foc VI 0128/20 Burundi
CAV 2589 B Foc VI 0128 Tanzania CAV 2759 B Foc VI 0124/22 Burundi
CAV 2590 B Foc VI 0124 Tanzania CAV 2760 B Foc VI 0124/22 Burundi
CAV 2591 B Foc VI 0124/22 Tanzania CAV 2762 B Foc VI (phylo) incomp. Burundi
CAV 2592 B Foc VI 0125 Tanzania CAV 2763 B Foc VI 0124/22 Burundi
CAV 2593 B Foc VI 01222 Tanzania CAV 2765 B Foc VI 0124/8 Burundi
CAV 2594 B Foc VI 0125 Tanzania CAV 2766 B Foc VI 01222 Burundi
CAV 2595 nt Foc VI (phylo) incomp. Tanzania CAV 2770 B Foc VI 0124/5/8/22 Burundi
CAV 2596 B Foc VI 0128 Tanzania CAV 2773 B Foc VI 01222 Burundi
CAV 2597 B Foc VI 0125 Tanzania CAV 2775 B Foc VI 0124/22 Burundi
CAV 2599 nt Foc VI (phylo) incomp. Tanzania CAV 2776 B Foc VI 0124 Burundi
CAV 2600 B Foc VI 01222 Tanzania CAV 2777 B Foc VI 0124/22 Burundi
CAV 2601 B Foc VI 01212 Tanzania CAV 2778 B Foc VI 0125 Burundi
CAV 2602 B Foc VI 0124/22 Tanzania CAV 2783 B Foc VI 01220 Burundi
CAV 2604 B Foc VI 0124/8/22 Tanzania CAV 2784 B Foc VI 0124/22 Burundi
CAV 2605 B Foc VI 0124 Tanzania CAV 2878 B Foc VI 0124/22 Burundi
CAV 2607 B Foc VI 0124/22 Tanzania CAV 2787(a) B Foc VI 01222 Burundi
CAV 2608 B Foc VI 0124 Tanzania CAV 2788 B Foc VI 0124/22 Burundi
CAV 2609 B Foc VI 0124/22 Tanzania CAV 2790 B Foc VI 0125 Burundi
CAV 2611 B nt incomp. Tanzania CAV 2793 B Foc VI 0124/22 Burundi
CAV 2612 B Foc VI 0124 Tanzania CAV 2794 B Foc VI 0128 Burundi
CAV 2614 B Foc VI 0124 Tanzania CAV 2795 B Foc VI 0124/22 Burundi
CAV 2615 B Foc VI 01222 Tanzania CAV 2796 B Foc VI 0124 Burundi
CAV 2616 B Foc VI 01212 Tanzania CAV 2797 B Foc VI 0125/8/20/22 Burundi
CAV 2617 B Foc VI 0128 Tanzania CAV 2798 B Foc VI 0124/22 Burundi
CAV 2618 B Foc VI 01212 Tanzania CAV 2799 B Foc VI 0124/22 Burundi
CAV 2619 B Foc VI 0124/22 Tanzania CAV 2800 B Foc VI 0124 Burundi
CAV 2620 B Foc VI 0125/8 Tanzania CAV 2804 nt nt nt Burundi
CAV 2621 B Foc VI 01222 Tanzania CAV 2805 B Foc VI 0124/22 Burundi
CAV 2624 B Foc VI 0128 Tanzania CAV 2806 B Foc VI 0124/22 Burundi
CAV 2625 B Foc VI 01222 Tanzania CAV 2807 B Foc VI 0124/22 Burundi
CAV 2628 B Foc VI 0124/22 Tanzania CAV 2809 B Foc VI 0124 Burundi
CAV 2630 B Foc VI 0124 Tanzania CAV 2810 B Foc VI 01222 Burundi
CAV 2632 B Foc VI 01212 Tanzania CAV 2813 B Foc VI 01222 Burundi

(Continued on next page)

a nt: Not tested.
b Foc VI (phylo): Isolate found associated with Foc lineage VI by phylogenetic analysis. All other Foc VI isolates were identified by IGS-PCR-RFLP.
c incomp.: Isolate found incompatible with all 24 known Foc VCGs.
d A.P.: Atypical profile, i.e., none of the profiles described by Fourie et al. (2009).

554 Plant Disease /Vol. 102 No. 3



Vegetative compatibility group analysis. Six VCGs of Foc (0124,
0125, 0128, 01212, 01220, and 01222) were identified in ECA
(Table 1). Four of these, VCGs 0124, 0125, 0128, and 02222, were
found in relatively similar frequencies in all five countries where sam-
ples were collected. VCG 01212 was absent in Burundi, and VCG
01220 was the least represented among the VCGs, with only one or
two isolates per country (Table 1). VCGs 0124, 01222, and the
VCG complex 0124-01222 (i.e., isolates belonging to both VCGs)
were found to predominate in the region, with 70% of all Foc isolates
(194 isolates) belonging to VCGs 0124, 01222, and the VCG complex
0124/22. Other VCG complexes found included 0124/5, 0124/8,

0124/20, 0125/8, 0125/22, 0128/20, 0124/5/22, 0124/5/8/22, and
0124/5/8/20 (Table 1). No complexes were observed between VCG
01212 and any of the other VCGs. Thirteen F. oxysporum isolates
did not pair with any of the reference VCG Foc testers and of these,
four were later confirmed to be nonpathogens (Table 2). Eight of the
remaining nine isolates were self-compatible, but CAV 2750 was
self-incompatible. CAV 2576 paired with CAV 2762 and CAV 2858,
and CAV 2595 paired with CAV 2640. Isolates CAV 2599, CAV
2880, and CAV 2734 were not compatible to any other isolates.
Sequencing and phylogenetic analysis. The TEF data set tree’s

topology, evaluated with 1,000 likelihood bootstrap replications,

Table 1. (Continued from previous page)

Isolate ID no. Clade Lineage VCG Origin Isolate ID no. Clade Lineage VCG Origin

CAV 2633 A A.P. incomp. Tanzania CAV 2814 B Foc VI 01222 Burundi
CAV 2634 B Foc VI 0124/22 Tanzania CAV 2815 B Foc VI 0124/22 Burundi
CAV 2635 B Foc VI 01220 Tanzania CAV 2816 B Foc VI 0124 Burundi
CAV 2637 B Foc VI 0128/20 Tanzania CAV 2817 B Foc VI 0124 Burundi
CAV 2638 B Foc VI 0125 Tanzania CAV 2818 B Foc VI 01222 Burundi
CAV 2639 B Foc VI 01212 Tanzania CAV 2819 B Foc VI 01222 Burundi
CAV 2640 B Foc VI (phylo) incomp. Tanzania CAV 2820 B Foc VI 01222 Burundi
CAV 2641 B Foc VI 01212 Tanzania CAV 2821 B Foc VI 01222 Burundi
CAV 2643 B Foc VI 0124/22 Tanzania CAV 2823 B Foc VI 0124/22 Burundi
CAV 2824 B Foc VI 0124 Burundi CAV 2727 B Foc VI 0124 Rwanda
CAV 2650 B Foc VI 0124/22 Rwanda CAV 2728 B Foc VI 0124/22 Rwanda
CAV 2651 B Foc VI 0124/22 Rwanda CAV 2729 B Foc VI 0124/22 Rwanda
CAV 2652 B Foc VI 0124 Rwanda CAV 2730 B Foc VI 0124 Rwanda
CAV 2653 B Foc VI 0125 Rwanda CAV 2732 B Foc VI 0124/5 Rwanda
CAV 2654 B Foc VI 0124/22 Rwanda CAV 2733 B Foc VI 0125 Rwanda
CAV 2655 B Foc VI 0124/22 Rwanda CAV 2734 B nt incomp. Rwanda
CAV 2656 B Foc VI 0124/22 Rwanda CAV 2735 B Foc VI 0124 Rwanda
CAV 2657 B Foc VI 0124/22 Rwanda CAV 2736 B Foc VI 0124/22 Rwanda
CAV 2658 B Foc VI 0124 Rwanda CAV 2737 B Foc VI 0124/22 Rwanda
CAV 2660 B Foc VI 0124/22 Rwanda CAV 2738 B Foc VI 0128 Rwanda
CAV 2661 B Foc VI 0124/22 Rwanda CAV 2740 B Foc VI 0124 Rwanda
CAV 2662 B Foc VI 0124/22 Rwanda CAV 2741 B Foc VI 0128 Rwanda
CAV 2663 B Foc VI 01222 Rwanda CAV 2742 B Foc VI 0124/22 Rwanda
CAV 2665 B Foc VI 0124 Rwanda CAV 2743 B Foc VI 0124/22 Rwanda
CAV 2666 B Foc VI 0124/22 Rwanda CAV 2744 B Foc VI 0124/22 Rwanda
CAV 2667 B Foc VI 0124/22 Rwanda CAV 2825 B Foc VI 0125/8 DRC
CAV 2669 B Foc VI 0124/22 Rwanda CAV 2826 B Foc VI 0125/8 DRC
CAV 2670 B Foc VI 0124/22 Rwanda CAV 2828 B Foc VI 01222 DRC
CAV 2671 B Foc VI 0124/22 Rwanda CAV 2829 B Foc VI 01222 DRC
CAV 2672 B Foc VI 0124 Rwanda CAV 2830 B Foc VI 0125 DRC
CAV 2673 B Foc VI 0124/22 Rwanda CAV 2831 B Foc VI 0124/5/20/22 DRC
CAV 2674 B Foc VI 0124 Rwanda CAV 2833 B Foc VI 0124/22 DRC
CAV 2675 B Foc VI 0124 Rwanda CAV 2834 B Foc VI 01222 DRC
CAV 2676 B Foc VI 01222 Rwanda CAV 2835 B Foc VI 0124/22 DRC
CAV 2677 B Foc VI 0124/22 Rwanda CAV 2836 B Foc VI 01222 DRC
CAV 2679 B Foc VI 0124 Rwanda CAV 2837 nt nt nt DRC
CAV 2680 B Foc VI 0124/22 Rwanda CAV 2838 B Foc VI 0124/5/22 DRC
CAV 2681 B Foc VI 01222 Rwanda CAV 2839 B Foc VI 01222 DRC
CAV 2682 B Foc VI 01222 Rwanda CAV 2840 B Foc VI 0124 DRC
CAV 2683 B Foc VI 01212 Rwanda CAV 2841 B Foc VI 0124 DRC
CAV 2684 B Foc VI 0124/22 Rwanda CAV 2842 B Foc VI 0124/22 DRC
CAV 2686 B Foc VI 0124 Rwanda CAV 2843 B Foc VI 01222 DRC
CAV 2687 B Foc VI 0124/22 Rwanda CAV 2845 B Foc VI 01222 DRC
CAV 2688 B Foc VI 01222 Rwanda CAV 2846 B Foc VI 0124/22 DRC
CAV 2689 B Foc VI 01220 Rwanda CAV 2848 B Foc VI 0124/22 DRC
CAV 2690 B Foc VI 0124 Rwanda CAV 2849 B Foc VI 01222 DRC
CAV 2693 B Foc VI 0128 Rwanda CAV 2850 B Foc VI 0128/20 DRC
CAV 2695 B Foc VI 0124/5/8/22 Rwanda CAV 2851 B Foc VI 0124/22 DRC
CAV 2696 B Foc VI 0124 Rwanda CAV 2852 B Foc VI 0125/8/20 DRC
CAV 2699 B Foc VI 01220 Rwanda CAV 2853 B Foc VI 0124/22 DRC
CAV 2700 B Foc VI 0124 Rwanda CAV 2854 B Foc VI 0124/22 DRC
CAV 2702 B Foc VI 0124/5/22 Rwanda CAV 2855 B Foc VI 0128 DRC
CAV 2703 B Foc VI 0125/22 Rwanda CAV 2856 B Foc VI 0124/22 DRC
CAV 2706 B Foc VI 0124/22 Rwanda CAV 2858 B Foc VI (phylo) incomp. DRC

(Continued on next page)
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was well supported with high bootstrap values at nodes that separate
the monophyletic ingroup from the outgroup (99%), clade A (83%)
from clade B (88%), as well as lineage VI from other clade B lineages
(93%). Of the 17 isolates analyzed, eight clustered within clade B’s

lineage VI, while none of the isolates was amember of cladeA (Fig. 3).
Four isolates, including one from Tanzania (CAV 2580), one from
Rwanda (CAV 2678), one from DRC (CAV 2837), and one from
Burundi (CAV2804) grouped basal to the cladesA andBwith bootstrap

Table 1. (Continued from previous page)

Isolate ID no. Clade Lineage VCG Origin Isolate ID no. Clade Lineage VCG Origin

CAV 2707 B Foc VI 0124/22 Rwanda CAV 2859 B Foc VI 0124/22 DRC
CAV 2708 B Foc VI 0124/22 Rwanda CAV 2860 B Foc VI 0124/22 DRC
CAV 2711 B Foc VI 0124/22 Rwanda CAV 2861 B Foc VI 0124/22 DRC
CAV 2712 B Foc VI 0124/22 Rwanda CAV 2862 B Foc VI 0124/22 DRC
CAV 2714 B Foc VI 0124/22 Rwanda CAV 2863 B Foc VI 0124/22 DRC
CAV 2717 B Foc VI 0124/22 Rwanda CAV 2864 B Foc VI 01212 DRC
CAV 2718 B Foc VI 0124/22 Rwanda CAV 2865 B Foc VI 01212 DRC
CAV 2720 B Foc VI 0125 Rwanda CAV 2866 B Foc VI 01212 DRC
CAV 2721 B Foc VI 0124/22 Rwanda CAV 2867 B Foc VI 01212 DRC
CAV 2722 B Foc VI 0124 Rwanda CAV 2869 B Foc VI 01222 DRC
CAV 2723 A A.P. incomp. Rwanda CAV 2880 nt Foc VI (phylo) incomp. DRC
CAV 2724 B Foc VI 0124/22 Rwanda CAV 2504 B Foc VI 0124/22 Uganda
CAV 2726 B Foc VI 01222 Rwanda CAV 2505 B Foc VI 0124/22 Uganda
CAV 2459 B Foc VI 01222 Uganda CAV 2510 B Foc VI 0124/22 Uganda
CAV 2461 B Foc VI 0124/5 Uganda CAV 2513 B Foc VI 0128 Uganda
CAV 2464 B Foc VI 0124 Uganda CAV 2522 B Foc VI 0128 Uganda
CAV 2467 B Foc VI 0124/22 Uganda CAV 2523 B Foc VI 0124 Uganda
CAV 2468 B Foc VI 0124/22 Uganda CAV 2528 B Foc VI 01212 Uganda
CAV 2472 B Foc VI 0124 Uganda CAV 2531 B Foc VI 0124/22 Uganda
CAV 2475 B Foc VI 0124 Uganda CAV 2537 B Foc VI 0124/22 Uganda
CAV 2476 B Foc VI 0124/22 Uganda CAV 2539 B Foc VI 0124/22 Uganda
CAV 2478 B Foc VI 0124/22 Uganda CAV 2540 B Foc VI 0124/22 Uganda
CAV 2479 B Foc VI 0124/22 Uganda CAV 2541 B Foc VI 0124/20/22 Uganda
CAV 2480 B Foc VI 0124/5 Uganda CAV 2542 B Foc VI 0124 Uganda
CAV 2481 B Foc VI 0124/22 Uganda CAV 2543 B Foc VI 01222 Uganda
CAV 2482 B Foc VI 0124 Uganda CAV 2544 B Foc VI 01222 Uganda
CAV 2484 B Foc VI 0124 Uganda CAV 2545 B Foc VI 0124 Uganda
CAV 2485 B Foc VI 0124/22 Uganda CAV 2546 B Foc VI 0124/22 Uganda
CAV 2486 B Foc VI 0124 Uganda CAV 2547 B Foc VI 0124/22 Uganda
CAV 2487 B Foc VI 01222 Uganda CAV 2548 B Foc VI 01222 Uganda
CAV 2489 B Foc VI 0128 Uganda CAV 2549 B Foc VI 0124/22 Uganda
CAV 2490 B Foc VI 0124/22 Uganda CAV 2551 B Foc VI 0124/5 Uganda
CAV 2491 B Foc VI 0124/5 Uganda CAV 2552 B Foc VI 0124 Uganda
CAV 2492 B Foc VI 01212 Uganda CAV 2553 B Foc VI 0124/5/22 Uganda
CAV 2493 B Foc VI 0124 Uganda CAV 2554 B Foc VI 01222 Uganda
CAV 2494 B Foc VI 01222 Uganda CAV 2556 B Foc VI 0124/5 Uganda
CAV 2495 B Foc VI 0124/5 Uganda CAV 2557 B Foc VI 0124/22 Uganda
CAV 2496 B Foc VI 0128 Uganda CAV 2558 B Foc VI 01222 Uganda
CAV 2497 B Foc VI 0128 Uganda CAV 2559 B Foc VI 0124/5 Uganda
CAV 2498 B Foc VI 0124/22 Uganda
CAV 2499 B Foc VI 01212 Uganda
CAV 2502 B Foc VI 0124 Uganda

Fig. 1. Electrophoretic PCR-RFLP profiles of Eco88I-digested Fusarium oxysporum f. sp. cubense isolates from Tanzania. M = molecular weight marker. Lanes 1-4, 6-8, and 10
represent clade B, lane 9 represents clade A, and lane 5 represents an atypical pattern as it exhibits neither clade A nor clade B pattern around 200 bp (absent pattern) but shares
with both clades A and B the common large fragment of about 1,500 bp.
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support of 100% (Fig. 3). These isolates were identified as F. sacchari
(CAV 2804 and CAV 2837) and F. semitectum (CAV 2580 and CAV
2678), based on their TEF DNA sequences that were blasted against
GenBank’s nucleotide sequence repository.
Five isolates identified as F. oxysporum by morphological charac-

ters, including two from Rwanda and three from Tanzania, clustered
loosely with the lineage VIII (VCG 01214) isolate CAV 189 (Fig. 3).
Within this lineage, the pathogenic CAV 2734 isolate clustered
with two nonpathogenic isolates (CAV 2581 and CAV 2723). When
their TEF DNA sequences were blasted against the GenBank nucle-
otide sequence repository, isolates CAV 2723 and CAV 2734 from
Rwanda shared a 99% identity with F. oxysporum f. sp. melonis. Iso-
late CAV 2581 from Tanzania shared a 100% identity with aGrevillea
robusta (A. Cunn. ex R. Br.) tree-associated F. oxysporum isolate and
a human pathogenic F. oxysporum isolate, respectively, but with 99%
query cover score.
Pathogenicity testing. Foc symptoms, ranging from yellow to dark

brown discoloration of the rhizome, were caused by nine isolates
(CAV 2576, CAV 2595, CAV 2599, CAV 2640, CAV 2734, CAV
2750, CAV 2764, CAV 2858, and CAV 2880) to Gros Michel plant-
lets. Of these, eight were identified as Foc lineage VI by phylogenetic
analysis, and one F. oxysporum isolate loosely clustered with Foc
lineage VIII VCG 01214 (CAV 2734).

Discussion
Foc in ECA proved to be more diverse than previously reported.

VCGs 0128 and 01220 were found for the first time in Burundi,

DRC, Rwanda, Tanzania, and Uganda (Kangire et al. 2001; Ploetz
et al. 1990; Rutherford 2001), while VCG 01222 is also first reported
in Burundi, DRC, Rwanda, and Tanzania. VCG 01212 is reported in
DRC and Rwanda for the first time. The occurrence of six VCGs in
ECA, including VCG 01212 and a putative novel VCG, supports a
hypothesis that Foc may have diversified in this region after being in-
troduced from Asia (Bentley et al. 1998; Koenig et al. 1997). Such
evolution may have occurred due to the selection of pathogenic var-
iants imposed by the genetic distinctiveness of local cultivars. The
putative new VCG was isolated from ‘Sukari Ndiizi’ (AAB), a vari-
ety that is relatively distinct from other Apple banana cultivars
(Onyango 2007; Onyango et al. 2010). The ECA region has been rec-
ognized as the secondary banana diversity center after Southeast
Asia, given the uniqueness of banana genotypes found in this region
(Stover and Simmonds 1987).
Isolates in the VCG complex 0124/5/8/20/22, which is common in

ECA, are among the most widespread worldwide (Bentley et al.
2001; Ploetz and Pegg 2000). A VCG complex constitutes a set of
individual VCGs that, in some instances, pair with each other.
VCG complex members are phylogenetically closely related, such
as the VCGs in Foc lineage VI. The most common VCGs in ECA
were members of the VCG complex 0124/22, which accounted for
70% of all Foc isolates collected. It is plausible that all the VCGs
in lineage VI and complexes thereof are clonally related and evolved
from one VCG by mutations in vic alleles, and that their distribution
is related to the movement of banana planting materials and Foc-
banana coevolution (Bentley et al. 1998; Fourie et al. 2009). VCGs

Fig. 2. Electrophoretic PCR-RFLP profiles of BbvI-digested Fusarium oxysporum f. sp. cubense (Foc) isolates from Tanzania and Rwanda. M =molecular weight marker. Lanes 1-4
and 6-11 represent lineage VI, while lane 5 represents an Foc lineage VII member.

Table 2. Isolates of Fusarium oxysporum and other Fusarium species that were not compatible to known vegetative compatibility groups

Isolate Origin GenBank accession no. Morphology Pathogenicity Self-compatibility

CAV2576 Tanzania KX365389 F. oxysporum + SCa

CAV2580 Tanzania KX365415 F. semitecum ntb nt
CAV2581 Tanzania KX365392 F. oxysporum – nt
CAV2595 Tanzania KX365394 F. oxysporum + SC
CAV2599 Tanzania KX365395 F. oxysporum + SC
CAV2611 Tanzania KX365400 F. oxysporum – nt
CAV2633 Tanzania KX365403 F. oxysporum – nt
CAV2640 Tanzania KX365404 F. oxysporum + SC
CAV2678 Rwanda KX365416 F. semitecum nt nt
CAV2723 Rwanda KX365406 F. oxysporum – nt
CAV2734 Rwanda KX365407 F. oxysporum + SC
CAV2750 Burundi KX365408 F. oxysporum + HSIc

CAV2762 Burundi KX365409 F. oxysporum + SC
CAV2804 Burundi KX365417 F. sacchari nt nt
CAV2837 DRC KX365390 F. sacchari nt nt
CAV2858 DRC KX365412 F. oxysporum + SC
CAV2880 DRC KX365414 F. oxysporum + SC

a SC: Self-compatible isolate.
b nt: Non tested isolates, identified as non-Foc by microscopy and phylogenetic analysis, or by pathogenicity testing.
c HSI: Heterokaryon self-incompatible.
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01212 and 01222 appear to be the more recent VCGs in lineage VI, as
they are less widespread globally. A review of existing literature on
Foc distribution worldwide indicates that VCG 01212 has only been
reported in ECA, while VCG 01222 has been reported only in South-
east Asia and ECA (Bentley et al. 2001; Fourie et al. 2011; Ploetz and
Pegg 2000).
The current study identified 13 F. oxysporum isolates that did not

pair with any of the known VCGs. Four of these were nonpathogens,

while the remaining nine included eight that grouped with VCGs in
Foc lineage VI, and one (CAV 2734) that grouped with nonpatho-
gens and VCG 01214. It is thus most likely that isolate CAV 2734
could represent a putative novel VCG. The discovery of isolates that
do not pair with known VCG testers is not unusual, and consistent
with previous studies by Bentley et al. (1998). These authors reported
five genotypes fitting the DNA fingerprinting group that included
VCGs 0124, 0125, 0128, 01212, and 01220 (DFG IV), but which

Fig. 3. Maximum likelihood phylogenetic tree of the translation elongation factor-1a of Fusarium oxysporum f. sp. cubense isolates from East and Central Africa. The isolates
marked in bold were vegetatively incompatible with the 24 vegetative compatibility group tester strains. Bootstrap values greater than (>60%) are indicated for maximum
likelihood internodes where relevant. The tree is rooted with F. circinatum isolate FCC 4880.
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did not pair with any of them. It would thus be interesting to pair
the unknown Foc strains found in this study with the genotypes de-
scribed by Bentley et al. (1998). Also, it would be worthy of pairing
unknown ECA strains with known VCG mutants generated from
ECA isolates.
Fusarium isolates other than Foc have been isolated from banana

in this study. These include F. semitecum (two isolates), F. sacchari
(two isolates), and nonpathogenic F. oxysporum (four isolates). An as-
sociation of nonpathogenic F. oxysporum strains and other Fusarium
species with banana has been reported before (Belgrove et al. 2011;
Nel et al. 2006; Zeng et al. 2013). F. semitecum can be associated with
speckle disease, a blemish of banana peel that is not regarded as a
significant constraint to non-export targeting production (Jones and
Stover 2000), while F. sacchari has been associated with banana
crown rot (Kamel et al. 2016). Nonpathogenic F. oxysporum isolates
were shown to suppress Fusariumwilt development in the greenhouse,
but not in the field (Belgrove et al. 2011).
The almost exclusive membership of Foc strains in ECA as lineage

VI isolates has important disease management implications. This
could allow for the development of molecular diagnostics for rapid
detection, and the screening of cultivars for resistance to lineage
VI. The formae specialis concept and physiological races in Foc,
however, might mislead disease management strategies (Baayen
et al. 2000; Fourie et al. 2009; Groenewald et al. 2006; Koenig
et al. 1997; O’Donnell et al. 1998). Considerable genetic heterogene-
ity is found within Foc races 1 and 2, to the extent that no single strain
can accurately represent Foc race 1 or 2 in experiments for the devel-
opment of disease control technologies such as breeding for resis-
tance and the development of diagnostic tools. The race structure
in Foc therefore still needs to be clarified (Ploetz 2015), whereas vir-
ulence has been shown to be influenced by a number of variables in-
cluding host age (Hart and Endo 1981) and method of inoculation
(Kraft and Haglund 1978). Foc lineages may thus provide a classifi-
cation system that is less laborious than VCG analyses, and more re-
liable than the race system, for pathogen detection and management.
In this study, VCG analysis, PCR-RFLPs of the ribosomal DNA’s

IGS region, phylogenetic analysis of the EF-1a gene, and pathoge-
nicity testing were used to investigate the genetic diversity of Foc
in ECA. Three of the methods were mostly congruent in characteriz-
ing Foc, as isolates belonging to the same VCG were members of the
same PCR-RFLP lineage and phylogenetic group. The exception was
isolate CAV 2734, which loosely clustered with VCG 01214 (Foc
lineage VIII), but did not fit the lineage VIII profile. VCG 01214
is genetically distinct from other Foc VCGs due to a potential African
evolutionary origin (Bentley et al. 1998; Fourie et al. 2009; Koenig
et al. 1997). More representative sampling and variety screening in
the Burera district of northern Rwanda, where CAV 2734 was col-
lected, could establish the prevalence and possible importance of this
putative novel VCG.
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