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Positive selection and intragenic recombination contribute to high
allelic diversity in effector genes of Mycosphaerella fijiensis,
causal agent of the black leaf streak disease of banana

IOANNIS STERGIOPOULOS1,2,3,* , VIVIANE CORDOVEZ2, BILAL ÖKMEN2, HENRIEK G. BEENEN2,
GERT H. J. KEMA4 AND PIERRE J. G. M. DE WIT2,3,*
1Department of Plant Pathology, University of California Davis, One Shields Avenue, Davis, CA 95616-8751, USA
2Laboratory of Phytopathology, Wageningen University and Research Centre, Droevendaalsesteeg 1, Wageningen 6708PB, the Netherlands
3Centre for BioSystems Genomics, PO Box 98, Wageningen 6700 AB, the Netherlands
4Plant Research International BV, PO Box 16, Wageningen 6700 AA, the Netherlands

SUMMARY

Previously, we have determined the nonhost-mediated recognition
of the MfAvr4 and MfEcp2 effector proteins from the banana
pathogen Mycosphaerella fijiensis in tomato, by the cognate Cf-4
and Cf-Ecp2 resistance proteins, respectively. These two resistance
proteins could thus mediate resistance against M. fijiensis if
genetically transformed into banana (Musa spp.). However,
disease resistance controlled by single dominant genes can be
overcome by mutated effector alleles, whose products are not
recognized by the cognate resistance proteins. Here, we surveyed
the allelic variation within the MfAvr4, MfEcp2, MfEcp2-2 and
MfEcp2-3 effector genes of M. fijiensis in a global population of
the pathogen, and assayed its impact on recognition by the
tomato Cf-4 and Cf-Ecp2 resistance proteins, respectively. We
identified a large number of polymorphisms that could reflect a
co-evolutionary arms race between host and pathogen. The analy-
sis of nucleotide substitution patterns suggests that both positive
selection and intragenic recombination have shaped the evolution
of M. fijiensis effectors. Clear differences in allelic diversity were
observed between strains originating from South-East Asia rela-
tive to strains from other banana-producing continents, consistent
with the hypothesis that M. fijiensis originated in the Asian-Pacific
region. Furthermore, transient co-expression of the MfAvr4 effec-
tor alleles and the tomato Cf-4 resistance gene, as well as of
MfEcp2, MfEcp2-2 and MfEcp2-3 and the putative Cf-Ecp2 resist-
ance gene, indicated that effector alleles able to overcome these
resistance genes are already present in natural populations of the
pathogen, thus questioning the durability of resistance that can be
provided by these genes in the field.

INTRODUCTION

The engineering of durable resistance against crop pathogens is
one of the main goals in molecular plant breeding research. Plant
defence against microbial attacks is predominantly mediated by
immune receptors, mostly encoded by single dominant resistance
(R) genes that direct the recognition of cognate pathogen effec-
tors (Jones and Dangl, 2006; Spoel and Dong, 2012). The recog-
nition of effectors results in effector-triggered immunity (ETI),
the most common manifestation of which is the hypersensitive
response (HR), a type of programmed cell death that arrests
pathogen growth at the site of infection (Bandelt and Dress, 1992;
Gassmann and Bhattacharjee, 2012). Effectors are low-molecular-
weight proteins secreted by microbes during pathogenesis to sup-
press or dodge the host immune system (Stergiopoulos and de
Wit, 2009). Pathogen evasion of host immunity is frequently medi-
ated by the deletion or mutations in effector genes, which often
show elevated levels of nonsynonymous polymorphisms as a
result of their antagonistic co-evolution with the host (Ma and
Guttman, 2008; Stergiopoulos et al., 2007; Stukenbrock and
McDonald, 2009). Moreover, the distribution and diversity of effec-
tors in pathogen populations can be strongly influenced by the
distribution and diversity of cognate immune receptors in the host
(Ma and Guttman, 2008; Michelmore et al., 2013; Stukenbrock
and McDonald, 2009). Understanding the complexity of the
co-evolutionary arms race between R genes and cognate effectors
is crucial for predicting the durability of deployed R genes in the
field and for making sound choices in molecular plant breeding
programmes (McDonald and Linde, 2002).

Nearly 100 million tons of bananas are produced annually in
about 120 countries in tropical and subtropical regions, making
banana the fourth most important crop worldwide in production
value, after rice, wheat and maize (Arias et al., 2003). Currently,
black leaf streak disease, caused by the haploid, heterothallic
ascomycete Mycosphaerella fijiensis, is the most destructive
disease in banana, reducing yields by more than 38% (Churchill,
2011; Marin et al., 2003). The disease first appeared in the Fiji*Correspondence: Email: istergiopoulos@ucdavis.edu; pierre.dewit@wur.nl
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islands in South-East Asia in 1963 and, within 30 years, it had
invaded all the main banana-producing areas of the world.
However, although widespread founder effects were associated
with the introduction of the pathogen in America, in contrast,
invasion of Africa was probably achieved by a single founder event
(Robert et al., 2012). Such differences in introduction events may
have had a profound impact on the genetic diversity of the patho-
gen in the two continents. The fungus is also known to reproduce
asexually through conidia, although sexually produced ascospores
are more important for the development of epidemics (Churchill,
2011). Fungicide applications are at present the only means of
managing the disease, but their intensive use has already
spawned the development of fungicide-resistant strains of the
fungus (Canas-Gutierrez et al., 2009; Churchill, 2011; Romero and
Sutton, 1997). The use of resistant banana varieties has been
considered as an alternative approach for the management of the
disease, but conventional breeding methods have met with limited
success, mainly as a result of sterility and polyploidy in currently
cultivated bananas (Jain and Swennen, 2004). Indeed, most
banana cultivars and all plantain landraces are sterile triploid
hybrids (AAA, AAB, ABB) between the wild species Musa
acuminata (A genome) and Musa balbisiana (B genome), which
develop their fruit by vegetative parthenocarpy (Heslop-Harrison
and Schwarzacher, 2007). These limitations in banana breeding
programmes have spawned efforts into the production of trans-
genic banana plants (Khanna et al., 2007; Tripathi et al., 2005)
and, in one such effort, banana has been successfully transformed
with the HR-assisting protein (Hrap) gene from sweet pepper,
which conferred enhanced resistance against banana Xantho-
monas wilt (BXW) caused by the bacterium Xanthomonas
campestris pv. musacearum (Tripathi et al., 2010).

Previously, we have reported that functional orthologues of the
Avr4 and Ecp2 effector proteins from the tomato pathogen
Cladosporium fulvum are present in M. fijiensis (Stergiopoulos
et al., 2010). Avr4 is a small secreted protein that binds to chitin
and protects fungal cell walls against host chitinases (van den
Burg et al., 2006). In tomato, Avr4 is recognized by the Cf-4
resistance protein, eliciting an HR that leads to disease resistance
(Joosten et al., 1997). The intrinsic function of Ecp2 remains
elusive, but both Avr4 and Ecp2 have been shown to be virulence
factors for C. fulvum (van Esse et al., 2007; Laugé et al., 1997, ).
The ability to recognize Ecp2 in tomato is mediated by a single
dominant gene, termed Cf-Ecp2, which has been mapped to the
Orion locus on the short arm of tomato chromosome 1 (de Kock
et al., 2005), but has not yet been cloned. Remarkably, both the
M. fijiensis MfAvr4 and MfEcp2 effector proteins are also able to
trigger a Cf-4- and Cf-Ecp2-mediated HR in tomato, respectively
(Stergiopoulos et al., 2010). These resistance genes are thus
expected to mediate resistance against M. fijiensis, if genetically
transformed and functional in banana and plantain. Moreover,
MfEcp2 appears to interact with a putative host target in tomato

to promote necrosis in the absence of Cf-Ecp2. Two additional
homologues of Ecp2, termed MfEcp2-2 and MfEcp2-3, have been
identified in M. fijiensis, but neither of these seems to trigger HR
or necrosis in the presence or absence of Cf-Ecp2, respectively
(Stergiopoulos et al., 2010). As for MfEcp2, the intrinsic functions
of MfEcp2-2 and MfEcp2-3 are currently unknown. A molecular
evolutionary analysis, however, of Ecp2-like genes in fungi (includ-
ing M. fijiensis) suggested that, soon after gene duplication, the
newly formed paralogues were subject to functional diversifica-
tion (Stergiopoulos et al., 2012). Although still hypothetical, it is
postulated that Ecp2-like genes play a role in adaptive responses
to biotic and abiotic stresses (Stergiopoulos et al., 2012). Stress
response genes, such as those involved in adaptive immunity or
pathoadaptation to new hosts, often exhibit high rates of gains
and losses, as well as high within-population genetic variation
(Stukenbrock and McDonald, 2009). Thus, it can perhaps be
assumed that the effector genes of M. fijiensis may also exhibit a
significant degree of allelic diversity.

The effective deployment of resistance genes in the field
requires foreknowledge of the genetic diversity in cognate patho-
gen effectors, as disease resistance controlled by single dominant
genes can easily be overcome by mutated effector alleles whose
products are no longer recognized by the cognate resistance
proteins (Ma and Guttman, 2008; Stergiopoulos et al., 2007;
Stukenbrock and McDonald, 2009). Here, we surveyed the allelic
variation present in the MfAvr4, MfEcp2, MfEcp2-2 and MfEcp2-3
effector genes of M. fijiensis from global populations of the patho-
gen, and assayed all allelic variants for their ability to invoke Cf-4-
and Cf-Ecp2-mediated HR, respectively. This information is vital to
predict the durability of these resistance genes in Musa spp., and
is required before elaborate efforts are undertaken to transform
them into this plant species. In addition, knowledge of the allelic
diversity in effector genes of the pathogen can provide important
information on the presence of putative cognate resistance genes
in Musa spp., and their possible co-evolution with the M. fijiensis
effectors studied here.

RESULTS

Effector genes of M. fijiensis are highly polymorphic

Thirty-four strains collected from the main banana-producing con-
tinents around the world were used in this study (Table S1, see
Supporting Information). The collection included strains from
South-East Asia (n = 12),Africa (n = 8) and Latin America (n = 14).
Results for polymorphism analyses on the individual effectors are
summarized in Fig. 1, Table 1 and Table S2 (see Supporting Infor-
mation), and the phylogeny of the deduced protein isoforms for
each effector is shown in Fig. 2. Overall allelic diversity was
highest for MfEcp2-3, followed by MfAvr4, MfEcp2 and, finally,
MfEcp2-2. Such differences are reflected in the estimates of
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nucleotide diversity (πn) and the number of segregating sites (θw)
for each individual gene (Table 1).

MfAvr4
Seventeen DNA polymorphisms were observed in DNA align-
ments of MfAvr4, including five nonsynonymous substitutions
present in the 363-bp protein-coding region of the gene and
six synonymous ones (Fig. 1; Table S2). Notably, two of the
nonsynonymous substitutions involved a two-state amino acid
change (p.Thr109Met/Ile), suggesting that this site is under posi-
tive selection. Both of these polymorphisms are also radical sub-
stitutions based on the physicochemical properties of the amino
acids, which could affect the structure and function of the
protein produced. Six of the DNA polymorphisms observed in

MfAvr4 were in the 59-bp intron of this gene, including three
single nucleotide substitutions and the independent deletion of
two (c.363 + 11_12delTT) and three (c.363 + 10_12delATT) con-
secutive nucleotides, respectively. These were the only insertions
and deletions (indels) identified in DNA alignments of MfAvr4.
Based on the DNA polymorphism data, eight different alleles of
MfAvr4 could be deduced, which translated into six different
protein isoforms (I–VI) (Fig. 2). These differed in only one
(isoforms II, III, IV and V) or two (isoform VI) amino acids from
the reference MfAvr4 protein sequence (isoform I), represented
by the African strain C86 (Stergiopoulos et al., 2010). The refer-
ence isoform I was the most frequently observed protein variant,
which was broadly distributed in 20 strains from Africa (n = 6),
South-East Asia (n = 5) and Latin America (n = 9), followed by

Fig. 1 Allelic variation in the MfAvr4, MfEcp2, MfEcp2-2 and MfEcp2-3 effector genes of Mycosphaerella fijiensis. Grey boxes represent the proteins encoded by
the different genes, including predicted signal peptides (dark blue). Introns are shown as brown boxes and exons are assigned Roman numerals. Codons in the
genes encoding cysteine residues are represented by vertical yellow lines. Amino acid substitutions are indicated by the three letter code. Polymorphisms resulting in
nonsynonymous amino acid substitutions in the encoded proteins are indicated by lines tagged with green flags and are also colour coded according to the
physicochemical properties of the substituted amino acid residue; red denotes radical changes, orange neutral exchanges and green favoured shifts. Polymorphisms
resulting in synonymous substitutions are indicated by blue T-shaped vertical lines. Large insertions are indicated by green circles with crosses. Graph is drawn in
scale. Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Gln, glutamine; Glu, glutamic acid; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine;
Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Tyr, tyrosine; Val, valine.
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isoform II, which was present in strains from South-East Asia
(n = 4) and Latin America (n = 5), and isoform III, which was
present only in Africa (n = 2). Isoforms IV, V and VI were repre-
sented by a single strain each, originating from South-East
Asia (Fig. 2).

MfEcp2
Twenty-four DNA polymorphisms were observed in MfEcp2, 18 of
which were present in the 483-bp coding region of the gene and
six in the 71-bp intron sequence (Fig. 1; Table S2). Two polymor-
phic alleles were also identified, bearing an almost identical large

Table 1 General indices of molecular diversity
based on the sequence variation in the different
effector genes of Mycosphaerella fijiensis
examined in this study.

Domain
Region
(bp)† Eta (S)‡

Nnonsyn/
Nsyn§ Nhap¶ Hd** πn†† θw‡‡

MfAvr4 (n = 34)*
Total 1–428

(428)
13 (13) 5/6 8 0.715

(±0.062)
0.0057

(±0.0009)
0.0075

(±0.0030)
cDNA 1–363

(363)
11 (11) 5/6 8 0.715

(±0.062)
0.0058

(±0.0008)
0.0074

(±0.0031)
Exon I 1–363

(363)
11 (11) 5/6 8 0.715

(±0.062)
0.0058

(±0.0008)
0.0074

(±0.0031)
Intron 364–425

(62)
2 (2) n.a. 2 0.166

(±0.080)
0.0056

(±0.0027)
0.0083

(±0.0061)
MfEcp2 (n = 34)

Total 1–545
(545)

20 (20) 12/6 5 0.275
(±0.099)

0.0044
(±0.0019)

0.0090
(±0.0033)

cDNA 1–483
(483)

18 (18) 12/6 5 0.275
(±0.099)

0.0044
(±0.0019)

0.0091
(±0.0034)

Exon I 1–248
(248)

10 (10) 9/1 4 0.273
(±0.098)

0.0045
(±0.0021)

0.0099
(±0.0042)

Intron 249–307
(59)

2 (2) n.a. 3 0.169
(±0.007)

0.0047
(±0.0024)

0.0083
(±0.0061)

Exon II 308–545
(238)

8 (8) 3/5 4 0.223
(±0.093)

0.0042
(±0.0019)

0.0082
(±0.0037)

MfEcp2-2 (n = 34)
Total 1–591

(591)
22 (20) 15/3 5 0.275

(±0.099)
0.0029

(±0.0017)
0.0091

(±0.0030)
cDNA 1–522

(522)
20 (18) 15/3 5 0.275

(±0.099)
0.0030

(±0.0017)
0.0094

(±0.0031)
Exon I 1–305

(305)
17 (15) 12/3 5 0.275

(±0.099)
0.0043

(±0.0024)
0.0136

(±0.0046)
Intron 306–371

(66)
2 (2) n.a. 3 0.116

(±0.074)
0.0026

(±0.0018)
0.0074

(±0.0055)
Exon II 372–591

(220)
3 (3) 3/0 3 0.116

(±0.074)
0.0011

(±0.0008)
0.0033

(±0.0021)
MfEcp2-3 (n = 33)

Total 1–788
(788)

37 (37) 26/9 11 0.877
(±0.034)

0.0163
(±0.0008)

0.0116
(±0.0039)

cDNA 1–714
(714)

35 (35) 26/9 11 0.877
(±0.034)

0.0171
(±0.0009)

0.0121
(±0.0041)

Exon I 1–371
(371)

16 (16) 12/4 9 0.811
(±0.046)

0.0178
(±0.0008)

0.0106
(±0.0041)

Intron 372–442
(71)

1 (1) n.a. 2 0.515
(±0.022)

0.0077
(±0.0003)

0.0037
(±0.0037)

Exon II 443–788
(346)

20 (20) 14/5 7 0.784
(±0.042)

0.0165
(±0.0014)

0.0142
(±0.0052)

*Number of strains used in the analysis.
†Sites with insertions and deletions (indels), as well as sites coding for stop codons, are not taken into account
when calculating the various indices.
‡Total number of polymorphisms (Eta) and segregating sites (S).
§Total number of nonsynonymous (Nnon-syn) and synonymous (Nsyn) sites.
¶Total number of haplotypes based on DNA polymorphisms.
**Nei’s haplotype diversity index corrected for sample size (Nei, 1987) and its standard deviation.
††Nucleotide diversity based on the average number of nucleotide differences between two random
sequences (πn; Nei, 1987) and its standard deviation.
‡‡Statistics of the number of segregating sites (θw; Watterson, 1975), estimated for the entire length of the
sequences analysed and calculated standard deviation.
n.a., not applicable.
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Fig. 2 Phylogenetic relations among protein isoforms of the Mycosphaerella fijiensis MfAvr4, MfEcp2, MfEcp2-2 and MfEcp2-3 effectors. Unrooted neighbour-joining
trees were constructed using Poisson correction, with uniform substitution rates and with all ambiguous positions removed from each sequence pair compared.
Amino acid substitutions that distinguish each isoform from the reference C86 sequence (in bold and underlined) and the geographical origin of the isolates are also
indicated. Isoforms are indicated in Roman numerals. Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Gln, glutamine; Glu, glutamic acid; Gly, glycine;
His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Tyr, tyrosine; Val, valine.
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nucleotide in-frame insertion in exon I of the gene.This insertion of
15 bp, coding for the amino acids Gln-Ser-Thr-Gly-Gln, is present in
the first allele between amino acids p.Gln23 and p.Ala24 of the
encoded protein, whereas an insertion of 12 bp, coding for the
amino acids Ser-Thr-Gly-Gln, is present at exactly the same posi-
tion in the second allele. Apart from these two large in-frame
insertions, all other DNA polymorphisms present in protein-coding
sequences of MfEcp2 were single nucleotide substitutions (n =
18), with the majority (n = 12) leading to amino acid substitutions.
Notably, as in MfAvr4 and also in MfEcp2, four polymorphisms
were identified that produce two two-state amino acid substitu-
tions (p.Ala66His/Gln and p.Asn71Ser/Asp), implying positive
selection at these sites. Most missense DNA polymorphisms were
located in exon I of the encoding gene, in contrast with silent
substitutions that were all (but one) present in exon II. Finally, six
polymorphisms were identified in the intron sequence of MfEcp2,
including four indels. Despite the large number of polymorphisms
identified in MfEcp2, these were concentrated in only five alleles
that translated into four different protein isoforms (I–IV), including
the reference MfEcp2 isoform I represented by strain C86 (Fig. 2).
Most of the amino acid variation was present in just two rare
isoforms of the protein, which differed from the reference MfEcp2
sequence in four (isoform III; n = 1) and 11 (isoform IV; n = 2)
polymorphisms, respectively, including the large five-amino-acid
in-frame insertion in isoform IV. The second in-frame insertion of
four amino acids was present in isoform II (n = 2), which did not
contain any other changes relative to the reference MfEcp2
protein. All alleles with polymorphisms in MfEcp2 were observed
in strains originating from South-East Asia.

MfEcp2-2
Twenty single nucleotide substitutions were identified in the
522-bp protein-coding sequence of MfEcp2-2, with the majority (n
= 18) producing missense mutations. Two more polymorphisms
were identified in the 66-bp intron of the gene (Fig. 1; Table S2).
Notably, eight of the missense mutations invoke amino acid sub-
stitutions of or to Ser and Thr amino acid residues. These two
amino acids are frequently found in protein functional centres,
such as the catalytically active sites of many enzymes, suggesting
that MfEcp2-2 could be involved in protein–protein interactions.
The distribution of polymorphisms within the coding sequence of
the gene revealed high localized levels of nucleotide diversity in
exon I, in which a ‘mutational hot-spot’, located just after the start
of the mature MfEcp2-2 protein, was detected. In addition, two
nonsynonymous substitutions, leading to a two-state amino acid
change (p.Met65Gln/Ser), were detected in exon I, implying posi-
tive selection. Based on polymorphisms at the DNA and protein
level, respectively, five alleles of MfEcp2-2 and four protein
isoforms (I–IV) could be distinguished, including the reference
MfEcp2-2 isoform from the African strain C86 (isoform I) (Fig. 2).
All nonsynonymous substitutions were accumulated in only three

rare variants of the protein that differed by one (isoform II; n = 1),
six (isoform III; n = 1) and 10 (isoform IV; n = 1) amino acids from
the reference MfEcp2-2 protein, respectively. As for MfEcp2, all
strains with polymorphisms in MfEcp2-2 originated from South-
East Asia, suggesting that this is a cradle for allelic variation in
M. fijiensis.

MfEcp2-3
Forty-one DNA polymorphisms were identified in MfEcp2-3, which
is the largest number of polymorphisms identified in the four
effector genes of M. fijiensis examined in this study (Fig. 1;
Table S2). The majority (n = 36) of polymorphisms were present
within the 714-bp coding region of MfEcp2-3 and caused amino
acid substitutions (n = 26) in the protein produced, suggesting
that the locus is under positive and/or relaxed selection.
Nonsynonymous and synonymous substitutions were almost
equally distributed between the two more or less equal-sized
exons of the gene, in contrast with MfEcp2 and MfEcp2-2, where
a strong bias for the presence of polymorphisms in exon I was
observed. Five polymorphisms were also present in the 71-bp
intron of MfEcp2-3, including three indels, the only ones identified
in the MfEcp2-3 alignments. Eleven alleles of MfEcp2-3 could be
distinguished, which translated into an equal number of protein
isoforms (isoforms I–XI) with complex patterns of shared
polymorphisms that could have been the result of intragenic
recombination or convergent evolution (Fig. 2). The frequency dis-
tribution of these isoforms showed the existence of both common
(isoforms II and X), intermediate (isoforms I, IV, VIII) and rare
(isoforms III, V, VI, VII, IX, XI) frequency isoforms. However, only
two of these isoforms were shared between isolates originating
from different parts of the world.

New effector alleles can be created by
intragenic recombination

Visual inspection of the distribution of polymorphisms in effector
alleles of M. fijiensis and, especially, MfEcp2-3 suggests that some
of the observed distribution could be the result of intragenic
recombination. To further explore this possibility and look for
evidence of intragenic recombination in the four effector genes,
we used several sequence-based recombination detection
methods. This was performed because of the differences in power
and accuracy of the different algorithms implemented in these
methods to detect recombination. Evidence of recombination was
first investigated by the analysis of split-networks generated with
the SplitsTree4 program (Huson, 1998) (Fig. S1, see Supporting
Information). Networks constructed using the SplitDecomposition
method (Bandelt and Dress, 1992) showed a tree-like topology for
MfAvr4 (Fig. S1A), MfEcp2 (Fig. S1C) and MfEcp2-2 (Fig. S1D),
suggesting that the underlying evolutionary processes for these
genes are bifurcating. However, for MfEcp2-3, a single reticulate
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box was identified, providing evidence of conflicting phylogenetic
signals for this locus within the analysed sequences. To further
resolve the phylogenetic networks, we applied the NeighborNet
algorithm (Bryant and Moulton, 2004), which, according to
the least-squares fitted values, provided a better fit for MfAvr4
(99.62% vs. 88.2% for SplitDecomposition) and MfEcp2-3
(99.45% vs. 59.86% for SplitDecomposition). For MfEcp2 and
MfEcp2-2, both methods fitted the data equally well at 99.99%.
The split-network computed with the NeighborNet algorithm
again produced tree-like structures for MfEcp2 and MfEcp2-2,
supporting a model of bifurcating evolution. In contrast, it
revealed a reticulate network structure for MfAvr4 (Fig. S1B) and
MfEcp2-3 (Fig. S1F), implying that these two genes have been
affected by intragenic recombination.The parallelogram formation
and the number of reticulating branches observed are consider-
ably higher in MfEcp2-3 than MfAvr4, suggesting that this gene is
more severely affected or likely to have been affected by recom-
bination. Indeed, the pairwise homoplasy index (PHI) (Bruen et al.,
2006) test detected significant evidence for recombination in
MfEcp2-3 (P = 5.17 × 10–7), but not in MfAvr4 (P = 0.814), MfEcp2
(P = 1.0) or MfEcp2-2 (P = 1.0).

To validate these results and locate possible recombination
breakpoints within the MfEcp2-3 alignment, we further used the
single breakpoint recombination (SBR) method and the genetic
algorithm for recombination detection (GARD) (Pond et al., 2006),
as implemented in the ‘Datamonkey’ webserver (Delport et al.,
2010). Both methods detected significant evidence for recombi-
nation only between the MfEcp2-3 alleles, but not for the other
genes included in this study (Fig. S2, see Supporting Information).
SBR found significant evidence of recombination, and reported
position 280 in the MfEcp2-3 alignment as a possible recombina-
tion breakpoint (Fig. S2A). The position was inferred with 100%
confidence by both the Akaike information criterion (AIC) and the
small-sample AIC (AICc) (Pond et al., 2006). AICc also identified
position 427 of the nucleotide alignment as a potential recombi-
nation breakpoint (Fig. S2B). Notably, the multiple breakpoint
model offered an improvement of 87.66 to the AICc score over the
no-recombination single phylogeny model, thus providing strong
evidence that at least one of the two recombination breakpoints
reflects a true topological incongruence in the MfEcp2-3 align-
ment. Indeed, both recombination breakpoints were validated by
the Kishino–Hasegawa (KH) test (Kishino and Hasegawa, 1989),
which demonstrated significant (P < 0.01) incongruence between
topologies before and after each breakpoint (Fig. S2C). In this
case, both left-hand side (LHS) and right-hand side (RHS) P values
were 0.0004. Moreover, the phylogenies of the segments before,
after and in between the two suggested breakpoints also revealed
highly different branching patterns, indicative of incongruent
topologies, and thus recombination. Finally, similar results were
obtained when using eight recombination detection algorithms
(BootScan, RDP, GENECOV, MaxChi, Chimaera, PhylPro, SiScan,

3Seq) available with the RPD4 software program (Martin et al.,
2010) (Fig. S3, see Supporting Information Results S1).

Effector genes of M. fijiensis are under
positive selection

We further examined whether the molecular evolution of MfAvr4,
MfEcp2, MfEcp2-2 and MfEcp2-3 has been shaped by natural
selection, which could signify a co-evolutionary arms race with
the host. Because selection is most typically directed towards a
few individual sites and rarely only on entire domains, we used
the maximum likelihood (ML) codon-based site models imple-
mented in CODEML (Yang, 2007; Yang and Bielawski, 2000) to
determine instances of departures from the neutral model of
molecular evolution and to identify such sites. For all four genes,
likelihood ratio tests (LRTs), comparing models M3 (discrete rate
categories) and M0 (single rate), indicated a significant variation
from the neutral model of molecular evolution at P < 0.05
(MfAvr4) or P < 0.01 (MfEcp2, MfEcp2-2 and MfEcp2-3) (Table S3,
see Supporting Information). To identify specific codons evolving
with ω > 1, we tested whether models M2a and M8, which allow
for positively selected sites, fitted the data better than their
nested null models M1a and M7, respectively. LRT tests showed
that, for MfEcp2, MfEcp2-2 and MfEcp2-3, the positive selection
models M2a and M8 were significantly (P < 0.001) favoured over
their nested null models, thus revealing the presence of positively
selected sites. However, this was not the case for MfAvr4. The ML
analysis with model M8 identified that 3.2%, 0.6% and 12.7% of
the sites are evolving with ω > 1 in MfEcp2, MfEcp2-2 and
MfEcp2-3, respectively. Using the naïve empirical Bayes (NEB) and
Bayes empirical Bayes (BEB) inference methods, at least one
amino acid (p.66A) in MfEcp2, one (p.65M) in MfEcp2-2 and 11
(p.5I, p.15F, p.41L, p.45N, p.46R, p.01A, p.105G, p.107Q, p.173A,
p.207S, p.212G) in MfEcp2-3 were identified with support from
both methods at posterior probabilities of 1% as being positively
selected. The amino acids in MfEcp2-3 are distributed over the
entire protein, which might suggest that they constitute part of a
conformational epitope.

The presence of a large number of codon sites in MfEcp2-3
which are positively selected suggests that high allelic diversity in
this gene is driven by diversifying selection. However, caution
should be taken, as recombination can affect the detection of
positive selection and overinflate the results (Nielsen, 2005; Yang
and Bielawski, 2000).Thus, we also used the recombination-aware
single-likelihood ancestor counting (SLAC), fixed effects likelihood
(FEL) and random effects likelihood (REL) methods (Pond and
Frost, 2005), implemented in the ‘Datamonkey’ webserver (Delport
et al., 2010), to search for signatures of natural selection in the
genes and to further identify sites that may have been affected by
purifying selection (Table S4, see Supporting Information). Four
sites (p.24M, p.70A, p.105N, p.109T) received support by REL as
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being positively selected in MfAvr4. Three additional sites were
inferred to be negatively selected, with one site (p.85G) receiving
support by all three methods, one (p.90D) by SLAC and FEL, and
one (p.115E) by FEL alone. For MfEcp2, three sites (p.60A, p.66A,
p.71N) were inferred by REL to be positively selected and three
(p.113N, p.119K, p.151I) by FEL to be under negative selection. For
MfEcp2-2, a single positively selected site (p.65M) was detected
by REL, whereas two negatively selected sites (p.9L, p.94V) were
detected by FEL. Finally, for MfEcp2-3, 14 and three sites were
inferred by at least one of the three methods to be positively or
negatively selected, respectively. All 14 positively selected sites
received support by REL, two (p.15I and p.94T) of which received
additional support from FEL. All three negatively selected sites in
MfEcp2-3 received support from FEL alone. From the data shown
above, it is evident that the results obtained with REL corroborate
those obtained using the codon-based models in CODEML. This is
not surprising as REL is an extension of the codon-based selection
analyses implemented in CODEML (Pond and Frost, 2005).

Polymorphisms in the M. fijiensis effectors can abolish
recognition by cognate tomato Cf resistance proteins

Previously, we have demonstrated that the reference MfAvr4
protein (isoform I) can trigger a Cf-4-mediated HR in tomato and in
Nicotiana benthamiana plants transgenic for Cf-4 (Stergiopoulos
et al., 2010). Here, we tested whether allelic variants of MfAvr4
from natural populations of the fungus are still recognized by the
Cf-4 resistance protein. Agroinfiltrations in Cf-4 N. benthamiana
plants of the MfAvr4 allele encoding isoforms II (p.Met24Ile), III
(p.Asn105Thr), V (p.Ala70Gly) and VI (p.Ala70Gly, p.Thr109Met)
elicited an HR similar to the ‘wild-type’ MfAvr4 isoform I (Fig. 3).
However, isoform IV (p.Thr109Ile) failed to elicit an HR on Cf-4
N. benthamiana plants, indicating loss of recognition by Cf-4.

Interestingly, isoform VI, in which p.Thr109 is substituted by Met,
is still recognized by Cf-4, indicating that, next to position, the
physicochemical properties of the substituted amino acid are also
critical.

We have also demonstrated previously the specific HR--
associated recognition of MfEcp2 (isoform I) in MoneyMaker
(MM)-Cf-Ecp2 tomato plants. Moreover, we have shown that
isoform I of MfEcp2 induces low levels of necrosis in MM-Cf-0
tomato plants that lack Cf-Ecp2, most probably by interacting with
a host virulence target that is guarded by Cf-Ecp2 (Stergiopoulos
et al., 2010). Agroinfections of 2-week-old MM-Cf-Ecp2 plants
with Agrobacterium tumefaciens expressing the PVX::MfEcp2
alleles encoding isoforms II and III failed to elicit an HR, indicating
loss of recognition by Cf-Ecp2 (Fig. 4). However, transient expres-
sion of the MfEcp2 allele encoding isoform IV elicited a weaker HR
than isoform I on MM-Cf-Ecp2 tomato plants. In addition, isoforms
II, III and IV failed to elicit any macroscopically visible necrosis in
MM-Cf-0 plants when systemically delivered by Potato virus X
(PVX). These observations indicate that polymorphisms identified
in MfEcp2 considerably compromised the ability of the protein
to interact directly or indirectly with Cf-Ecp2 or other targets
in MM-Cf-0 plants. Finally, PVX-based transient expression of
MfEcp2-2 and MfEcp2-3 and the alleles thereof identified in this
study in MM-Cf-Ecp2 and MM-Cf-0 plants did not trigger any
visible HR or necrosis, respectively, indicating that Cf-Ecp2 is inef-
fective against these two effectors (Figs S4 and S5, see Supporting
Information).

DISCUSSION

Overall, the combined results from tests of neutrality and codon-
based methods are consistent with a model of MfEcp2 and

Fig. 3 Transient expression of the MfAvr4
effector alleles in Cf-4-transgenic Nicotiana
benthamiana plants, using the Agrobacterium
tumefaciens transient transformation assay
(ATTA). For ATTAs, A. tumefaciens cultures
containing binary expression vectors with the
MfAvr4 alleles encoding the different protein
isoforms identified in this study were infiltrated
at an optical density (OD) of 0.5 (left side of
leaf) and 1.0 (right side of leaf) in leaves of
5-week-old N. benthamiana plants. Infiltrations
with A. tumefaciens cultures containing empty
vector pMOG800 were used as a negative
control. Photographs were taken at 6 days
post-infiltration.
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MfEcp2-2 evolving under positive directional selection, and
MfEcp2-3 under balancing selection. The occurrence of multiple
alleles of this effector in both global and local populations of the
pathogen argue in favour of balancing selection, a pattern fre-
quently seen with fungal avirulence genes (Aguileta et al., 2009;
Sacristan and Garcia-Arenal, 2008; Stukenbrock and McDonald,
2009). We consider balancing selection as another form of posi-
tive diversifying selection, which, next to overdominance and
frequency-dependent selection, acts as a general mechanism
for maintaining protein polymorphisms in natural populations
(Charlesworth, 2006; Nielsen, 2005). Directional selection,
however, will work towards the fixation of one or a few advanta-
geous alleles in the population (Hurst, 2009). This is probably the
case for MfEcp2 and MfEcp2-2 for which only a few, highly diver-

sified alleles were detected. Finally, MfAvr4 could be seen as
evolving neutrally, as most tests of selection failed to reject the
hypothesis of neutral evolution. However, the presence of multiple
MfAvr4 alleles in global populations of the pathogen, as well as a
two-state amino acid substitution (p.Thr109Met/Ile) in different
protein isoforms, argue against neutral evolution and point
towards positive diversifying selection. Such a discrepancy may be
the result of variability in sensitivity of the tests and the limited
number of segregating sites that were compared (Nielsen, 2005;
Zeng et al., 2006). Thus, it is possible that weak balancing selec-
tion is also responsible for the maintenance of genetic variation in
the MfAvr4 locus.

Our sequence analyses indicated that, next to positive selection,
effector diversification in M. fijiensis is also driven by intragenic

Fig. 4 Transient expression of the MfEcp2
effector alleles in the near-isogenic MoneyMaker
(MM-Cf-0; known Cf resistance genes are
absent) and MM-Cf-Ecp2 (Cf-Ecp2 resistance
gene is present) tomato lines using the Potato
virus X (PVX)-based expression system. Tomato
plants were inoculated with Agrobacterium
tumefaciens transformants expressing the binary
PVX-based vector pSfinx fused to the MfEcp2
alleles encoding the different protein isoforms
identified in this study (plants on the right in
each panel). Tomato plants inoculated with the
empty pSfinx vector (plants on the left in each
panel) were used as reference plants. In the
presence of the Cf-Ecp2 resistance gene,
the wild-type MfEcp2 effector triggers a
hypersensitive response (HR). Low levels of HR
are also induced when the wild-type MfEcp2
effector is systemically delivered in MM-Cf-0
plants. Only mosaic symptoms typical for PVX
infections are seen on the plants after
inoculation with the empty pSfinx binary vector.
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recombination. Overall, the results obtained by the implementa-
tion of different recombination detection methods indicate that an
underlying low frequency of intragenic recombination has affected
the allelic patterns observed in MfEcp2-3. Recombination is a
powerful evolutionary force that can accelerate the emergence of
immune escape mutations by the production of chimeric effector
genes from existing alleles, and further play an important role
in maintaining effector diversity in pathogen populations
(Watt, 1972; Webster and Hurst, 2012). It has been shown that
recombination-assisted evolution frequently appears at higher
rates in genes that are subject to diversifying selection
(Stukenbrock and McDonald, 2009). This also seems to be the case
in our study, as evidence of intragenic recombination was
obtained for MfEcp2-3, which is under balancing selection, but not
for MfEcp2 and MfEcp2-2, which are under directional selection.
Some weak, although not statistically supported, evidence of
intragenic recombination was also obtained for MfAvr4, a gene
that is suspected to be under weak balancing selection. The fact
that both intragenic recombination and positive diversifying selec-
tion can act in concert to promote and maintain rapid sequence
diversification in effector genes of M. fijiensis could significantly
enhance the pathogen’s ability to rapidly adapt to changing selec-
tive pressures imposed by the host immune system. This should
not be underestimated when designing effective disease control
strategies, as pathogens with high evolutionary potential are more
likely to overcome genetic resistance that relies on single resist-
ance genes (McDonald and Linde, 2002).

Loss-of-function mutants and complete gene deletions are fre-
quently associated with the transition from avirulence to virulence
in fungal plant pathogens, where the conditional benefits from
abolishing the genes under strong selection pressure might be
higher than the costs of the loss (Stergiopoulos et al., 2007;
Stukenbrock and McDonald, 2009). However, natural selection in
protein-coding sequences of all four effector genes studied here
favours polymorphisms that result in single amino acid substitu-
tions over indels or complete gene deletions. This is in contrast
with polymorphisms present in intron sequences of the genes,
where several indels are observed. The suppression of frame-
shifting indels in protein-coding regions of the genes is suggestive
of selective constraints for the preservation of the final gene
product, and implies an important and possibly indispensable role
of the proteins for the fungus.

In the absence of known cognate resistance proteins in Musa
spp. that could perceive the M. fijiensis effectors studied here, it is
currently unknown how much of the observed allelic variation in
effector genes of M. fijiensis reflects adaptive variation versus
random mutation. However, the large number of polymorphisms
observed in effector genes of M. fijiensis suggests that these are
targets of immunity in Musa spp. Subsequently, it can be hypoth-
esized that positive selection, driven by antagonistic co-evolution
with host immune receptors and/or other host targets, is

responsible for the maintenance of high levels of sequence
polymorphisms in effector genes of the pathogen. Indeed, the
signature of positive selection and the presence of mutational
hot-spots in M. fijiensis effectors are suggestive of the presence of
immunogenic epitopes that are involved in interactions with host
immune receptors. In contrast, residues under strong negative
selection could specify regions that are critical for the structure
and intrinsic function of the proteins (Nilsson et al., 2011). This
scenario is in line with the classical co-evolutionary arms race
model between pathogen effectors and cognate host immune
receptors, in which the molecular evolution of effectors is defined
by the opposing forces of maintaining function, on the one hand,
and avoiding host recognition, on the other (Ma and Guttman,
2008).

Although an attractive model, evasion of host resistance
through effector diversification in a co-evolutionary arms race
between the host and the pathogen will be a viable evolutionary
option only if the effector is specifically recognized by a cognate
immune receptor in the host. The recent completion of the Musa
acuminata genome sequence, one of the two double-haploid pro-
genitors of currently grown banana cultivars of the Cavendish
group, has revealed the presence of 89 nucleotide-binding site
(NBS) leucine-rich repeat (LRR) proteins in this species (D’Hont
et al., 2012). Several other studies have reported the cloning of
a series of resistance gene analogues (RGAs) from a multitude
of banana cultivars and wild Musa accessions (Azhar and
Heslop-Harrison, 2008; Chen et al., 2007; Miller et al., 2008),
including putative orthologues of the tomato Cf genes, such as, for
example, those amplified in landrace Zebrina GF (Wiame et al.,
2000). It is expected that cognate immune receptors able to per-
ceive the M. fijiensis effectors studied here are present in wild
Musa germplasm. Subsequently, the distribution and diversity of
such cognate immune receptors in Musa spp. could account for
the generation and maintenance of adaptively significant vari-
ation in effector genes of the pathogen.

In favour of the above hypothesis, most allelic variation identi-
fied in effector genes of M. fijiensis is concentrated in a few strains
originating from South-East Asia. This is perhaps not surprising, as
historic records and population studies place the Asian-Pacific
region as the primary centre of origin and diversification of the
pathogen and the banana crop (Carlier et al., 1996; Robert et al.,
2012). The presence and maintenance of multiple effector alleles
in pathogen populations derived from this part of the world could
reflect a long co-evolutionary history between M. fijiensis and
immune receptors within the Musa genus. In contrast, in conti-
nents in which the genetic diversity of cultivated bananas and
plantain is narrow, such as Latin America and Africa, intraspecific
effector diversity in pathogen populations is limited, indicating the
absence of selection pressure, and/or founder and hitchhiking
effects. Indeed, studies on the global genetic structure of
M. fijiensis suggest a fairly recent migration of the fungus from
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South-East Asia to other continents, followed by widespread
founder effects (Robert et al., 2012). Furthermore, the genetic
basis of currently grown commercial cultivars of edible banana
and plantain is extremely narrow, as most are merely sterile
parthenocarpic hybrids between the wild species Musa acuminata
(A genome) and Musa balbisiana (B genome) that have largely
evolved via asexual vegetative propagation (Heslop-Harrison and
Schwarzacher, 2007). It is estimated that over 47% of the bananas
produced globally today belong to a single Cavendish group, a
triploid (AAA) derivative of Musa acuminata susceptible to infec-
tions by M. fijiensis (Arias et al., 2003). Cavendish bananas have
replaced the popular Gros Michel cultivar in the 1960s that was
purged worldwide by the so-called ‘Panama disease’, caused by
Fusarium oxysporum f. sp. cubensis tropical race 1 and, as a result,
became the main group of banana cultivars currently grown in
most of the world (Ploetz, 1994). Thus, lack of selection pressure
imposed by the host on the pathogen in Latin America and Africa,
where almost exclusively Cavendish bananas are grown (Arias
et al., 2003), and the narrow genetic diversity of the pathogen in
these two continents probably account for the extremely limited
allelic variation observed in its effector genes.

One of the main objectives of this study was to evaluate the
potential durability of the tomato Cf-4 and Cf-Ecp2 resistance
genes in the field against M. fijiensis, if genetically transformed
into banana. Cloning of the tomato Cf-Ecp2 still remains elusive,
but three candidate genes have already been mapped to the
Orion locus on the short arm of tomato chromosome 1 (de Kock
et al., 2005). Our analyses indicate that, even if functional in the
genetic background of banana, Cf-4 and Cf-Ecp2 are unlikely to
provide durable resistance against black leaf streak disease in
the field, as MfAvr4 and MfEcp2 alleles, whose products are able
to overcome these two resistance genes, are already present in
natural populations of the pathogen. More specifically, an
isoform of MfAvr4 was identified bearing an amino acid substi-
tution (p.Thr109Ile) that evaded Cf-4-mediated HR in transient
expression assays in N. benthamiana. This is rather surprising as
substitution of p.Thr109 by Met in another isoform of MfAvr4
was still functional in triggering a Cf-4-mediated HR. Previous
studies have also shown that Cf-4 is able to perceive highly
diversified homologues of Avr4 from different fungal species,
which led to the assumption that the perception of homologous
Avr4 effector proteins by Cf-4 is based on the effector’s tertiary
structure rather than individual amino acids present in solvent-
exposed antigenic domains of the proteins (de Wit et al., 2012;
Stergiopoulos et al., 2010). This might also be the reason why
natural selection in C. fulvum Avr4 favours amino acid substitu-
tions of mainly cysteine residues that disrupt the disulphide
bonds and destabilize the protein, enabling proteases in the
tomato apoplast to degrade it. In this way, such isoforms can
evade Cf-4-mediated recognition, but still retain their ability to
bind to chitin and protect the fungus against host chitinases (van

den Burg et al., 2003; Joosten et al., 1997; Stergiopoulos et al.,
2007). Altogether, it is becoming clear that the interaction
between Cf-4 and the Avr4 homologues appears to be more
complex than initially thought. Finally, almost all isoforms of
MfEcp2 described here were able to evade recognition by the
putative Cf-Ecp2 resistance gene present in tomato. These
isoforms also lost their ability to induce necrosis in tomato in the
absence of the cognate Cf-Ecp2 gene, indicating that the cumu-
lative effect of the mutations present in the isoforms is signifi-
cant. Furthermore, neither MfEcp2-2 nor MfEcp2-3 or any of their
allelic variants were able to trigger any necrosis in tomato plants
in the presence of Cf-Ecp2, indicating that this resistance gene
would not be effective against these two effectors. Still encour-
aging is the fact that isoforms of MfAvr4 and MfEcp2, which fail
to elicit a Cf-4- and Cf-Ecp2-mediated HR, respectively, are
restricted to populations of the pathogen from South-East Asia.
Strains originating from Latin America and Africa are much more
homogeneous, and have no mutations in MfAvr4 and MfEcp2
that can overcome Cf-4- and Cf-Ecp2-mediated resistance. Thus,
the deployment of Cf-4 and Cf-Ecp2 genes in these continents
might still prove to be effective.

EXPERIMENTAL PROCEDURES

An extension of the materials and methods is provided as Supporting
Experimental Procedures (see Supporting Information).

Fungal material

The strains used are listed in Table S1. The MfAvr4 (Mycfi2:87167),
MfEcp2 (Mycfi2:52972), MfEcp2-2 (Mycfi2:187124) and MfEcp2-3
(Mycfi2:198160) effector genes of M. fijiensis (Stergiopoulos et al., 2010)
were amplified and sequenced using the primers listed in Table S5 (see
Supporting Information).

DNA polymorphisms

Effector sequences from the African strain CIRAD86 (C86) were used
as the reference alleles, with which all other sequences were com-
pared (Stergiopoulos et al., 2010). Standard molecular diversity
indices were calculated using DnaSP v5 (Librado and Rozas, 2009).
Haplotypes were inferred based on the allelic variation observed in
individual effector genes, and cladograms depicting the evolutionary
relationships among the deduced protein isoforms were inferred by
neighbour joining.

Analysis of recombination

Evidence of recombination was first tested by the analysis of split-
networks using the SplitsTree4 software package (Huson, 1998). We then
used SBR and GARD, as implemented at the ‘Datamonkey’ webserver
(Delport et al., 2010), to identify recombination breakpoints in the
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alignments. This analysis was further corroborated by the use of several of
the recombination detection methods implemented in the RDP v.4 (RDP4)
software package (Martin et al., 2010).

Tests of selection

We investigated departures from neutrality, and patterns of selection at
individual sites were assessed using the site models (M0, M1a, M2a, M3,
M7 and M8) implemented in the CODEML program of the PAML v4.4
software package (Yang, 2007; Yang and Bielawski, 2000). To account for
the adverse effects of recombination in detecting instances of positive
selection and to identify sites that may have been affected by purifying
or diversifying selection, we also used the recombination-aware SLAC,
FEL and REL methods (Pond and Frost, 2005) implemented in the
‘Datamonkey’ webserver (Delport et al., 2010).

Plant assays

The tomato lines used were the cultivar MoneyMaker carrying no known
functional Cf resistance genes (MM-Cf0) and its breeding line Ontario-
7518 carrying a putative Cf-Ecp2 resistance gene (MM-Cf-Ecp2) (Haanstra
et al., 1999). For transient expression of MfAvr4 and its alleles in
N. benthamiana, we used transgenic plants expressing Cf-4 (Gabriels
et al., 2006). Agrobacterium tumefaciens (strain MOG101) transient
transformation assays (agroinfiltrations) and PVX-mediated transient
expression of effector alleles in tomato (agroinfections) were performed
according to Stergiopoulos et al. (2010).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1 Split graphs with inferred reticulate phylogenetic rela-
tionships among the MfAvr4, MfEcp2, MfEcp2-2 and MfEcp2-3
allelic variants. The networks include all isolates; graphs were
constructed using SplitDecomposition (left-hand graphs: A, C and
E) and NeighborNet (right-hand graphs: B, D and F) methods with
uncorrected p distances as implemented in SplitsTree version 4. In
the case of MfEcp2 and MfEcp2-2, both methods yielded the same
network. Least-squares (LS) fitted values for each method are
indicated, as well as the P values of the PhiTest for recombination
(n.s., not significant).
Fig. S2 Analysis of recombination in the MfEcp2-3 alleles using
the genetic algorithm for recombination detection (GARD). (A)
Plot of the inferred recombination breakpoints in the MfEcp2-3
alignment and their support probabilities.The x axis represents the
nucleotide position in the alignment and the vertical bars denote
putative recombination breakpoints. When shown in green, break-
points are statistically supported by the Kishino–Hasegawa (KH)
test at P < 0.01. The y axis represents support values for break-
points (1.0 = 100% support). (B) GARD recombination report.
Recombination breakpoints (Bps) and the small-sample Akaike
information criterion (AICc) values are indicated. ΔAICc represents
the improvement over the AICc score by fitting a multiple break-
point model to the data, as opposed to absence in recombination.
In general, ΔAICc > 10 is strongly supportive of recombination, and
the higher the value the more likely that recombination has taken
place. Evidence for two breakpoints at positions 280 and 427,
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respectively, of the MfEcp2-3 nucleotide alignment is found, but
only the breakpoint at position 280 is supported by ΔAICc. (C)
Neighbour-joining trees constructed with different segments of
the alignment: (i) entire length (nucleotide positions 1–714); (ii)
from start to the first recombination breakpoint (nucleotide posi-
tions 1–280); (iii) between the first and second breakpoints
(nucleotide positions 281–427); and (iv) from the second break-
point to the end (nucleotide positions 428–714). The phylogenies
show highly incongruent topologies, which is strong evidence for
recombination.
Fig. S3 Graphical representation of the individual recombination
events detected in the MfEcp2-3 alignment using eight different
methods implemented in the recombination detection software
program version 4 (RDP4). Grey bars represent the length of each
MfEcp2-3 allele and coloured bars indicate individual recombina-
tion events (minor donors). Recombination events are colour coded
according to the method by which they were detected. Nucleotide
positions of recombination breakpoints, as well as the P values
associated with each event, as calculated by the method by which
the event was detected, are indicated to the left or right of each
event. Each strain represents a different MfEcp2-3 isoform.
Fig. S4 Transient expression of the MfEcp2-2 effector alleles in
the near-isogenic MoneyMaker (MM-Cf-0; known Cf resistance
genes are absent) and MM-Cf-Ecp2 (Cf-Ecp2 resistance gene is
present) tomato lines using the Potato virus X (PVX)-based expres-
sion system. Tomato plants were inoculated with Agrobacterium
tumefaciens transformants expressing the binary PVX-based
vector pSfinx fused to the MfEcp2-2 alleles encoding the different
protein isoforms identified in this study. Mosaic symptoms are only
seen when any of the MfEcp2-2 alleles are expressed in MM-Cf-0

and MM-Cf-Ecp2 tomato lines (plants on the left in each panel),
similar to symptoms triggered by the empty pSfinx binary vector
(plants on the right in each panel). Photographs were taken at
21 days post-inoculation.
Fig. S5 Transient expression of the MfEcp2-3 effector alleles in
the near-isogenic MoneyMaker (MM-Cf-0; known Cf resistance
genes are absent) and MM-Cf-Ecp2 (Cf-Ecp2 resistance gene is
present) tomato lines using the Potato virus X (PVX)-based expres-
sion system. Tomato plants were inoculated with Agrobacterium
tumefaciens transformants expressing the binary PVX-based
vector pSfinx fused to the MfEcp2-3 alleles encoding the different
protein isoforms identified in this study. Mosaic symptoms are only
seen when any of the MfEcp2-3 alleles are expressed in MM-Cf-0
and MM-Cf-Ecp2 tomato lines (plants on the left in each panel),
similar to symptoms triggered by the empty pSfinx binary vector
(plants on the right in each panel). Photographs were taken at
21 days post-inoculation.
Table S1 Strains of Mycosphaerella fijiensis used in this study.
Table S2 Allelic variation in effector genes of Mycosphaerella
fijiensis.
Table S3 Results of the maximum likelihood analysis conducted
with CODEML using the site-specific models. The parameter esti-
mates under the different models are indicated, as well as the
likelihood ratio statistics for testing the different hypotheses.
Table S4 Sites inferred to be positively (dN-dS > 0) or negatively
(dN-dS < 0) selected based on the SLAC, FEL and REL analyses.
Table S5 Polymerase chain reaction (PCR) and sequencing
primers used in this study.
Experimental Procedures S1
Results S1
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