Research Article
Received: 12 October 2020

Revised: 19 January 2021

Accepted article published: 17 March 2021

Published online in Wiley Online Library:

(wileyonlinelibrary.com) DOI 10.1002/ps.6372

A world-wide analysis of reduced sensitivity
to DMI fungicides in the banana pathogen
Pseudocercospora ﬁjiensis
Pablo Chong,a,b Josué Ngando Essoh,c,d Rafael E Arango Isaza,e,f
Paul Keizer,g Ioannis Stergiopoulos,h Michael F Seidl,i Mauricio Guzman,j
Jorge Sandoval,j Paul E Verweij,k Gabriel Scalliet,l Helge Sierotzski,l
Luc de Lapeyre de Bellaire,d,m Pedro W Crous,i,n Jean Carlier,o,p
Sandrine Cros,p Harold J G Meijer,b Esther Lilia Peraltaa and
Gert H J Kemab,q*
Abstract
BACKGROUND: Pseudocercospora ﬁjiensis is the causal agent of the black leaf streak disease (BLSD) of banana. Bananas are
important global export commodities and a major staple food. Their susceptibility to BLSD pushes disease management
towards excessive fungicide use, largely relying on multisite inhibitors and sterol demethylation inhibitors (DMIs). These fungicides are ubiquitous in plant disease control, targeting the CYP51 enzyme. We examined sensitivity to DMIs in P. ﬁjiensis ﬁeld
isolates collected from various major banana production zones in Colombia, Costa Rica, Dominican Republic, Ecuador, the Philippines, Guadalupe, Martinique and Cameroon and determined the underlying genetic reasons for the observed phenotypes.
RESULTS: We observed a continuous range of sensitivity towards the DMI fungicides difenoconazole, epoxiconazole and propiconazole with clear cross-sensitivity. Sequence analyses of PfCYP51 in 266 isolates showed 28 independent amino acid substitutions, nine of which correlated with reduced sensitivity to DMIs. In addition to the mutations, we observed up to six
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insertions in the Pfcyp51 promoter. Such promoter insertions contain repeated elements with a palindromic core and correlate
with the enhanced expression of Pfcyp51 and hence with reduced DMI sensitivity. Wild-type isolates from unsprayed bananas
ﬁelds did not contain any promoter insertions.
CONCLUSION: The presented data signiﬁcantly contribute to understanding of the evolution and global distribution of DMI
resistance mechanisms in P. ﬁjiensis ﬁeld populations and facilitate the prediction of different DMI efﬁcacy. The overall reduced
DMI sensitivity calls for the deployment of a wider range of solutions for sustainable control of this major banana disease.
© 2021 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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Banana is the most popular fruit around the world. Commercial
banana production is dominated by ‘Cavendish’ cultivars that
dominate the export trade (95%) but are also important for
domestic markets in many countries.2–4 This global patchwork
of manifold Cavendish plantations amalgamates to form an
unparalleled monoculture that facilitates the expansion of black
leaf streak disease (BLSD), caused by the Dothideomycete fungus
Pseudocercospora ﬁjiensis. The fungus colonizes the foliage resulting in characteristic necrotic spots that eventually coalesce into
large blotches and defoliate the plants.5 This initiates premature
ripening, which is a major secondary post-harvest loss.6 The
extreme susceptibility of Cavendish bananas to BLSD requires frequent fungicide application, in most environments at weekly
intervals, for appropriate disease control.
Extensive use of fungicides can have detrimental effects on biodiversity and the occupational health of plantation workers7,8 Fungicides also exert an enormous selection pressure on P. ﬁjiensis
populations which gradually alleviates sensitivity and reduces overall efﬁcacy.9–12 Sterol demethylation inhibitors (DMIs) are the most
commonly applied systemic fungicides for BLSD management.13
These fungicides interact with the catalytic site of the sterol 14⊍demethylase enzyme, also known as CYP51.13 This protein is a
key player in ergosterol biosynthesis, catalysing the demethylation
of lanosterol via its heme-bound iron atom in the substrate recognition site (SRS).14–16 Continuous use of DMIs has contributed to the
selection and dissemination of reduced sensitivity in P. ﬁjiensis
populations.12,13,17–23 The link between DMI overuse and the occurrence of reduced efﬁcacy and concurring genetic variation at the
target site has been demonstrated in many fungal species.11,16,24–26
The commonest observed genetic mechanisms are nonsynonymous point mutations in the coding region of the cyp51 gene
resulting in modiﬁed versions of the CYP51 protein, and changes in
the cyp51 gene promotor resulting in elevated expression
levels.11,12,15,24,27–39 Point mutations in the cyp51 coding region
mostly result in amino acid changes within the SRS regions (SRS1–
6).13,14 SRS1–6 are peptide chain regions at the protein core that
interact with the target substrate; they do not inactivate the enzyme
but compromise the fungicide-binding afﬁnity.14,29 The most common substitutions in the P. ﬁjiensis cyp51 gene (Pfcyp51) are at positions Y136 (Y137) and A313 (A311), inside the putative SRS1 and
SRS4, respectively, and substitutions at the Y461 (Y459) and Y463
(Y461) positions.11-13,40 Interestingly, P. ﬁjiensis isolates from Costa
Rica with an accumulated number of mutations in the Pfcyp51 gene
also contain repeated element insertions in the promoter that contribute to enhanced gene expression and elevated half-maximal
effective concentration (EC50) values.11,12
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Despite existing information regarding Pfcyp51 genetic
variation,12,22,41,42 the relationship with a global DMI sensitivity
analysis is currently lacking. Here, we ﬁrst analyse the molecular
effects underlying reduced sensitivity towards DMIs by phenotyping the sensitivity of 592 isolates collected from Cameroon,
Colombia, Costa Rica, the Dominican Republic, Ecuador, the Philippines, Guadalupe and Martinique. These data are then further
supported by sequence analysis of Pfcyp51 and its promoter
region of a subset of 266 isolates. Finally, we validate the positive
correlation between the use of DMIs and speciﬁc modiﬁcations in
the promoter and coding region of Pfcyp51 leading to reduced
sensitivity at a global scale.

MATERIALS AND METHODS
Pseudocercospora ﬁjiensis isolates and inoculum
A suite of 592 P. ﬁjiensis isolates was collected, mostly from Cavendish, from 2012 to 2014, in different regions of Cameroon, Colombia, Costa Rica, Dominican Republic, Ecuador, the Philippines,
Guadalupe and Martinique corresponding to major bananaproducing regions as well as non-treated and recently colonized
areas (Table 1). To afﬁrm species identity and determine the population structure, a set of 155 isolates was selected based on sensitivity range and origin for genotyping by sequencing (GBS) using
DArTseq (www.diversityarrays.com/). DNA samples were processed
in digestion/ligation reactions43 and the technology was optimized
for P. ﬁjiensis by replacing a single PstI-compatible adaptor with two
separate adaptors corresponding to two different restriction
enzyme overhangs. The PstI-compatible adapter was designed to
include the Illumina ﬂow cell attachment sequence.44 DArTseq
markers were quality ﬁltered (Qpmr >2.7, Reproducibility = 1, CallRate >0.66), resulting in 6586 polymorphic DArTseq markers. Based
on the presence or absence proﬁles of these markers, the Jaccarddistance between isolates was determined using R (http://www.Rproject.org).45 Subsequently, complete hierarchical clustering analysis was performed, as implemented in R.45
To afﬁrm the taxonomical identity of the collection, a random
set of 28 isolates was also tested with elongation factor-1⊍, which
was ampliﬁed with primers EF1-728F (50 -CATCGAGAAGTTCGAGAAGG-30 ) and EF1-986R (50 -TACTTGAAGGAACCCTTACC-30 )46
and analysed using the NCBI genome database and the P. ﬁjiensis
v2.0 JGI genome portal. Further corroboration was obtained from
the Pfcyp51 sequencing of 266 isolates from the collection.
The sequences of ﬁve wild-type isolates (X845, X846, X847, X849
and X851) from different countries were used to compare variation among Pfcyp51 but these strains were not phenotyped in this
study. We regarded these isolates as DMI sensitive, based on their
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TABLE 1. Origins and characteristics of the Pseudocercospora ﬁjiensis isolates used in this study
Isolates DMI
Pfcyp51
Year of collection sensitivity tested sequenced

Country/collection
Colombia CIB
UBALMED
Costa Rica
CORBANA
Dominican Republic
CIRAD
Ecuador CIBE-ESPOL

Population characteristics

Late 2012

98

34

Early 2014

107

33

Treated farms and a subset of 13
isolates from non-treated zones
Treated farms

Early 2013

25

23

Treated farms

Early 2011

101

40

Treated farms and a subset of 25
isolates from non-treated zones

Philippines PRI-WUR Early 2013

98

28

Guadalupe CIRAD

Early 2013

30

3

Martinique CIRAD

Early 2013

42

5

Cameroon CIRAD

Mid 2014

90

94

Individual sensitive
isolates WURa
Total

2009

1

6

592

266

8 collections

DMI and total fungicide application
per year of collection
DMI estimated application: 7 cycles
from a total of 32 cycles
DMI estimated application: 7 cycles
from a total of 56 cycles
Data undetermined

DMI estimated application:
13 cycles from a total of
30 cycles
Treated farms and 1 isolate from non- DMI estimated application:
treated zones
12 cycles from a total of
54 cycles
Low exposure
DMI estimated application: 6 cycles
from a total of 10 cycles
Low exposure
DMI estimated application: 9 cycles
from a total of 11 cycles
Treated farms and a subset of 25
DMI estimated application: 7 cycles
isolates from non-treated zones
from a total of 45 cycles
Non-treated
Non-treated zones

a

Indonesia, Gabon, Burundi, Taiwan, Philippines and Cameroon.
DMI, demethylation inhibitor.

response to propiconazole and cyproconazole.12 Inoculum for all
experiments was prepared using the protocol of Peláez et al.47
with modiﬁcations as described by Chong et al.11
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Pfcyp51
Sequencing
To our knowledge no cyp51 paralogs have been described in P.
ﬁjiensis as corroborated by genome analyses (Blast 1 and 2, Supporting Information). Because Pfcyp51 is orthologous to Zymoseptoria tritici (SEPTTR) cyp51B, mutations in the Pfcyp51 are labelled
using SEPTTR mutation references as proposed in the fungicide
target-site uniﬁed nomenclature.50 The coding region of Pfcyp51,
including 227 base pairs (bp) of its promoter, were ampliﬁed using
the ampliﬁcation primers CYP51_Pﬁjien_F1 (50 -AAGGTCATATCGCAGG-30 ) and CYP51_Pﬁjien_R1 (50 -GAATGTTATCGTGTGACA-30 ).
The polymerase chain reaction (PCR) program consisted of an initial denaturation step at 94°C (5 min), followed by 34 cycles of
denaturation at 94°C (30 s), annealing at 55°C (30 s) and an extension at 68°C (90 s). A ﬁnal extension step was performed at 72°C
(7 min). The expected amplicons ranged from 2 to 2.2 kb and were
directly sequenced by Macrogen using the ampliﬁcation primers
and sequencing primers: CYP51_Pﬁjien_F2 (50 -ACAGAAACATCACCTCC-30 , CYP51_Pﬁjien_F3 (50 -ATTGCTTCACTTTCATCC-30 ),
CYP51_Pﬁjien_F4 (5’-CTCTACCAC GATCTCGAC-30 ) and CYP51_Pﬁjien_R2 (50 -GATATGGATATAGTTGT-30 ). The sequences were assembled using SeqMan (Lasergene v8 software from DNASTAR®).

© 2021 The Authors.
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Fungicide testing
Propiconazole, difenoconazole and epoxiconazole were used for
this experiment because they are the most prominent DMIs for
BLSD control across the eight countries. Syngenta Crop Protection
AG provided technical grade quality samples of propiconazole
and difenoconazole and epoxiconazole was obtained from Sigma
Aldrich. Preparation of the fungicide doses was conducted following the protocol of Chong et al.11 Initially, 592 isolates were tested
in duplicate, against each fungicide with eight concentrations
(0, 0.004, 0.016, 0.04, 0.16, 0.64, 2.56 and 10.24 mg L−1). In a second screening, a subset of 253 isolates was re-evaluated with
two technical and three biological repetitions, due to technical
difﬁculties with the recovery of some isolates. Finally, a third test
was performed with 21 top-ranking P. ﬁjiensis isolates with EC50
values above 10 mg L−1 in the initial test48 against extended ﬁnal
concentrations using 0, 0.64, 2.56, 10.24, 15.36, 20.48, 30.72 and
40.96 mg L−1. In all experiments, we added dimethyl sulfoxide
(1%, v/v) to the ﬁnal concentration and incubated plates in the
dark at 27°C for 10 days. Mycelium growth was determined using
an Inﬁnite® 200 PRO (TECAN) microplate reader, which was calibrated at room temperature (wavelength 690 nm, multiple reads
per well in a 5 × 5 circle-ﬁlled form, bandwidth 9 μm, ﬁve ﬂashes
at 1 mm exclusion from well walls). EC50 was determined by plotting the growth proﬁles from the optical density (OD) readings,
adjusted for the background. Monotone regression spline functions49 were applied to ﬁt the curve proﬁles using GenStat 18th

edition software (VSN International). The EC50 sensitivity threshold ranges for all fungicides were arbitrarily chosen based on
the clustering analyses of the log2(EC50) means standard error of
the differences and the genetic information of the Pfcyp51. The
EC50 sensitivity thresholds selected for the isolate groupings were:
sensitive, less than 0.1 mg L−1; tolerant, 0.1–0.99 mg L−1; and
resistant, 1 mg L−1 or above.
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Contigs were aligned and analysed using CLC Genomic software
v7.5.2 from Qiagen. The wild-type P. ﬁjiensis isolate CIRAD86
genome version 2.0 (http://fungi.ensembl.org/Pseudocercospora_
ﬁjiensis_cirad86/Info/Index) was used as reference to determine
the number and type of mutations per isolate. We used MEME,51
GLAM252 and ESEﬁnder 3.053 software to analyse the promoter
region of Pfcyp51.
Sensitivity analyses
A single biological determination of EC50 was performed in duplicate for all fungicides on all 592 isolates. Subsequently, three biological replicates of a representative subset of 253 isolates were
phenotyped due to the aforementioned technical difﬁculties with
the recovery of the remaining isolates of the initial collection.
Among this subset, we could not determine EC50 for all fungicides
of 45 isolates because they were outside the tested doses range.
The data were ﬁrst analysed with a full factorial analysis of variance (ANOVA) model comparing main effects and interactions
for the experimental variables isolates (592-1) and fungicides
(3-1). Prior to analysis the data were log2-transformed to obtain
homogeneity of variance and a better approximation by the normal distribution. Then, a Finlay–Wilkinson model (FW)54,55 was
used to describe the interaction between two factors (isolates
and fungicides) in a more parsimonious nonlinear form. In FW
models one of the factors act as a product with a linear relation
to the other. This relation can depend either on the fungicide factor or isolate factor with the model EC50; yijk = Fungicidei + bi ×
Isolatej + εijk or yijk = Isolatei + bi × Fungicidej + εijk. This results
in ‘sensitivities’ (bi) for fungicides or isolates indicated by the
steepness of the slope. In this study, the fungicides factor was
chosen for the FW model because it uses only three lines to
describe the general sensitivity response of the isolates towards
each fungicide.

4

Pfcyp51 sequence sensitivity correlations
From 266 Pfcyp51 sequences, 23 substitutions, binary variables,
and a promoter palindromic factor with six levels were established. The fungicides and country of origin were considered as
explanatory factors, with three and eight levels, respectively. The
FW estimates of the EC50 sensitivities were taken as the response
or dependent variable in a regression model, where the mutations, promotor, country and fungicide are used as explanatory
factors. To analyse main effects of the substitutions alone, these
were ﬁrst ﬁtted with a step-forward approach to select the most
explanatory substitutions without the expected moderating
and/or confounded effect of the promotor or the other factors.
These selected substitutions were subsequently subjected to an
all-subset selection procedure, where we could decide which subset of signiﬁcant substitutions forms the most stable combination.
These most explanatory substitutions variables were used to reﬁt
the model, now with the promoter and fungicide factor added as
main effects. In the next three steps, possible ﬁrst-order interaction terms with the mutations were added with forward selection
followed by backward elimination. Each of these rounds tries iteratively to include subsequent interaction terms based on a forward inclusion ratio and overall signiﬁcance and retains only the
best ﬁtting combinations. First among the mutations themselves,
then mutations with promotor and ﬁnally mutations with fungicide and country. The model resulting from this process is reﬁtted
to arrive at a ﬁnal model with backward elimination to see if any
previously included interaction term has become superﬂuous.
The 23 mutations were pairwise tested for interaction with
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Fisher's exact test on independence, which can be used to judge
the plausibility to accept or discard certain results from the subsequent model ﬁtting.

RESULTS
Different species of the genus Pseudocercospora cause similar
symptoms on banana. Moreover, these species also morphologically resemble P. ﬁjiensis and can coexist in the same leaf.19,56 To
assess the potential occurrence of other Pseudocercospora species
in our collection, we used GBS for 155 isolates (Figure S1) and conﬁrmed the identity of 28 isolates from the collection by sequencing the elongation factor-1⊍ gene. Finally, Pfcyp51 sequences of
265 isolates served as a third conﬁrmation. All these isolates were
identiﬁed as P. ﬁjiensis. Hence, we assume that the isolates of the
entire global collection were correctly identiﬁed based on classical morphology and ascospore germination patterns (data not
shown). The GBS analysis used hierarchical clustering based on
6586 polymorphic DArTseq markers and identiﬁed a clear clustering pattern reﬂecting the geographical origin of the P. ﬁjiensis isolates, which was independent of the degree of sensitivity to DMIs
(Figure S1).
P. ﬁjiensis DMI sensitivity
The P. ﬁjiensis collection was tested for sensitivity against the DMIs
difenoconazole, epoxiconazole and propiconazole (Table S1). In
general, we observed a cross-resistance between these fungicides
as shown in Figure S2(A) where the raw log2(EC50) ﬁtted versus
estimates illustrates this as a positive band. The FW model, using
the fungicides parameter, expressed the sensitivity of each fungicide toward all isolates with an explanatory power of P < 0.001.
Figure S2(B) depicts the FW model with three lines: the isolate
mean responses to each fungicide. The model shows a clear difference between difenoconazole and the two other fungicides
(whose lines are nearly parallel). Hence, the structure of the populations based on their sensitivity response (resistant, tolerant, or
sensitive) might differ between products (Figures S2B and S3).
A summary of the overall sensitivity category by fungicide is
shown in Table S2. Almost all P. ﬁjiensis isolates from Costa Rica
belong to the resistant category—with highest recorded EC50
values—and a minority was classiﬁed as tolerant for difenoconazole (1.87%), epoxiconazole (2.08%) and propiconazole (0.94%),
whereas no sensitive isolates were observed (Table S2). Similarly,
the Philippines and Colombia also show a high incidence of resistant isolates for difenoconazole (58.16% and 71.43%), epoxiconazole (54.08% and 48.98%) and propiconazole (72.45% and
69.39%). By contrast, most isolates from Ecuador were classiﬁed
as tolerant for difenoconazole (53.47%), epoxiconazole (52.48%)
and propiconazole (53.47%). In Cameroon, many isolates were tolerant for difenoconazole (44.57%) and epoxiconazole (50%), but
the sensitivity for propiconazole was almost equally distributed
among resistant (39.13%), tolerant (27.17%) and sensitive
(33.70%) strains. In the Dominican Republic, many strains displayed resistance to difenoconazole (44%) and propiconazole
(52%), but most isolates were only tolerant to epoxiconazole
(52%). A complete description of distribution across sensitivity
classes is shown in Figures 1, S2 and S3 and Tables 2 and S3.
The lowest EC50 values were observed in isolates from Guadalupe,
Martinique and Cameroon. All isolates from untreated areas in
Cameroon, Colombia and Ecuador were sensitive (Figure 1 and
Table S2), whereas all other isolates from these countries showed
an almost continuous range of EC50 values (Figure 1 and Table S2).
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FIGURE 1. Observed sensitivity differences to three demethylation inhibitor (DMI) fungicides (difenoconazole, epoxiconazole and propiconazole)
among Pseudocercospora ﬁjiensis isolates from seven countries. Data are presented as the frequency of individual half maximal effective concentration
(EC50) data that match against the EC50 means for the combined response to the tested DMIs (log2).

TABLE 2. Fisher's protected least signiﬁcant difference test showing the difference in sensitivity from Pseudocercospora ﬁjiensis populations by
origin
Country
Guadalupe
Martinique
Ecuador
Cameroon
Dominican Republic.
Colombia
Philippines
Costa Rica

Mean log2(EC50)

Homogeneous group

Isolate count

−6.015
−5.833
−2.655
−2.655
−0.924
0.220
0.388
2.010

A
A
B
B
C
D
E
F

30
42
101
90
25
95
98
111
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FIGURE 2. Amino acid substitutions identiﬁed in the Pseudocercospora ﬁjiensis 14⊍-demethylase enzyme. In total 28 amino acid changes were observed,
located at 20 positions in the sequence of Pfcyp51. The substitutions with red labels are in the vicinity of the substrate recognizing site (SRS).
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FIGURE 3. Schematic representations of CYP51. (a) Three-dimensional model based on Pseudocercospora ﬁjiensis CIRAD86 (genotype G1).
(b) PfCYP51 secondary structure model annotated based on Cañas et al.13 and Chen et al. (2010)71 (variation in nomenclature between authors is show
in parentheses). Helix structures are shown as blue cylinders, ⊎ sheets are indicated in red, turns in green and random coils in cyan. Main ⊍ helixes are
depicted in capital letters and the putative substrate recognition sites (SRS) indicated as boxes. The changes in amino acids identiﬁed in Pfcyp51 are
depicted as: (^) only in demethylation inhibitor (DMI)-sensitive isolates, (*) only in resistant strains and (+) present in both. Residues that potentially locate
within 7 Å of the propiconazole docking site are labelled with blue triangles.
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Colombia

34
24 (70.6%)
34 (100%)
1 (2.90%)
0
0
0
34 (100%)
0
21 (61.8%)
0
0
0
9 (26.5%)
0
1 (2.9%)
0
0
0
0
0
2 (5.9%)
2 (5.9%)
0
0
0
21 (61.8%)
3 (8.8%)
0
0

Country/amino acid substitution

(n)
Promoter insertion
T18I
A19E
Y59F
I71M
D72E
V107D
V117L
Y137F
K172R
V261L
I265T
A311G
H378N
A379G
R416G
A444S
D458E
D458V
ΔY459
Y459D
Y459N
Y459S
G460A
G460D
Y461D
Y461H
Y461N
Y461S

33
26 (78.8%)
33 (100%)
0
0
0
0
33 (100%)
0
19 (57.6%)
0
2 (6.1%)
0
19 (57.6%)
3 (9.1%)
7 (21.2%)
0
0
0
0
0
2 (6%)
0
0
1 (3%)
0
22 (66.7%)
1 (3%)
2 (6.1%)
4 (12.1%)

Costa Rica
94
62 (66%)
0
0
0
0
0
94 (100%)
0
1 (1.06%)
0
0
0
64 (68.1%)
0
0
0
0
0
49 (52.1%)
0
0
0
0
0
4 (4.3%)
6 (6.4%)
0
5 (5.3%)
0

Cameroon
23
17 (74%)
23 (100%)
0
0
0
0
23 (100%)
0
2 (8.7%)
0
0
0
19 (82.6%)
0
3 (13%)
1 (4.3%)
0
0
0
0
0
0
0
0
0
14 (60.9%)
2 (8.7%)
3 (13%)
2 (8.7%)

Dominican Republic

TABLE 3. Changes in the CYP51 protein sequences of Pseudocercospora ﬁjiensis isolates per country

40
5 (12.5%)
40 (100%)
1 (2.5%)
0
0
0
40 (100%)
0
0
0
0
0
33 (82.5%)
0
0
0
0
0
0
0
2 (5%)
0
0
0
0
1 (2.5%)
10 (25%)
20 (50%)
0

Ecuador
3
0
3 (100%)
0
0
0
0
3 (100%)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Guadalupe
28
8 (28.6%)
15 (53.6%)
0
0
2 (7.10%)
2 (7.10%)
28 (100%)
0
4 (14.3%)
4 (14.3%)
0
0
27 (96.4%)
0
0
0
22 (78.6%)
15 (53.6%)
0
2 (7.1%)
2 (7.1%)
15 (53.6%)
2 (7.1%)
0
0
6 (21.4%)
0
0
0

Philippines
5
0
5 (100%)
0
0
0
0
5 (100%)
0
0
0
0
1 (20%)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Martinique
6
0
2 (33.3%)
0
1 (16.6%)
0
0
5 (83.3%)
1 (16.6%)
0
1 (16.6%)
0
0
0
0
0
0
1 (16.7%)
0
0
0
0
0
0
0
0
0
0
0
0

Individual Isolates

266
142 (53.38%)
155 (58.27%)
2 (0.75%)
1 (0.38%)
2 (0.75%)
2 (0.75%)
265 (99.62%)
1 (0.38%)
47 (17.67%)
5 (1.88%)
2 (0.75%)
1 (0.38%)
171 (64.29%)
3 (1.13%)
11 (4.14%)
1 (0.38%)
23 (8.65%)
15 (5.64%)
49 (18.42%)
2 (0.75%)
8 (3.01%)
17 (6.02%)
2 (0.75%)
1 (0.38%)
4 (1.50%)
70 (26.32%)
16 (6.02%)
30 (11.28%)
6 (2.26%)

Total
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The overall response of the global population is shown in Figures 1, S2 and S3 and Tables 1 and S2. The additional sensitivity
analyses of the 21 top-ranking resistant isolates (EC50 values up
to 40.96 mg L−1; Figure S4) revealed that isolates CaM10_6,
CaM1_5 and CaM3_1 from Costa Rica have EC50 values above
3 mg L−1 for epoxiconazole and over 6 mg L−1 for difenoconazole
and propiconazole (Figure S4). In particular, isolate CaM10_6 displays EC50 values above 20 and 18 mg L−1 for difenoconazole
and propiconazole, respectively.
Pfcyp51 diversity
We identiﬁed 60 unique genotypes with a total of 28 mutations in
the coding region of Pfcyp51 (Figures 2 and 3 and Table S3) compared with the sensitive reference isolate CIRAD86.57 The amino
acid changes were dispersed over 20 positions. Strikingly, all isolates shared a non-synonymous mutation resulting in the amino
acid change V107D (Table S4). The number of mutations per position per country is summarized in Table 3. Except for Y137F, all
amino acid substitutions are derived from single base mutations.
In Y137F, the wild-type codon is TAC at position 405 bp and the
altered codons are TTC and TTT, which are present in 29 isolates
from different populations (Costa Rica, Cameroon, Colombia and
Philippines) and in 11 isolates from Costa Rica, respectively. The
list of the codons for each substitution is summarized in Table S5.
At the global scale, the most frequently observed amino acid
changes are V107D (265 isolates), A311G (171 isolates), T18I
(155 isolates), Y461D (70 isolates), D458V (49 isolates), Y137F
(47 isolates) and Y461N (30 isolates) (Table 3). The largest number
of speciﬁc mutations was present among Philippine isolates.
Mutations resulting in I71M, D72E, D458E, ΔY459 and Y459S were
unique for the Philippine collection, whereas mutations leading to
K172R and A444S were shared with a sensitive isolate from Taiwan. Unique mutations were also observed in isolates from other
countries. For instance, V261L, H378N and G460A were exclusive
for isolates from Costa Rica, whereas amino acid changes D458V
and G460D were found only in isolates from Cameroon. Just a
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few mutations leading to amino acid changes were only found
once, such as I265T in an isolate from Martinique and R416G in
an isolate from the Dominican Republic (Table 3). By contrast,
other mutations are ubiquitous such as T18I, present in all isolates
from Latin America and the Caribbean and in 15 isolates from the
Philippines. The same mutation existed in two sensitive wild-type
isolates from the Philippines and Indonesia (Table 3) but was
absent among Cameroon isolates.
The number of amino acid substitutions per individual genotype varied from one to seven (Table S3). Most of the nonsensitive isolates gained four amino acid changes when compared with the reference isolate. The most common combination
was T18I + V107D + A311G + Y461D, present in genotypes G29
to G32, identiﬁed in 24 isolates from the Dominican Republic
(14 isolates), Costa Rica (ﬁve isolates), Colombia (two isolates),
Philippines (two isolates) and Ecuador (one isolate). Genotype
G25, was the only isolate from Cameroon and contained the modiﬁcation Y137F (Table S3). Thirty-two isolates share only a single
substitution (V107D), when compared with the CIRAD86 reference. The two- and three-way combinations T18I + V107D, T18I
+ A19E + V107D, T18I + Y59F + V107D, T18I + V107D + I265T,
T18I + V107D + R416G, T18I + V107D + A444S and V107D
+ V117L + A444S were all present in P. ﬁjiensis isolates sensitive
to DMIs. By contrast, substitutions Y137F, A311G, H378N, D458E,
D458V, ΔY459, Y459D, Y459N, Y459S, G460A, G460D, Y461D,
Y461H, Y461N and Y461S were present only in isolates with
reduced sensitivity to DMIs. Interestingly, genotypes G8, G12–
14, G18, G19, G36, G41, G49, G52, G53, G57, G58 and G60 show
a differential impact on the sensitivity for the three fungicide with
higher EC50 values for propiconazole (Table S3).
Promoter insertions
In total, we sequenced Pfcyp51 in 266 isolates of which 142 carry
an insertion in the promoter (Tables 3 and S2). Previously, these
insertions have been correlated with overexpression of Pfcyp51
and hence, reduced sensitivity to DMIs.11, 12 For instance, P.

FIGURE 4. Logo made in MEME50 of the repeated inserts elements found in the promoter of 142 Pseudocercospora ﬁjiensis strains. Element ‘A’ and its
palindrome is common in all repeat candidates that were identiﬁed by the software.
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FIGURE 5. Analysis of the insertions in the promoter of the Pfcyp51 gene in Pseudocercospora ﬁjiensis strains from various countries. Insertions are generally located from 94 to 103 bp upstream of the start codon of the gene. Element ‘A’ is marked with blue together with the palindromic arrangement
TCGTACGA marked in green. Alterations of element ‘A’ are marked with red and partial constructions of the element with purple. Part of the novel insertion just identiﬁed in Philippines isolates, element ‘B’, is marked with light yellow. Negative values on the right represent the position from the beginning
of the insertion related to the start codon of the gene.
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ﬁjiensis isolates with the combination T18I + V107D + Y137F
+ Y461D (genotypes G22, G23 and G24) differed in DMI sensitivity,
depending on the number of insertions in their promoters
(Table S3). Similarly, genotypes G35 and G36 (T18I + V107D
+ A311G + Y461N) do not differ in PfCYP51 substitutions; nonetheless, the three G36 isolates with promoter insertions display
higher EC50 values, and highest values are observed in isolates
carrying three insertions (Table S3).
In 98 isolates, the insertions substitute a stretch of 8–27 bp starting at position 103 or 102 bp upstream of the start codon, for
example, in the Philippine isolate T52_22 an 8 bp region is
substituted by an insertion of 123 bp at position −102 bp. Others
have accumulated multiple substitutions, such as isolate CaM3_3
from Costa Rica, which has one 16 bp exchange for a 9 bp fragment at position −103 bp and a second substitution of 7 bp with
a 76 bp fragment, localized at −94 bp (Table S4). In addition,
38 isolates contain an insertion at position −94 bp. Two isolates
from Cameroon, P2S20 and P4S19, have a substitution followed
by an insertion at position 157 bp upstream of the start codon.
The Philippine isolates (M52_4, M52_9, M52_23 and U22_3) show
a deletion of eight nucleotides, ‘CATGGACC’, in the promoter
region beginning 97 bp upstream of the start codon. Generally,
most insertions comprise one or more copies (or partial/modify/
reverse copies) of the genomic element, ‘TAAATCTCGTACGATAGCA’.12 This is present as a single element in reference isolate
CIRAD86, originally located a few nucleotides downstream in
the promoter, indicated as element ‘A’11, 12 (Figures 4 and 5).
Despite the geographical differences in isolates, we identiﬁed
very similar insertions in the Pfcyp51 promoter. Overall, limited
numbers of substitutions and insertions were observed although
at variable positions (Figure S5). Some isolates contain a partial
construction of element ‘A’ in their insertions, whereas others
have a reverse or modiﬁed element due to a few additional nucleotides. Interestingly, promoter element ‘A’ and all its variants contains a palindromic DNA core sequence, ‘TCGTACGA’, present at
least twice in the isolates that contain an insertion (Figures 4, 5
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and S5) and up to six copies in the resistant isolates (Tables S3
and S4). For example, Philippine isolate T52_22 possesses three
copies of element ‘A’ and one partial copy, resulting in four copies
of the palindrome. In a similar way, the Ecuadorian isolates
RCQS_3 and RCQS_16 possess one copy of the ‘A’ element, but
three of the palindromic sequences, two of them in partial
stretches of ‘A’ (Figure S5 and Table S4). The smallest insertion,
found in isolate POS9 from Cameroon encodes a single ‘A’ element, but two copies of the palindrome (Figure 5). The presence
of three or more palindromic insertions correlates with strongly
reduced DMI sensitivity (Tables S3 and S4). Interestingly, mutation
Y137F only occurred in isolates with multiple promoter insertions
(three or more ‘TCGTACGA’). The detailed gene conﬁgurations of
representative isolates with reduced sensitivity are presented in
Tables S3 and S4 and Figure 6. Although geographically different
isolates show very similar insertions in the Pfcyp51 promoter, we
found an additional and unique insertion in Philippine isolates.
This 39 bp insertion, ‘TTCACCACCCTCGCATTCTTGGTCA-GTATACATAGACCT’, which we indicate as the ‘B’ element, is present in
eight Philippine isolates (Figures 6, 7 and S5). The ‘B’ element also
encompasses a palindromic 6 bp DNA fragment ‘GTATAC’.
Pfcyp51 variability supports reduced DMI sensitivity
Substitutions A311G, Y137F, H378N, Y461D and D458V are the main
explanatory modulations related to increasing EC50 values and
hence, reduced sensitivity to the tested DMIs (Table 4). Additional
candidate mutations for a main effect were A379G, A444S, T18I,
Y461N and D458E based on a ratio of 20 for inclusion compared
with the mean square error (P < 0.00001). However, these were less
consistent, so a combination among the substitutions could be
more plausible. Retaining the ﬁrst ﬁve mutations and adding the
main effect of the Pfcyp51 promotor and the fungicide treatment
resulted in an even higher EC50 predictive power. Figure 7 shows
that the number of insertions in the Pfcyp51 promoter corresponds
with reduced fungicide sensitivity, indicated by the number after
the ﬁve binary position representing the mutational main effect
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FIGURE 6. Representation of the Pfcyp51 gene. Genomic conﬁguration of elements of the most representative resistant genotypes are shown with insertions in the promoter of the Pfcyp51 gene. Vertical lines in the coding domain of the Pfcyp51 gene represent the different CYP51 codon position substitutions: (1) reference genotype G1; (2) resistant genotype G24; (3) resistant genotype G23; (4) resistant genotype G43 (Philippines); (5) resistant genotype
G42; (6) resistant genotype G13; (7) resistant genotype G25; and (8) resistant genotype G18.
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FIGURE 7. Predicted interaction of the accumulation of speciﬁc CYP51 substitutions with the sensitivity response on propiconazole fungicide. The genotype number codes are represented by the presence/absence of substitutions (1/0 matrix) with the exception of the Pfcyp51 palindromic promoter insertions that have six levels. The 11 number codes follow the chosen fungicide correlated model: (1) A313G (A311G); (2) Y136F (Y137F); (3) H380N (H378N);
(4) Y463D (Y461D); (5) D460V (D458V); (6) promoter insert numbers; (7) fungicide name; (8) T18I (T18I); (9) A381G (A379G); (10) V106D (V107D); and
(11) A446S (A444S). The substitutions are placed from left to right in order of importance where the ﬁrst is the most interactive and the last is the least
interactive. For practical reasons number code 7 has been labelled for the fungicide (P for propiconazole). For example, model resistant genotype code
001106P1110 (marked in light red) has ﬁve substitutions: H380N (H378N), Y463D (Y461D), T18I (T18I), A381G (A379G) and V106D (V107D) with six promoter palindromic inserts and it has been predicted as resistant (log2 EC50 > 0) in the interaction with the fungicide propiconazole.
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no speciﬁc mutation was involved with a speciﬁc fungicide interaction. Figure 7 represents the effect of the accumulation of these
crucial mutations for DMI sensitivity. In the lower left is the sensitive reference ‘without’ mutation and the ‘simplest’ promotor of
Pfcyp51. The upper right strain(s) have the maximum number of
accumulated mutations as an additive effect together with most
promotor insertions.

DISCUSSION
Control of fungal plant pathogens strongly relies on a limited set
of fungicides.24 DMI fungicides are cornerstone antifungals for
industry and contemporary disease management strategies in
humans, livestock and plants.10–16,24–39 In this paper we address
their use for BLSD control and describe the global occurrence
and mechanisms involved in reduced sensitivity of P. ﬁjiensis. This
consequently leads to excessive fungicide applications to maintain control of BLSD in bananas. The dispersal and magnitude of
DMI fungicide resistance in P. ﬁjiensis urgently requires an
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and before the fungicide letter (P). The inclusion of the fungicide
factor demonstrates the main effect of the treatment but only propiconazole (P) is shown in Figure 7 as the differences were too small
for difenoconazole and epoxiconazole.
Next, all ﬁrst-order interactions were evaluated and added if signiﬁcant, followed by backward selection to check out the speciﬁc
combinations that had most predictive power. Substitutions T18I,
A379G and A444S are again indicated but in combination with
one or the other and a new mutation V107D was put forward in
this context. Also, the interaction between Y137F and A311G,
which were both already suspected to confer a main effect in
the model, is assessed as important. This combination again
reduces the sensitivity to the DMIs as can be seen from the parameter estimate, and seemingly this is attributed to Y137F, similar to
its combination with A379G that resulted in a lower sensitivity.
Finally, the interactions between promotor insertions with all
mutations were checked, but none was found to speciﬁcally affect
any DMI fungicide sensitivity. This means that either the interaction with the fungicide is already covered by a mutation or that
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TABLE 4. Regression analyses of Pfcyp51 mutations on DMIs efﬁcacy
Accumulated analysis of variance
Substitution change
+ A313G (A311G)
+ Y136F (Y137F)
+ H380N (H378N)
+ Y463D (Y461D)
+ D460V (D458V)
+ Promoter
+ Fungicides
+ T18I.A381G (T18I.A379G)
+ V106D. A446S (V107D.A444S)
+ Y136F. A313G (Y137F.A311G)
+ Y136F.A381G (Y137F.A379G)
Residual
Total

Degrees of freedom

Sum squares

Mean squares

Variance ratio

1
1
1
1
1
5
2
1
1
1
1
627
643

1876.24
2268.64
508.66
116.14
110.48
205.53
64.44
51.55
148.27
222.94
44.60
472.63
6090.13

1876.24
2268.64
508.66
116.14
110.48
41.11
32.22
51.55
148.27
222.94
44.60
0.75
9.47

2489.04
3009.60
674.79
154.07
146.57
54.53
42.74
68.39
196.70
295.75
59.17

This table shows the ﬁtted modela with the relevant factors (amino acid substitutions and promoter insertions, F-test <0.001) that remain from 23
factors evaluated. Factors are in descending order of importance base on the accumulated analyses of the variance ratio. The threshold of including
a variable was heuristically set to a variance ratio of 10, which gave 11 factors as predictor for the loss of sensitivity to demethylation inhibitors. This
ﬁnal modela was checked by backward elimination to see if any previously included terms became superﬂuous.
a
Fitted model: A313G–Y136F–H380N–Y463D–D460V–Prom–Fungi–T18I–A381G–V106D–A446S.
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understanding of the underlying mechanisms to develop new
and sustainable control strategies. Here, we analysed an unparalleled set of P. ﬁjiensis isolates obtained from populations in countries with varying disease management practices, hence our P.
ﬁjiensis isolate sets cover and represent a broad array exposed
to various BLSD management scenarios. This enables global analysis of the causal relationship between DMI fungicide applications
and the occurrence of reduced sensitivity in P. ﬁjiensis using prime
genetic dynamics. The distribution of EC50 values across all isolates revealed a continuous range of DMI sensitivity for all tested
fungicides (Figure S3). This complicates setting clear cut-off values
to discern statistically signiﬁcantly different sensitivity groups,
hence we used EC50 criteria to deﬁne these groups. These permitted analyses based on the non-synonymous mutations in Pfcyp51,
its promoter characteristics, and the origin of the samples.
Resistance mechanisms in isolates with reduced sensitivity were
always correlated with mutations in Pfcyp51 and insertions in its
promoter region. All resistant isolates exclusively originated from
commercial banana farms, especially from Costa Rica, Colombia
and the Philippines, where banana production is economically
very important and the number of fungicide applications per season is high (Figure 1 and Table S2). Costa Rica has a long history of
BLSD control associated with a continuously increasing number of
fungicides applications per year.9,12,18 In parallel, we isolated the
most resistant isolates from Costa Rica and have recently proven
the association between their genetic constitution and DMI sensitivity.12 Evidently, continuous fungicide applications expose
populations to extreme selection pressure and a consequent shift
towards resistance, for example 99% of the Costa Rican isolates
had EC50 values higher than 1 mg L−1 for propiconazole. Although
ﬁeld doses are sometimes 100 times higher, depending on the
carrier solution of the active ingredient, the actual propiconazole
doses inside banana leaf range between 1 and 5 mg L−1 during
the ﬁrst 4 days of application.48 Most isolates from remote areas
were sensitive, likely due to the absence of selection pressure.
Indeed, recent ﬁndings for strobilurins suggested that these
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remote areas are genetically isolated from large commercial
banana plantations, as indicated by their population genetic
parameters.57 For DMIs, similar mechanisms seem to be operational. Hence, the rare occurrence of reduced sensitivity in overall
sensitive populations seems to be largely due to genetic drift.
Although we lack detailed information on the actual number of
DMI applications per sampling location, it seems that the number
of resistant isolates increases parallel with the overall number of
fungicide applications (Figure 1 and Table S2) underpinning the
selective pressure exerted by multiple applications of DMIs in
the 30 years since their introduction.58 The relatively low percentage of resistant isolates in Ecuador (difenoconazole 16.83%, epoxiconazole 8.91% and propiconazole 21.78%) might reﬂect the
climate of the country, with long dry seasons, reducing BLSD
development and consequently resulting in a lower frequency
of fungicide applications.18 Changing weather conditions across
the globe affect BLSD control, and fungicide applications typically
reduce during dry spells.7,17,23 Therefore, it would be worth continually monitoring DMI sensitivity in P. ﬁjiensis populations in
these areas, including Ecuador. Incursions of P. ﬁjiensis into Martinique and Guadalupe happened in 2010 and 2012, respectively.20,
59
For that reason, exposure to DMIs has been limited, hence the
selective pressure is lower, which accords with our results as all
P. ﬁjiensis isolates were sensitive. The null hypothesis is that these
islands were colonized by wild-type P. ﬁjiensis isolates. The alternative hypothesis considers that, in the absence of selection
pressure, the ﬁtness costs of reduced sensitivity, driven by accumulated mutations, forces the population back to sensitivity. In
most fungi, however, such reversion to sensitivity has not been
observed except in Magnaporthe oryzae and Cercospora beticola.60 For example, ceasing DMI applications for a period of
4 years in the ‘San Pablo’ farm in Costa Rica hardly affected the
frequency of resistant P. ﬁjiensis strains in the population.61 More
recently, we observed near ﬁxation of resistance to strobilurin fungicides in P. ﬁjiensis populations of three commercial plantations
in Costa Rica,57 but sensitivity in nearly all strains from an
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Substitution Y137F was also linked with DMI resistance in Penicillium italicum, Uncinula necator and Blumeria graminis f. sp. hordei.35,38 A substitution at Y136 (SEPTTR Y137), or its equivalent in
other species, is the most frequently observed modiﬁcation of
CYP51 in pathogenic fungi.24,50 Interestingly, Y137F may originate
from two sequential codons. The wild-type codon is TAC, whereas
the modiﬁed codons are TTC and TTT, but these mutations could
also have arisen independently. The latter is unique for the Costa
Rican population.
Substitutions at positions 136, 313 and 381 (SEPTTR 137, 311
and 379) are all in the SRS. Changes in positions 460 to
463 (SEPTTR 458 to 461) are usually not described in the vicinity
of the SRS24 but may compromise the three-dimensional structure of the protein resulting in an afﬁnity change (Figure 3). The
deletion of ΔY459 provoked a shift in positions 523 to 526 (SEPTTR
521–524) introducing S523 into the active site and pushing S526
from its original position (Figure 3). Additional studies are
required to elucidate how these changes affect the structure of
the catalytic centre.
The presence of repeated elements and insertions in the promotor region of Pfcyp51 explains overexpression of the gene.12
As previously shown, promoter insertions positively correlate with
resistance to DMIs12 (Table 4 and Figure 7). None of the sensitive
isolates contained insertions although they were very common in
tolerant and resistant isolates. As in many other species, these
insertions were also associated with non-synonymous mutations
in the coding region.27,29,31,33,37,64 All these inserts vary in size
and nature across species and are not located at equal positions
and clearly result from independent events, which raise the question about their origin. They might be remains of transposable
element activity, some of which contain powerful promoters.24,
65
In P. ﬁjiensis we found three independent promoter insertions,
at −94, −103 and − 157 bp from the start codon. The latter was
present in only two isolates from Cameroon. However, all isolates
with insertions containing tandem copies of the palindromic
sequence in the ‘A’ element were at least tolerant to the tested
DMIs (above 0.1 mg L−1) (Tables S3, S4 and Figure S5).
Palindromic motifs constitute an important group of regulatory
elements in eukaryotes in which they act as cis elements.66 Many
transcription factors bind palindromic sequences with high afﬁnity.67,68 For example, the transcription factor ADR1 binds as a
monomer to palindromic sequences to regulate expression of
the ADH2 gene in S. cerevisiae.69 In Cercospora nicotianae the transcription factor CRG1 binds to a palindrome sequence present in
genes that confer resistance to cercosporin.70 The group of bZIP
transcription factors target palindromic DNA sequences as
dimers, thereby regulating, for example, secondary metabolism.65
The importance of the palindromic sequences might explain the
existence of isolates with different ‘A’ element conﬁgurations
but with similar DMI resistance levels (Figures 5 and S5). A second
palindromic sequence, inserted in the ‘B’ element, was present in
the Pfcyp51 promotor of Philippine isolates. Because of the
absence of intermediate isolates containing only this ‘B’ element,
the correlation with Pfcyp51 gene expression could not be established. Other isolates also containing four copies of the ‘A’ element but without the ‘B’ element had similar EC50 values.
In summary, the ‘A’ element and particularly its palindromic
core is important for the regulation of gene expression, most likely
as a transcriptional enhancer.12, 37, 39 The mechanism and components involved, however, remain to be elucidated. Future work
will aim to characterize the mechanism and identify the involved
TFs and additional determinants.39 Promoter insertions of the ‘A’
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untreated trial site at San Carlos, approximately 100 km away.12,57
Moreover, we have identiﬁed exclusively wild-type isolates in
non-sprayed areas such as, Bohol in the Philippines, Ebonji and
Tombel in Cameroon,61 Bejuquillo in Colombia and Esmeraldas
in Ecuador.12 Therefore, we consider the abovementioned alternative hypothesis unlikely. Furthermore, GBS analysis shows that
genetic variation across all isolates is better explained by their
geographical origin rather than the degree of DMI sensitivity. This
suggests that the evolution of resistant genotypes occurs independently and hence favours the null hypothesis.62
The sequencing data for Pfcyp51 across all populations highlight
a peculiarity of the CIRAD86 reference isolate—originating from
Cameroon—that was selected for the ﬁrst genetic linkage map
and genome sequencing.63 It encodes V106 (SEPPTR D107),
whereas the sequences of all 268 genotyped isolates encode
D106. With the suggested centre of origin of P. ﬁjiensis in Southeast Asia, we propose that the wild-type genotype is D106 rather
than V106, which is also supported by the corresponding position
D107 of the Ztcyp51B orthologue.50 This may indicate that the
proposed additive role of V107D for DMI resistance is an artefact,
based on a mutation in the reference CIRAD86 and underscores
the need for more genomic information from the centre of origin.
It is apparent that the genetic effects of the DMI application on
P. ﬁjiensis populations are solely targeted on modiﬁcations on the
Pfcyp51.11 Most Pfcyp51 modulations parallel the DMI fungicide
resistance response and are comparable with those identiﬁed in
other organisms. Substitutions V137A and I379V are correlated
with reduced sensitivities to triadimenol in Erysiphe necator and
to tebuconazole in Z. tritici, respectively.24 The accumulation of
mutations tends to confer increased resistance to DMI.24 Here,
we were unable to determine such speciﬁc substitutions for any
of the tested fungicides, which might be due to the high number
of factors analysed (individual mutations, mutation combination
and seven levels of promoter insertions) and hence, further studies may identify unique mutation/efﬁcacy interactions. Sensitive
isolates also show variation in Pfcyp51 with a maximum of three
aa changes. Overall, the maximum number of amino acid substitutions was found in Philippines isolates, which accumulated up
to seven amino acid substitutions in the coding region of Pfcyp51.
Such a high degree of polymorphism in CYP51 was previously
reported for Oculimacula (Tapesia) acuformis and O. yallundae.35
The substitutions resulting in A19E, I71M, D72E, V261L, I265T,
H378N, R416G, D458E, D458V, Y459N, Y459S, ΔY459 and G460D
were hitherto unknown in P. ﬁjiensis, although other changes in
positions 461 and 462 (SEPTTR 459 and 460) were reported to
affect DMI sensitivity.12,13,40 Substitutions A19E, Y59F, V117L and
R416G were solely detected in DMI sensitive isolates, suggesting
that these represent natural random variation, uncorrelated with
DMI sensitivity. Notably, substitution I265T – although also
detected in a DMI-sensitive isolate – was correlated with additive
reduced efﬁcacy of DMIs. Similarly, substitutions T18I and A444S
are present in both sensitive and resistant isolates, but also correlated with additive effects in isolates with reduced sensitivity.
These observed additive effects might be explained as compensatory substitutions for DMI sensitivity as illustrated by aa changes
at positions 459 to 461 in ZtCYP51, compensating the I381V substitution that was, by itself, enzymatically lethal as corroborated
by complementation experiments in Saccharomyces cerevisiae.25
Nevertheless, these modiﬁcations urge for additional studies to
elucidate their contribution to P. ﬁjiensis survival.
Substitutions A311G, Y137F, H378N, Y461D and D458V are
directly correlated with resistance24,50 (Table 4 and Figure 7).
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element tend to confer higher EC50 values regardless of the DMI
fungicide and might be the reason why we were unable to determine speciﬁc substitutions discriminating for the tested fungicides. This might suggest that the effect of the promoter
insertion can mask the speciﬁc interaction between a substitution
and a particular fungicide and induce some degree of crossresistance among DMI fungicides. Interestingly, only isolates with
PfCYP51 substitutions in positions 136, 313, 380, 381 and 460–463
(SEPTTR 137, 311, 379 and 458 to 460) show insertions in the promoter region. This suggests that the selection for overexpression
occurs only after the emergence of Pfcyp51 point mutations leading to reduced sensitivity. Our previous transformation study indicated that insertions alone do not signiﬁcantly increase DMI
resistance.12 For this reason, we conclude that the main resistance
factors are the mutations in the Pfcyp51 gene and that the insertions in the promoter region induce additive effects.
Three isolates from Costa Rica, CaM10_6, CaM1_5 and CaM3_1,
revealed extraordinarily high EC50 values that remain unexplained
solely by the Pfcyp51 promoter conﬁguration, which was similar to
other, less-resistant isolates from Costa Rica. This may suggest the
presence of additional genetic components that may indirectly
modulate resistance as observed in O. yallundae.36 These may
include minor fungicide resistance genes, genes linked with
detoxiﬁcation, stress responses or growth rates. Nonetheless, a
previous analysis using an unbiased genetic approach by means
of crosses between resistant and sensitive isolates (CaM10_6 x
Bo_1) conﬁrmed Pfcyp51 as the single explanatory gene for
reduced DMI sensitivity.11 The current study signiﬁcantly contributes to the understanding of the origin and dissemination of DMI
sensitivity mechanisms in P. ﬁjiensis populations and facilitates the
prediction of the efﬁcacy of new generations of fungicides.
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