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towards quinone-outside-inhibitors and
demethylation-inhibitors, and corresponding
resistance mechanisms†
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Abstract
BACKGROUND: Since the invasion of Phakopsora pachyrhizi (Syd. & P. Syd.) in Brazil, there have been detrimental yield losses
of soybeans [Glycine max (L.) Merr.]. Disease management is mainly based on fungicide treatment. The sensitivity of single P.
pachyhrizi isolates towards different demethylation-inhibitors (DMIs) and quinone-outside-inhibitors (QoI) was surveyed and
the corresponding resistance mechanisms were analysed.
RESULTS: The QoI-response remained stable, while a loss of sensitivity towards DMIs occurred. Molecular analyses of cytochrome
b showed an intron after codon 143 which is reported to prevent the development of a G143A mutation. Analysis of cyp51
revealed that point mutations and overexpression are involved in the sensitivity reduction towards DMIs. Of the detected
mutations, Y131F and Y131H, respectively, and K142R are likely homologous to mutations found in other pathogens. As
suggested by modelling studies, these three mutations as well as additional mutations F120L, I145F and I475T correlate
to increased effective doses of 50%, ED50 -values, towards all tested DMIs. Furthermore, a constitutive up-regulation of the
cyp51-gene up to ten-fold was noticed in some of the DMI-adapted isolates, while all sensitive isolates responded as the wild
type.
CONCLUSION: The G143A mutation is thought to result in significant as well as stable resistance factors towards QoIs, while
other mutations play only a minor role. Since G143A development is prevented in Phakopsora pachyhrizi, a stable control of
soybean rust with QoIs in future is rather likely. In contrast, a shifting in sensitivity towards DMIs has been observed, which is
due to multiple independent mechanisms.
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INTRODUCTION

Soybean [Glycine max (L.) Merr.,] is one of the most important
crops worldwide ranking only behind wheat (Triticum aestivum
L.), corn (Zea mays L.) and rice (Oryza sativa L.) in terms of
total area under cultivation [FAOSTAT (http://faostat.fao.org)].
Soybeans are not only used for human consumption but,
more importantly, for livestock feeding and industrial purposes
[ASA (http://www.soystats.com)]. The United States are the
most important producers of soybeans (35% of the world
production), followed by Brazil (26%) and Argentina (20%)
[FAOSTAT (http://faostat.fao.org)]. In Brazil, soybeans account for
36% of cultivated area and are the most dominant crop being
cultivated, followed by corn (20% of cultivated area) and sugarcane
[(Saccharum officinarum L.) 14%; FAOSTAT (http://faostat.fao.org)].
Soybean yield is reduced by a number of biotical and abiotical
factors. One of the most important diseases that can threaten
soybeans is Phakopsora pachyrhizi Syd. & P. Syd. (Asian soybean
rust).1,2 P. pachyrhizi originated in Asia leading to vast yield
Pest Manag Sci (2013)

losses.3 The phytopathogen first appeared in Brazil in 2001,
leading to additional costs of US$ 2 billion.4 Cultivation practices
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such as late sowing, choice of soybean cultivar or elimination
of secondary hosts have been applied to reduce the severity
of the disease.5 – 8 Other attempts included breeding for P.
pachyrhizi resistance and the introduction of a ‘free host period’,
in which no soybeans are cultivated for three months.9 – 11
However, the application of fungicides is the most employed
and most efficient method for controlling P. pachyrhizi, and in
particular demethylation-inhibitors (DMIs) and quinone-outsideinhibitors (QoI) have provided the best and most consistent
results.12 Other phytopathogens developed adaptations towards
both, DMIs and QoIs, which resulted in reduced efficiency of
these plant protection compound classes. The most important
resistance mechanism against QoIs are point mutations (F129L,
G137R, G143A) within the cytochrome b (cyt b) gene, which have
been found in many pathogens.13 – 16 Resistance mechanisms
against DMIs are variable and complex, involving point mutations,
over-expression of the target gene cyp51 and up-regulation of
efflux-transporter. A number of plant pathogens show a more
or less significant adaptation to DMIs, such as Blumeria graminis
(DC.) Speer, Mycosphaerella graminicola (Fuckel) J. Schröt., Puccinia
triticina Erikss. or Uncinula necator (Schwein.) Burrill.17 – 23
In this study, the sensitivity of P. pachyrhizi isolates towards DMIs
and QoIs was analysed by the detached leaf test. Subsequently,
cyp51 and cyt b, which are the respective target enzymes of DMIs
and QoIs, were investigated using molecular genetic techniques.

2

MATERIAL AND METHODS

2.1 Origin of P. pachyrhizi isolates
P. pachyrhizi strains were isolated from soybean leaf samples from
different regions of Brazil in 2009/2010. Dry infected leaves were
hydrated in a humid chamber for ca. 20 to 24 h. Spores from
sporulating uredia were then either transferred to a Tween water
(0.03%) drop on a six-day-old soybean leaf (BBCH scale 10124 ) via
inoculation needle or were suspended by shaking hydrated leaves
in Tween water. Following this, suspensions were applied with an
airbrush (0.3 mm nozzle) to the abaxial surfaces of unifoliate leaves,
which had been placed on water agar (0.4%), which included 1Hbenzimidazole (40 mg L –1 ) and streptomycin sulphate (30 mg
L –1 ). Isolates were separated by transferring spores from only one
uredium to a new soybean leaf via the inoculation needle. After
inoculation, soybean leaves were incubated in a humid chamber
in the dark for 20 to 24 h followed by 12 h light at 20 ◦ C. A total
of 90 strains were isolated in this way and were transferred in
three week intervals. P. pachyrhizi isolates were propagated for
detached leaf tests in a glasshouse.
2.2 Detached leaf tests
Sensitivities of Brazilian P. pachyrhizi isolates (n = 38) and one
strain originating from Taiwan were tested against different
fungicides in detached leaf tests in comparison to a reference
strain isolated in 2004. Dilution series of cyproconazole
(Alto, Syngenta AG, Basel, Switzerland), epoxiconazole (Opus,
BASF SE, Ludwigshafen, Germany), metconazole (Caramba,
BASF SE) tebuconazole (Folicur, Bayer CropScience AG,
Monheim, Germany) azoxystrobin (Amistar, Syngenta AG) (all
0/0.01/0.1/1/10 mg L –1 ) and pyraclostrobin (Comet, BASF SE)
(0/0.03/0.3/3/30 mg L –1 ) were applied on soybean plants (cultivar
Dekalb 22–52) at growth stage 101 (BBCH scale) just before runoff.
Treated plants were placed in a growing chamber for drying at
22 ◦ C overnight, before leaves were harvested. The next day,
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leaves were cut and placed on water agar (0.4%), which included
1H-benzimidazole (40 mg L –1 ) and streptomycin sulphate (30 mg
L –1 ). Spore suspensions of P. pachyrhizi isolates in Tween water
(0.03%) were prepared and applied with an airbrush (0.3 mm
nozzle) to the abaxial surfaces of the unifoliate leaves. From each
fungicide and concentration two soybean leaves were inoculated
(approximately 0.5 mL spore suspension per leaf). Subsequently,
plates were incubated in a humid chamber in the dark for 20 to 24
h followed by 12 h light at 20 ◦ C. Three weeks after inoculation,
infected leaf area was evaluated by visual scoring, assessing thinly
dispersed pustules in combination with total necrosis of the leaf
as a disease severity of 100%. The effective doses of 50% (ED50 values), the concentration at which 50% of the fungus growth was
inhibited, were calculated.
2.3 Nucleic acid extraction and reverse transcription
DNA of P. pachyrhizi spores was extracted using the NucleoSpin
DNA Plant II Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany)
following the instructions of the manufacturer for SDS based DNA
extraction.
Total RNA of P. pachyrhizi spores was extracted using the
Spectrum Plant Total RNA Kit and on-column DNase digestion
was performed using On-Column DNase I Digest Set (both Sigma
Aldrich, St Louis, MO, USA) following the instructions of the
manufacturer. RNA of each isolate was extracted at least twice
at subsequent dates. RNA concentrations were measured on a
NanoDrop 2000 (Thermo Fisher Scientific Inc., Waltham, MA, USA)
and RNA quality was assessed employing the Agilent RNA 6000
Nano Kit on the Agilent 2100 Expert Bioanalyser (both Agilent
Technologies, Santa Clara, CA, USA) using the Plant RNA Nano
Assay as described by the manufacturer. The RIN (RNA Integrity
Number) obtained in this way varied between six and eight. RIN
values above five are recommended for expression analysis.25
Each RNA (500 ng) was reverse transcribed to cDNA using the
oligo-dT primer of the Verso cDNA Kit (Thermo Scientific Inc,
Waltham, MA, USA) as described by the manufacturers. Reverse
transcription conditions were as follows: 42 ◦ C for 30 min, 45 ◦ C
for 15 min, 50 ◦ C for 15 min and 95 ◦ C for 2 min.
2.4 Sequence analysis
Using Phusion Hot Start, High-Fidelity DNA Polymerase Master
Mix (Finnzymes OY, Espoo, Finland) and primer pair KES 1098
fw (5’ ATGTCTTCCAGCGTTATAATCG 3’) and KES 1133 rv (5’
TCGAGGGAAAGGAGTTGATC ’3), respectively, the cyp51 gene
(2155 bp, GenBank accession no. KC741475) was amplified (primer
end concentration 500 nM). The following polymerase chain
reaction (PCR) programme was applied for amplification: an initial
heating for 15 min at 98 ◦ C was followed by 35 cycles at 98 ◦ C
for 5 s, 63 ◦ C for 5 s and 72 ◦ C for 45 s, and a final amplification
step at 72 ◦ C for 1 min. PCR products were gel electrophoretic
separated, extracted using NucleoSpin Extract II (Macherey-Nagel
GmbH & Co. KG) and cloned in XL-1 Blue Competent Cells (Agilent
Technologies) using the CloneJET PCR Cloning Kit (Fermentas
GmbH, St Leon-Rot, Germany) following the instructions of
the manufacturers. Clones were sequenced using primers
pJet1.2 fw (5’ CGACTCACTATAGGGAGAGCGGC 3’), pJet1.2 rv (5’
AAGAACATCGATTTTCCATGGCAG 3’) and KES 961 (5’ TGGGAAGAGGGTATGATGTATTGG 3’). Sequences were analysed using the
Lasergene Software package (DNASTAR, Madison, WI, USA).
Cyt b (2598 bp, GenBank accession no. GQ33420) was cloned
in the same manner, using the primer pair KES 1158 fw
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Table 1. Oligonucleotide primers used in this study and their purposes
Name
KES 498 fw
KES 499 rv a ,b
KES 500 fw
KES 501 fw
KES 1132 fw
KES 1496 fw a ,b
KES 1493 rv
KES 1494 rv
KES 1564 fw a ,b
KES 1563 rv
KES 1562 rv
KES 1595 fw
KES 1596 rv a ,b
KES 1594 fw
KES 1599 fw a ,b
KES 1600 rv
KES 1601 rv
KES 1461 fw
KES 1462 rv
KES 1216 fw
KES 1178 rv
KES 1465 fw
KES 1466 rv
KES 1463 fw
KES 1464 rv
a
b

Sequence 5’–3’

Purpose

GGACACTAGTATGGGCGATTG
CATGTGAGGCGGTCTCATT
TTGTAATAATAGCGACAGC
TATGGACAGATATCACTATG
TAGGTTATGTACTACCGTAT
GTTTTAACTTTTTGATGGCCTGAA
CTGCTGCATTAGGATCGAGTTG
CGAGTTGGGTACATCR
ACCCTTTGTTGATGAGAAGTGTC
ACGTCCTTAGTGACAGATTTTACATTT
GTAAGGCCAGCCTTG
AGGAAGCATGGAAATGTGTTTAC
TCCTTACCAAAGACAGGTGTAGC
GAAGAAGCTTACACCCAT
GGTCAATGCCGAAGAAGCTTA
CATGGACGTCCTTAGTGACAGAT
TTACCAAAGACAGGTGTAG
ACAGTTTCACCACAACCGCC
TGACCGTCGGGAAGTTCG
TGATAGACTGAGGCGTGAACAGG
AATAGAGGTGTTTGGAGTCGATCGTAATC
GGTATGGCTTTCCGAGTTCCA
TCAGTTGATACCAAATCATCCTCAG
CTGCGAACAACTATGCTCGTG
CACGAAGAAGCCTTGGAGTCC

Pyrosequencing of cyt b, 124 bp fragment with KES 499 rv
Pyrosequencing of cyt b, 124 bp fragment with KES 498 rv
Pyrosequencing of cyt b (F129L), sequencing primer
Pyrosequencing of cyt b (G143A), sequencing primer
Pyrosequencing of cyt b (G137R), sequencing primer
Pyrosequencing of cyp51 (Y131F, Y131H), 101 bp fragment with KES 1493 rv
Pyrosequencing of cyp51 (Y131F, Y131H), 101 bp fragment with KES 1496 fw
Pyrosequencing of cyp51 (Y131F, Y131H), sequencing primer
Pyrosequencing cyp51 (K142R, I145F), 396 bp fragment with KES 1563 rv
Pyrosequencing of cyp51 (K142R, I145F), 396 bp fragment with KES 1564 fw
Pyrosequencing of cyp51 (K142R, I145F), sequencing primer
Pyrosequencing of cyp51 (F120L), 273 bp fragment with KES 1596 rv
Pyrosequencing of cyp51 (F120L), 273 bp fragment with KES 1595 fw
Pyrosequencing of cyp51 (F120L), sequencing primer
Pyrosequencing of cyp51 cDNA, 233 bp fragment KES 1600 fw
Pyrosequencing of cyp51 cDNA, 233 bp fragment with KES 1599 fw
Pyrosequencing of cyp51 (F120L, cDNA), sequencing primer
Expression analysis reference gene, aktin
Expression analysis reference gene, aktin
Expression analysis, cyp51
Expression analysis, cyp51
Expression analysis reference gene, gapdh
Expression analysis reference gene, gapdh
Expression analysis reference gene, α-tubulin
Expression analysis reference gene, α-tubulin

Synthesis by Eurogentec (Seraing, Belgium).
5’ Biotin labelling.

(5 CAGTAGCCTAAAGAAGGGTGTTAA  3) and KES 1159 rv (5
CCCGTTGAATATCTTGACATCTTAC  3) for amplification and pJet1.2
fw, pJet1.2 rv, KES 1175 fw (5 AATTCTACTAGATCCCCT 3 ) and
KES 1176 fw (5 AATTCTACTAGATCCCCT 3 ) for the sequencing
reaction. The PCR programme for amplification was: initial heating
at 98 ◦ C for 15 s, 35 cycles at 98 ◦ C for 10 s, 64 ◦ C for 5 s and 72 ◦ C
for 45 s, followed by a final amplification step at 72 ◦ C for 1 min.
For point mutation studies of the cyp51 gene, pyrosequencing
assays were developed using the Pyrosequencing Assay Design
Software (Qiagen, Hilden, Germany). Standard PCR using Maxima
Hot Start PCR Master Mix (Fermentas GmbH) and the primer
pairs listed in Table 1 were employed for amplification of all
gene fragments under the following conditions: initial heating
for 15 min at 95 ◦ C, 40 cycles at 94 ◦ C for 15 s, 55 ◦ C for
30 s and 72 ◦ C for 20 s, followed by a final amplification step
at 72 ◦ C for 5 min. Every template was applied in duplicate.
Single strand preparation was performed by immobilizing PCR
products to Streptavidin Sepharose Beads (GE Healthcare, UK),
and subsequently cleaned up with ethanol (70%), denaturated
with sodiumhydroxid (0.2 M) and finally washed in tris-acetat
(10 mM) implementing the Vacuum Prep Worktable (Qiagen)
following the instructions of the manufacturer. After transferring
immobilized single strand samples to annealing buffer amended
with the according sequencing primer, the samples were heated
at 80 ◦ C for 2 min in an incubator. Samples, which were cooled
to room temperature, were then pyrosequenced using PyroMark
Gold Q96 Reagents on a PSQ 96MA machine (both Qiagen) as
described by the manufacturers. Therefore, sequencing primers
listed in Table 1 were used. For assay validation, standard mixtures
Pest Manag Sci (2013)

were performed. Every run included standards of 100% wild type
and mutation, respectively, as well as 30/70%, 50/50% and 70/30%
mixtures of wild type and mutation. While cDNA of 48 isolates was
studied for mutations, analysis of DNA was performed for all 90
isolates.
2.5 Expression analysis
Expression studies were performed on a Rotor-Gene Q 2-Plex
machine (Qiagen) and analysed with the GenEx software (MultiD
Analyses, Göteburg, Sweden) following MIQE guidelines.26 Six
genes (actin, α-tubulin, gapdh, sdhc, sdhd and cyt b) were validated
as reference genes with geNorm and NormFinder (GenEx software),
finding actin, α-tubulin and gapdh to perform most stable (data
not shown). Quantitative polymerase chain reaction (qPCR) efficacy
was assessed by standard curves for all genes and was 0.97 for
actin, 0.98 for α-tubulin, 0.94 for gapdh and 1.04 for cyp51 (data
not shown). All cDNA samples were used in duplicate. Threshold
cycles (ct) were adjusted to the same level in each run. For qPCR
performance, MESA FAST qPCR MasterMix Plus dTTP for SYBR
Assay No ROX (Eurogentec, Seraing, Belgium) was used, together
with the primer (200nM) listed in Table 1. Conditions for qPCR
were as followes: initial heating to 95 ◦ C for 5 min, followed by 40
cycles at 95 ◦ C for 15 s, 60 ◦ C for 20 s and a final step at 72 ◦ C for
20 s. Subsequently, specificity was verified by a melting curve. The
fluorescence level was acquired during the elongation step. In a
first approach cyp51-expression was measured from P. pachyrhizi
spores of four DMI adapted isolates treated with epoxiconazole (3
mg L –1 ) in a detached leaf test. In addition, expression of both DMIadapted and sensitive isolates was analysed from the untreated
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control. In a second approach, expression analysis of non-treated
spores was performed for 48 isolates. To prevent false positive
results, the over-expression limit was set at expression three-fold
higher than the reference strain.
2.6 Modelling studies
A structural model of the CYP51 protein from the P. pachyrhizi
reference strain was constructed using the homology modelling
tool in MOE (Version 2010.1, Chemical Computing Group Inc.,
Montreal, Canada). The template for this modelling was the
crystallographically determined structure of human CYP51 (PDB
ID: 3LD6), which has a sequence identity with the fungal CYP51 of
38%. The homology model was built using the software’s default
parameter settings. The resistant mutations identified in this work
were then manually implemented into the three-dimensional
structure of the reference strain protein.
To investigate the effect of the resistant mutations on DMI
binding, the following four fungicide compounds were docked into
the homology model: cyproconazole, epoxiconazole, metconazole
and tebuconazole. The docking was performed using Glide
(Version 5.7, Schrödinger, LLC, New York, NY, USA, 2011) following
ligand preparation with LigPrep (Version 2.5, Schrödinger, LLC,
2011). Default parameter settings were used for both steps. No
constraints were applied during the docking run, but of the
resulting poses only those with an azole-heme binding distance
less than 2.8 Å were retained.

3

needed fungicide treatment of ≥ 10 mg L –1 to be controlled, were
referred to highly DMI adapted or resistant.

RESULTS

3.1 Sensitivity of Phakopsora pachyrhizi to QoI and DMI
fungicides
In detached leaf tests, QoIs adequately controlled all isolates
showing narrow ranges of ED50 -values, ranging from 0.14 mg L –1
to 2.47 mg L –1 for azoxystrobin (median: 0.41 mg L –1 ) and 0.43
mg L –1 to 1.53 mg L –1 for pyraclostrobin (median: 0.95 mg L –1 ),
respectively (Fig. 1). The sensitivity of the reference strain was
within these ranges, showing ED50 -values of 0.24 and 1.11 mg L –1 ,
respectively.
The sensitivity of the different P. pachyrhizi strains towards
DMIs covered a broader range. While the reference strain
was controlled by ED50 -values of 0.01 mg L –1 for all DMIs,
most Brazilian isolates needed higher concentrations to be
completely controlled, depending on the isolate and fungicide.
Most isolates were controlled by fungicide concentrations as
high as 4 mg L –1 (Fig. 2). The ranges for all DMIs were 0.01 to
10 mg L –1 with medians of 2.2 mg L –1 for cyproconazole and
metconazole, 2.3 mg L –1 for epoxiconazole, and 2.5 mg L –1 for
tebuconazole. A number of isolates tested in this study could not
be effectively controlled (growth > 50% at the highest fungicide
rate) by cyproconazole, metconazole and tebuconazole. In contrast
epoxiconazol effectively controlled all isolates, with the exception
of two, at a concentration of 10 mg L –1 (Fig. 2). On the basis
of inhibition curves different ED50 -value classifications could be
made, which may slightly differ between different DMIs. Isolates
with ED50 -values of < 0.1 mg L –1 were considered as sensitive,
ED50 -values of 0.1 to 0.5 mg L –1 as sensitive to medium, ED50 values of 0.5 to 4–7 mg L –1 as medium to high, and ED50 -values
of 4–7 to 10 mg L –1 were considered as high. Since the reference
strain has never been in contact with fungicide treatment in the
field, this strain and isolates with similar ED50 -values (≤ 0.01 mg
L –1 ) were referred to highly sensitive. In contrast, isolates which
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Figure 1. Sensitivity of Phakopsora pachyrhizi towards azoxystrobin and
pyraclostrobin. ED50 -values from all tested isolates ranged from 0.14 mg
L –1 to 2.47 mg L –1 (azoxystrobin) and 0.43 mg L –1 to 1.53 mg L –1
(pyraclostrobin). The reference strain and the Taiwan strain did not differ
in their sensitivity.

3.2 Analysis of the cyt b gene sequence
Sequencing DNA and cDNA of the P. pachyrhizi reference strain
revealed that the cyt b gene sized 2524 bp, containing one intron
of 1336 bp. The intron was located directly after the amino acid at
position 143 (Fig 3). No mutations have been observed in wild type
codons, i.e. F129, G137 and G143, which could potentially lead
to reduced sensitivity against QoIs. Identity of the pronounced
sequence was verified by BLAST search.
3.3 Analysis of the cyp51 gene sequence
Amplification of P. pachyrhizi with KES 1098 fw and KES 1133 rv
resulted in a 2155 bp fragment, of which 2107 bp encode the
corresponding CYP51 protein. The cyp51 gene was found to be
disrupted by five introns of different size (Fig. 3). Sequencing of the
reference strain revealed some variation between different clones
of one transformation reaction, since several nucleotide and/or
amino acid substitutions occurred. Clearly, these substitutions did
not constitute mutations leading to reduced sensitivity towards
DMIs, because the reference strain is highly sensitive. Isolates which
showed reduced sensitivity were also sequenced and revealed this
kind of variation. Amino acid substitutions at positions 120 (F120L),
131 (Y131H/F), 142 (K142R), 145 (I145F) and 475 (I475T) could be
linked to increased ED50 -values (Fig. 2), since these substitutions
were only found in isolates which show decreased DMI sensitivity.
Several cyp51-clones of sequenced isolates did not only show
one identical cyp51-haplotype with amino acid substitutions,
but also other haplotypes including the wild type within one
transformation reaction, suggesting that more than one gene copy
is present in a single isolate (data not shown). With the exception
of I145F, all mutations occur in combinations (i.e. Y131H + F120L,
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D

Figure 2. Sensitivity of Phakopsora pachyrhizi towards different triazoles and corresponding resistance mechanism. Isolates are sorted by rising
ED50 -values of cyproconazole (A), epoxiconazole (B), metconazole (C) and tebuconazole (D). Symbols represent different amino acid substitutions in the
cyp51 gene and over-expression of cyp51 is highlighted by an additional star. Threshold for over-expression is determined as three-fold higher expression
compared to cyp51 expression of the reference strain (Ref.).
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A

B

Figure 3. Schematic gene structure of Phakopsora pachyrhizi cyt b (A) and cyp51 (B). Cytochrome b DNA is 2524 bp in size and interrupted by a 1336
bp intron which is located directly after codon 143. Location of used primers in this study and codons of most important mutations (i.e. F129L, G137R,
G143A) in other phytopathogens are indicated. The 2107 bp sized cyp51 DNA is interrupted by five introns of different size (81 bp, 115 bp, 126 bp, 105
bp, 92 bp). Mutations found in this study (F120L, Y131H/F, K142R, I145F, I475T) are marked.

Y131F + K142R, Y131F + I475T). Despite this, substitutions are not
necessarily coupled within one haplotype since haplotypes with
only one substitution can be found. Pyrosequencing never showed
100% mutation in P. pachyrhizi DNA but values of approximately
33% or 50%, respectively. The same mutations as in DNA were
detected in P. pachyhrizi cDNA. However, mutation frequency in
cDNA was usually higher than in DNA (Table 2).
The occurrence of I145F is related to ED50 -values between 0.3
mg L –1 and 4 mg L –1 for the fungicides used in this study. A
threshold of 1.4 and 3 mg L –1 accounts for substitutions of Y131F
+ I475T and Y131F + K142R, respectively. The widest range of
ED50 -values is observed in the presence of Y131H + F120L, ranging
from 0.06 mg L –1 to 10 mg L –1 .
The mutations found in the current study were widely
distributed within Brazil (Fig. 4). With exception of K142R, which
was located in the central region around Senador Canedo, the
mutations were not restricted to specific regions. Combinations of
Y131H + F120L and Y131F + I475T appeared as the most frequent
mutations, though Y131F + I475T was only found in sites where
more than ten isolates originated from. Y131H + F120L occurred
as the most widely distributed mutation, whereas I145F was the
least observed mutation and was mainly located in Santo Antônio
de Posse. Isolates with the wild type sequence were present at
all sites. Isolates with different haplotypes and cyp51 expression
originated from one sample (data not shown), indicating that
ED50 -values of the population exists in a field rather than one
clone.

3.4 Expression of cyp51
In a first approach, cyp51 expression was analysed from P.pachyrhizi
spores of DMI-sensitive and -adapted isolates treated with 3 mg
L –1 of epoxiconazole in a detached leaf test. Expression of cyp51
using actin, α-tubulin and gapdh as reference genes was four- to
eight-fold increased for adapted isolates, in comparison to the
reference isolate (Fig. 5). Though DMI-adapted isolates differ in
their cyp51 expression, three out of four isolates over-expressed
cyp51. All sensitive isolates (ED50 -values of < 0.1 mg L –1 ) expressed
cyp51 at normal level. Cyp51 expression was increased regardless
of whether the isolates were treated with epoxiconazole or not.
In a second approach, cyp51 expression of all fungicide-tested
isolates was studied (Table 2). Expression ranges from three- to
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ten-fold increase in comparison to the reference strain. Overexpression was found in isolates with wild type cyp51 gene as well
as in isolates showing mutations in the cyp51 gene. A combination
of over-expression and mutation correlates with increased ED50 values towards DMIs (Fig. 2).
3.5 Modelling of cyp51
The homology model of P. pachyrhizi CYP51 was used to identify
the locations of the resistance mutations F120L, Y131F/H, K142R,
I145F, and I475T in the three-dimensional structure of the protein.
The amino acids at positions 120 and 131 are located within the
binding site of the enzyme (Fig. 6). Residue K142 makes a salt
bridge with one of the carboxylate groups of the heme, while I145
and I475 are respectively located near enough to the edge and
the lower face of the heme to make non-directional van-der-Waals
interactions (Fig. 7).
The docking of four DMIs (cyproconazole, epoxiconazole,
metconazole and tebuconazole) suggests that F120 and Y131
are in van-der-Waals contact with these inhibitors, with minimum
heavy-atom to heavy-atom distances between 3.6 Å and 4.1 Å.
Amino-acids K142, I145 and I475 are not in contact with the DMIs
considered here.

4

DISCUSSION

As observed by other groups,27 – 29 no loss of QoI sensitivity was
detected in our study. Results obtained by detached leaf test were
confirmed by molecular biological analyses. The cyt b gene was
sequenced, demonstrating that an intron of 1336 bp occurred
just after codon 143 of the 2524 bp nucleotide sequence. As
proposed by Grasso et al.,15 an intron after codon 143 results
in deficient splicing of the mRNA, which would be lethal in the
case of a G143A mutation. A number of pathogens were analysed
for G143A, but it was never found adjacent to the subsequent
intron.15 Since an intron is found in rusts directly after codon 143,
the G143A mutation has never been found.15 Nevertheless, there
is a possibility that other mutations may evolve such as F129L or
G137R as found in other plant pathogens.14,16 While the G137R
mutation is responsible for reduction in fitness, both F129L and
G137R mutations can be controlled by field application rates.14,16,30
Thus, should F129L or G137R develop in Phakopsora pachyhrizi,
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Table 2. Frequency of mutations in DNA and cDNA, and relative expression of cyp51, using actin, α-tubulin and gapdh as reference genes
Frequency of mutations (%)
F120L
Isolate

DNA

Ref.
T
G—54
1
3
4
5
6
7
8
9
12
13
24
26
27
28
34
35
37
48
49
50
53
54
56
57
58
59
60
62
63
66
67
71
72
73
77
78
79
80
81
82
83
84

—
—
—
—
33
35
29
34
—
—
—
—
33
—
—
—
—
—
34
36
34
—
—
—
—
—
—
—
—
—
—
—
—
—
32
31
32
—
—
—
—
—
—
—
34

Y131H

cDNA
—
—
—
—
88
89
83
94
—
—
—
—
89
—
—
—
—
—
91
91
89
—
—
—
—
—
—
—
—
—
—
—
—
—
88
89
89
—
—
—
—
—
—
—
88

Y131F

DNA

cDNA

DNA

—
—
—
—
32
34
35
31
—
—
—
—
33
—
—
—
—
—
33
32
33
—
—
—
—
—
—
—
—
—
—
—
—
—
34
30
32
—
—
—
—
—
—
—
32

—
—
—
—
93
97
99
87
—
—
—
—
98
—
—
—
—
—
95
98
95
—
—
—
—
—
—
—
—
—
—
—
—
—
95
96
98
—
—
—
—
—
—
—
100

—
—
—
—
—
—
—
—
—
—
34
34
—
—
55
55
51
32
—
—
—
—
—
—
—
—
—
—
—
—
33
33
—
43
—
—
—
—
—
—
—
—
52
52
—

K142R

cDNA
—
—
—
—
—
—
—
—
—
—
73
64
—
—
42
78
85
88
—
—
—
—
—
—
—
—
—
—
—
—
66
72
—
81
—
—
—
—
—
—
—
—
70
74
—

DNA
—
—
—
—
—
—
—
—
—
—
36
36
—
—
—
—
—
35
—
—
—
—
—
—
—
—
—
—
—
—
37
34
34
—
—
—
—
—
—
—
—
—
—
—
—

the impact of these mutations is suggested to be low. However,
neither of these mutations have been detected in monitoring
studies in any plant pathogenic rust species so far.
For the DMIs used in this study, a broad range of ED50 -values
between the reference strain and the Brazilian isolates have
been detected, with resistance factors up to 1000. Sensitivity
monitoring in Brazil revealed a lower range of ED50 -values than
we observed, since a slightly different methodology was applied
Pest Manag Sci (2013)

I145F

cDNA
—
—
—
—
—
—
—
—
—
—
79
68
—
—
—
—
—
81
—
—
—
—
—
—
—
—
—
—
—
—
59
77
69
—
—
—
—
—
—
—
—
—
—
—
—

DNA
—
—
47
50
—
—
—
—
—
—
—
—
—
48
—
—
—
—
—
—
—
50
50
2
47
—
—
—
—
—
—
—
—
—
—
—
—
47
48
—
—
—
—
—
—

I475T

cDNA
—
—
79
66
—
—
—
—
—
—
—
—
—
66
—
—
—
—
—
—
65
57
0
71
—
—
—
—
—
—
—
—
—
—
—
—
65
64
—
—
—
—
—
—

DNA
—
—
—
—
—
—
—
—
—
—
—
—
—
—
50
54
52
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
45
—
—
—
—
—
—
—
—
49
47
—

cDNA
—
—
—
—
—
—
—
—
—
—
—
—
—
—
40
72
82
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
80
—
—
—
—
—
—
—
—
61
76
—

Expression cyp51(−fold)
1.0
0.9
3.0
1.9
5.9
6.9
4.0
8.2
0.5
0.5
3.8
2.9
9.0
2.8
0.7
1.0
1.7
2.5
7.2
8.4
5.8
8.3
2.7
3.1
5.3
2.1
8.6
4.8
10.0
9.5
2.2
4.4
3.7
1.3
5.9
7.4
10.1
1.5
1.6
1.9
10.3
0.6
2.0
1.2
8.0

following FRAC recommendations with populations of P.pachyrhizi
[FRAC (http://www.frac.info)].11 Due to a mixture of sensitive
and resistant strains, fungicides show improved performance
rather in fungi populations than in single isolates. Single strains
represent both best and worst cases for managing pathogens in
the field. Detached leaf tests are appropriate for discriminating
the sensitivity of different isolates towards DMIs. However, the
growth conditions of the isolate are optimized in detached leaf
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Figure 4. Origin of Phakopsora pachyrhizi isolates in Brazil, classified by cyp51 amino acid substitutions and cyp51 expression. While colours represent
amino acid substitutions, different shapes correspond to wild type expression (circle), over-expression (square) or not analysed (triangle).

tests and are different to conditions in the field. Natural defence
mechanisms such as hypersensitive response (HR) and systemic
acquired resistance (SAR) of the plant against the pathogen might
be missing or significantly reduced in a detached leaf. Furthermore,
the mechanical barrier of detached leaves might be reduced
due to a poor cuticle, which makes it easier for the pathogen
to penetrate and infect. Thus, the pronounced ED50 -values and
resistance factors in this study may differ to a certain extent in the
field. Nevertheless, the recent study emphasizes that a significant
sensitivity loss of P. pachyrhizi towards DMIs developed. Other
studies have analysed disease severity and yield rather than ED50 values to assess the efficiency of fungicide treatments (compounds,
quantity, timing) in the field.27 – 29 DMI- and QoI-fungicides, or
a combination of these, performed best resulting in adequate
control of P. pachyhrizi.
The P. pachyrhizi reference strain revealed several nucleotide
substitutions from which some were located within introns.
These variations were also found in Brazilian isolates and the
Taiwan strain. Since there was a difference in sensitivity of most
Brazilian isolates and the reference strain in detached leaf tests,
these substitutions do not account for adaptation towards DMIs.
Sequence analyses of sensitive and adapted P. pachyhrizi isolates
revealed mutations at codons 120, 131, 142, 145 and 475. Since
mutated and non-mutated wild type cyp51 were found in one
transformation reaction of single isolates it could be concluded
that more than one cyp51 gene copy exists in the genome of P.
pachyrhizi. Multiple cyp51 copies are also described for other fungal
pathogens, e.g. Aspergillus sp. or Fusarium sp., although these

wileyonlinelibrary.com/journal/ps

copies differ in their DNA sequences and protein function.31,32
The comparison of the frequency of mutations in DNA (i.e. in
the genome) and cDNA (i.e. the expressed mRNA) showed that
mutated genes were always more expressed than the wild type.
When we assume that mutated cyp51 is less sensitive to DMI
inhibition, the selective (over-) expression of the mutated cyp51
allele leads to a synergistic effect on the adaptation to DMIs.
Alignment of P. pachyrhizi cyp51 indicated that the Y131F
mutation is homologous to Y134F in Puccinia triticina, Y136F
in Uncinula necator and Blumeria graminis f. sp. hordei or Y137F
in Mycosphaerella graminicola.18 – 20,22 In addition, Y131F in P.
pachyrhizi is homologous to Y132H in Candida albicans (C.P. Robin)
Berkhout and K142R is homologous to K143R/E in C. albicans and
K147Q in B. graminis.33 – 35 To our knowledge, no homologous
mutations in other fungi are reported for P. pachyrhizi mutations
F120L, I145F and I475T.
In B. graminis f. sp. hordei, M. graminicola and P. triticina
it is known that Y136F, Y137F and Y134F, respectively, confer
sensitivity losses to DMIs to a greater or lesser extent depending
on the DMI.22,34,36 High resistance factors against triadimenol were
associated with the corresponding mutation in M. graminicola and
U. necator.18,20
The binding site of CYP51 is buried in the core of the protein,
such that the substrate must pass along an access channel that is
formed by movement of an α-helix.37 The substitution of Y136F
in B. graminis and Y137F in M. graminicola prevents DMI-binding
due to a change in polarity.36 In other organisms mutations
corresponding to P. pachyhrizi F120L and Y131H/F are located in
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Figure 5. Relative expression of cyp51, using actin, tubulin and gapdh as reference genes. Cyp51 expression of triazole-sensitive isolates (reference
strain, isolates 7, 8, 81 and Taiwan strain) and triazole-adapted isolates were analysed from an untreated control (-C) and a 3 mg L−1 treatment with
epoxiconazole (-3). The over-expression limit was set at expression three-fold higher than the reference strain to prevent false positive results. Expression
of cyp51 is increased to a different extent in some of the adapted isolates (i.e. isolates 4, 9 and 72). Over-expression is not induced by treatment with 3
mg L –1 epoxiconazole. Values represent the mean of two replications (on RNA level), with standard deviations shown.

Figure 7. Location of K142, I145, and I475 adjacent to the heme in the
Phakopsora pachyrhizi CYP51 homology model. Amino-acids K142, I145,
and I475 are depicted as space-filling spheres with carbon atoms coloured
grey. The protein backbone is represented in grey ribbon, and the heme
as a green tube with the central iron atom coloured red.

Figure 6. Location of F120 and Y131 in the binding site of the Phakopsora
pachyrhizi CYP51 homology model. Amino-acids F120 and Y131 are
depicted as space-filling spheres with carbon atoms coloured grey. The
protein backbone is represented in grey ribbon, and the heme as a
green tube with the central iron atom coloured red. A docked pose of
metconazole is shown as a dark green tube for reference.

one of the highly conserved substrate recognition sites, suggesting
the same function.23 The modelling of P. pachyrhizi CYP51 in this
study suggests that Y131 and F120 can make non-directional vander-Waals interactions with DMIs. Since these mutations result
Pest Manag Sci (2013)

in smaller amino-acid side-chains, they may affect DMI binding
by increasing the size of this part of the binding site, therefore
weakening the van-der-Waals contacts. The mutation Y131F/H
also represents a change in polarity that could influence inhibitor
binding.36 In contrast, mutations K142R, I145F, and I475T make
no direct interaction with the DMIs considered here, but may
indirectly affect DMI binding by altering the position of the heme.
In particular, the change in volume associated with I475T may
enforce a change in protein conformation that is propagated to
the heme via the adjacent C474. Additionally, a conformational
change of the heme may have an impact on the function of the
enzyme.
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Besides mutations within the cyp51 gene, other mechanisms
causing sensitivity changes to DMIs have been reported, such
as cyp51-over-expression.17,22,38 – 40 Over-expression of cyp51 has
also been found in isolates of P. pachyrhizi in this study. All
highly sensitive isolates did not show any over-expression of
cyp51, while about half of the strains with lower sensitivity to
all DMIs an up-regulation up to ten-fold was noticed. Most of
the isolates over-expressing cyp51 responded to DMI treatment
with highest ED50 -values. In particular two strains (isolates 37 and
72) showed high ED50 -values to all four DMIs. Interestingly, overexpression was never found in isolates containing the Y131F +
I475T haplotype, but in all cases with Y131H + F120L haplotype.
Whether this over-expression is connected with the mutation or if
these two resistance mechanisms are independently acquired was
not fully elucidated in this study. Over-expression mechanisms
may include insertions within the promotor region, up-regulation
of transcription factors or gene duplication.38,39,41,42
The sensitivity response of some of the strains might not only be
related to alterations of the target site cyp51 based on mutations
or over-expression. The sensitivity loss of these isolates might be
caused by other additional mechanisms such as enhanced efflux.
This has been described for some pathogens as a mechanism for
DMI adaptation.23,43,44
Taken together our data show that the Brazilian population of
P. pachyrhizi is sensitive to QoI fungicides. Therefore the risk of QoI
resistance development in future seems to be rather low. However,
the population has adapted to DMIs and mutations in cyp51 as
well as over-expression of the mutated allele have been identified
as important mechanisms for the acquired sensitivity loss, though
additional and so far unrecognized mechanisms might also play a
role in the sensitivity response.
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