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ABSTRACT Zymoseptoria tritici is a globally distributed fungal pathogen which
causes Septoria tritici blotch on wheat. Management of the disease is attempted
through the deployment of resistant wheat cultivars and the application of fungi-
cides. However, fungicide resistance is commonly observed in Z. tritici populations,
and continuous monitoring is required to detect breakdowns in fungicide efficacy.
We recently reported azole-resistant isolates in Australia; however, it remained un-
known whether resistance was brought into the continent through gene flow or
whether resistance emerged independently. To address this question, we screened
43 isolates across five Australian locations for azole sensitivity and performed whole-
genome sequencing on 58 isolates from seven locations to determine the genetic
basis of resistance. Population genomic analyses showed extremely strong differenti-
ation between the Australian population recovered after azoles began to be used
and both Australian populations recovered before azoles began to be used and
populations on different continents. The apparent absence of recent gene flow be-
tween Australia and other continents suggests that azole fungicide resistance has
evolved de novo and subsequently spread within Tasmania. Despite the isolates be-
ing distinct at the whole-genome level, we observed combinations of nonsynony-
mous substitutions at the CYP57 locus identical to those observed elsewhere in the
world. We observed nine previously reported nonsynonymous mutations as well as
isolates that carried a combination of the previously reported L50S, S188N, A379G,
1381V, Y459DEL, G460DEL, and N513K substitutions. Assays for the 50% effective
concentration against a subset of isolates exposed to the tebuconazole and epoxi-
conazole fungicides showed high levels of azole resistance. The rapid, parallel evolu-
tion of a complex CYP5T haplotype that matches a dominant European haplotype
demonstrates the enormous potential for de novo resistance emergence in patho-
genic fungi.

IMPORTANCE Fungicides are essential to control diseases in agriculture because
many crops are highly susceptible to pathogens. However, many pathogens rapidly
evolve resistance to fungicides. A large body of studies have described specific mu-
tations conferring resistance and have often made inferences about the origins of
resistance based on sequencing data from the target gene alone. Here, we show the
de novo acquisition of resistance to the ubiquitously used azole fungicides in geneti-
cally isolated populations of the wheat pathogen Zymoseptoria tritici in Tasmania,
Australia. We confirm evidence for parallel evolution through genome-scale analyses
of representative worldwide populations. The emergence of complex resistance hap-
lotypes following a well-documented recent introduction of azoles into Australian
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farming practices demonstrates how rapidly chemical resistance evolves in agricul-
tural ecosystems.

KEYWORDS azole, CYP51, Zymoseptoria tritici, fungicide resistance

lobally distributed fungal diseases are an increasing threat to both natural and

agricultural ecosystems due to rapid anthropogenic spread and climate change (1,
2). Among these diseases caused by fungi, pathogens of wheat are of increasing
concern in countries around the world due to their potential to cause total crop losses
(3). Currently, there are two main methods used to limit the impact of these diseases
on wheat yields: (i) deployment of resistant host cultivars and (ii) the application of
chemical fungicides. Both methods, however, are susceptible to breakdowns in efficacy,
due to the rapid evolution of pathogen populations (4, 5). The breakdown of host
resistance is devastating because it can take many years for breeders to develop replace-
ment cultivars. In the absence of effective host resistance, fungicides are heavily relied
upon. However, intensive application of fungicides accelerates the evolution of resis-
tant pathogen populations (6).

Azole fungicides, specifically, demethylation inhibitors, are one of three major
classes of fungicides used to control fungal disease on cereal crops (7, 8). Azoles target
the CYP51 (erg11) gene, which in fungi is part of the pathway responsible for the
biosynthesis of sterols, a key component of the fungal cell membrane (7, 9). Azoles
were introduced into commercial agriculture in the mid to late 1970s and now account
for nearly 50% of all fungicides used in Europe (8).

The molecular mechanisms that drive increased resistance in plant pathogens are
best studied in the wheat pathogen Zymoseptoria tritici (9, 10). Z. tritici is a globally
distributed pathogen of wheat that is predominant in temperate, wet climates, such as
northern Europe (8, 11). The pathogen causes the disease known as Septoria tritici
blotch (STB) and undergoes regular cycles of sexual reproduction during the growing
season (12, 13). The pathogen has also been shown to migrate long distances (14, 15).
Splash-dispersed, asexual pycnidiospores drive the development of epidemics in the
field, while new infections are initiated from sexual ascospores each growing season
(16, 17). Azole resistance in Z tritici has been attributed to three mechanisms: (i)
nonsynonymous (NS) mutations in the coding region of the CYP57 gene that can alter
the binding of the drug, (ii) mutations that lead to CYP51 overexpression, or (iii)
overexpression of efflux pumps (9, 18).

While different azole compounds remain more or less effective to control STB in
Europe, there is clear evidence, particularly from the United Kingdom, Ireland, and
France, of a slow erosion of their effectiveness starting in the early 2000s (5, 19-24). The
shift in azole sensitivity has been attributed to an accumulation of multiple NS
substitutions in the CYP57 gene (25, 26). Many of these mutations have now been
validated experimentally, whereby specific NS substitutions within CYP57 decrease
azole sensitivity when heterologously expressed in yeast (21, 26). Despite being a
single-site fungicide, there are a diverse set of azole compounds that target different
amino acids within the CYP51 protein. These slight differences in target site seem to be
important, as no single NS substitution or combinations of substitutions confer high
levels of resistance to all azole compounds (18, 22, 27).

To date, there are over 35 NS mutations reported (reviewed by Cools and Fraaije [9]
and Huf et al. [28]). In field populations of Z. tritici, there are sets of NS mutations within
the CYP57 gene that are mutually exclusive, indicating that there are trade-offs that
prevent certain combinations of mutations from occurring in a single isolate (22, 29,
30). Due to its importance in resistance, the CYP51 gene from multiple field populations
of Z tritici in Europe, Africa, North America, and Australia has been sequenced or
genotyped (22, 29-32). Brunner et al. showed that sensitive CYP51 alleles have essen-
tially disappeared from European populations sampled after widespread use of the
fungicide (29). Frequent recombination likely brought together multiple different NS
substitutions, which in combination confer higher levels of azole resistance (29). More
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recently, Estep et al. (2015) have reported the recent emergence of azole fungicide
resistance in populations of Z. tritici from Oregon (30). Here, however, the authors
found that the most recently sampled isolates carried no more than a single mutation
associated with azole resistance, which they attributed to a very recent emergence. This
is in sharp contrast to the most recently genotyped isolates from Europe, which carry
complex and very diverse combinations of NS mutations (23, 24, 28, 33).

In Australia, azoles account for more than 98% of registered fungicides and were not
widely used to control leaf diseases until they began to be used in 2002 to control the
development of the wheat disease stripe rust (Puccinia striiformis f. sp. tritici, yellow rust)
(34). The contribution of fungicides in controlling STB in Australia in 1998 was esti-
mated to be 0%, but this swiftly rose to 19% in 2009 (35). This was during a period when
Z. tritici was at historically low levels in wheat fields due to the millennial drought (2001
to 2009) (A. Milgate, personal observation). Starting in 2010, Z. tritici reemerged as a
serious disease of wheat in the high-rainfall zones of southeastern continental Australia
as well as Tasmania. Favorable environmental conditions in these regions allowed
disease severity to reach thresholds capable of causing yield losses. In response, farmers
began applying fungicides against Z. tritici for disease control, typically using two
applications per crop in Victoria, compared to three in Tasmania. Azole resistance was
detected in Victoria and Tasmania in 2011. This was only 9 years after the beginning of
the widespread use of the fungicide on wheat and only 1 to 2 years since Z. tritici had
been observed to be causing disease in these regions (36). Since the first detection of
azole resistance, annual monitoring of field populations shows that azole resistance is
now established in Tasmania (A. Milgate, personal observation) (36). This geographically
isolated population provides a unique opportunity to investigate the emergence and
spread of azole resistance. This work used whole-genome resequencing to place the
newly resistant Tasmanian population in the context of the global pathogen diversity.
We then examined the sequence diversity of the CYP51 gene and contrasted this to
relatedness at the whole-genome scale. For a subset of isolates, we measured the levels
of resistance against tebuconazole and epoxiconazole. Together these analyses com-
prehensively characterize the emergence of azole resistance in a genetically isolated
plant pathogen population.

RESULTS

Population structure of azole-resistant isolates from Tasmania. In order to
understand the origins of azole resistance in Tasmania, we selected a set of 58 isolates
sampled across seven locations in Tasmania in 2014 for lllumina whole-genome rese-
quencing (see Table S1 in the supplemental material). There were insufficient sequenc-
ing reads from isolate WAI1820 for it to be used for further population analyses. Data
from an additional 13 Australian Z. tritici genomes sampled from Tasmania, New South
Wales (NSW), and Victoria were also included in all further analyses (37). Resequencing
data from four global field populations were used to place these isolates in relation to
isolates from the rest of the world (38). In total, 218 genomes were used for whole-
genome comparisons and represented approximately 5 populations: Tasmania 2014
(Australian isolates recovered after azoles began to be used [Australian post-azole
isolates]), New South Wales 2001 (Australian isolates recovered before azoles began to
be used [Australian pre-azole isolates]), Oregon 1992 (pre-azole isolates), Israel 1990
(pre-azole isolates), and Switzerland 1999 (post-azole isolates). All quality-controlled
short-read data were aligned to the sequence of reference isolate IPO323, and single
nucleotide polymorphisms (SNPs) were called using the GATK tool. After filtering for
low-quality variants and minor alleles that occurred in <5% of the isolates and some
additional thinning, the final data set contained 44,845 SNPs spanning core Z. tritici
chromosomes 1 to 13. We conducted a principal component analysis (PCA) based on
the genome-wide SNP data to estimate the genetic similarities among the isolates (Fig.
S1). Consistent with earlier population genetic analyses, the pre-azole Australian pop-
ulation (NSW, 2001) formed a genetically distinct group that was distant from the
isolates from the rest of the world (Israel, Oregon, and Switzerland) (39). However, the
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post-azole Tasmanian isolates formed a second, distinct group that was distant from all
other populations. The additional Australian isolates resequenced by McDonald et al.
(37) and sampled prior to 2011 clustered tightly with the pre-azole Australian popula-
tion (2001). These isolates spanned multiple different sampling locations and times,
including two isolates, WAI332 and WAI320, sampled in 1979 and 1980, respectively.
Only one isolate sampled prior to 2011, WAI327 (NSW 2002), clustered together with
the Tasmanian group. WAI327 is the only exception among the 97 Australian isolates
whose genomes were sequenced, including isolate WAI147, sampled at the same time
and location. We have conservatively excluded WAI327 from further analyses as a
potential sample mix-up error. Together, these data show that the two Australian
populations (the pre- and post-azole populations) are distinct both from each other and
from the populations in the rest of the world.

To better understand the placement of the post-azole Tasmanian population in the
overall genetic structure of the species, we analyzed the relatedness among all rese-
quenced isolates by use of the FineStructure algorithm. FineStructure estimates the
relatedness between individuals by dividing each individual genome into short hap-
lotype blocks that span the reference assembly. This is followed by a full pairwise
comparison between each isolate that estimates the number of shared genomic
haplotype blocks. Isolates that are more closely related share more haplotype blocks
with each other than isolates that are more distantly related. The final results are
displayed as a heat map (similarity matrix) that shows the number of shared haplotype
blocks between all pairs of individuals (Fig. 1). This heat map was also used to draw the
dendrogram at the top of Fig. 1, which shows the relatedness between larger groups
of individuals (i.e., between populations). Individual isolate names can be viewed
alongside the dendrogram in Fig. S2A. This analysis clearly defines the five global
populations, with some subpopulations being found within them (Fig. 1). Consistent
with the preliminary PCA, the post-azole Tasmanian population was distinct from the
isolates in the rest of the world and shared few to no haplotype regions with
populations from outside Australia (Fig. 1). This analysis also suggests that the pre- and
post-azole populations from Australia are more closely related to each other than to
populations in the rest of the world. Within Tasmania there is evidence for at least four
distinct subpopulations, with strong support values on each of the branches within the
dendrogram (>97% posterior support; Fig. 1). These four groups did not correlate with
the sampling locations (Table S1), indicating that there is population subdivision and
gene flow within Tasmania.

Global distribution of CYP57 nucleotide haplotypes. To investigate sequence
variation at the CYP51 locus, all resequenced isolates’ genomes were assembled de
novo and their CYP51 sequences were extracted using the BLASTn program. In addition,
all available CYP57 sequences deposited in NCBI were downloaded and included in the
alignment (NCBI was last accessed on 8 March 2018). To include as many of the NCBI
sequences as possible, the full-length CYP57 coding sequence was trimmed to a final
alignment length of 1,298 bp, including indels (bases 409 to 1705 of the coding region
from reference isolate IPO323). This alignment, which includes the NCBI accession
numbers, was used to generate a nucleotide haplotype network (Fig. 2A; all sequences
are available in Table S2). This network shows which isolates share an identical CYP51
nucleotide sequence. Figure 2A shows that the post-azole Tasmanian isolates share
their partial CYP57 nucleotide sequences with isolates from other parts of the world,
mainly, isolates recovered in Europe after 2000. This network is constructed with ~68%
of the total coding region of CYP51. While this is only a partial alignment of the gene,
it is a clear indication that the post-azole Tasmanian isolates share many of the same
CYP51 mutations (both synonymous and NS) with isolates from the rest of the world.

The haplotype network drawn in Fig. 2B is constructed with the full-length CYP517
coding region (1,907 bp) from 217 de novo-assembled genomes (Table S3). Each unique
protein haplotype within this nucleotide network is labeled to highlight NS substitu-
tions that appear in multiple haplotypes. The network can roughly be divided into two
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FIG 1 Fine structure analysis of the resistant Tasmanian population in comparison to population in the rest of the world. This heat map shows the coancestry
matrix of 218 Z. tritici individuals. The coloring of the heat map represents the number of shared genomic regions between different Z. tritici individuals. A strong
population structure is visible where large blocks appear on the diagonal, whereby groups of related individuals share more of their genome with each other
than with other individuals from other populations. The dendrogram shown at the top of the heat map shows which groups of isolates (populations) are more
closely related to each other. Posterior support values are drawn only on branches where they were less than 1. For ease of viewing, the major clusters are
colored according to the population of origin. The subgroups within the Tasmanian population (G1 to G4) are also colored.

halves (left and right). In the larger data set that includes sequences from NCBI, multiple
complex reticulations link different nucleotide haplotypes across these two halves (Fig.
2A). As mentioned above, however, this network represents only 68% of the coding
region. Using a smaller number of individuals but the complete gene sequence, there
is less evidence of recombination across the entirety of the gene, based on the lack of
reticulation (loops) between the two halves (Fig. 2B). There is evidence of recombina-
tion restricted to the right half of the network (Fig. 2B). Several NS mutations appear
multiple times in distinct nucleotide haplotypes on either extreme of the network, for
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example, the L50S mutation, present in ST99CH_28 (left) versus ST99CH_3A4 (right)
separated by over 45 single nucleotide polymorphisms. Similarly, the combination of
L50S and Y461S appears in very distinct nucleotide haplotypes on either side of the red
asterisk in the network, with no reticulations connecting these haplotype sequences.
This indicates that these NS mutations have arisen multiple times in different genetic
backgrounds. Other NS mutations are restricted to either side of the network. For
example, the Y137F mutation appears in only a single haplotype restricted to the right
side of the network. Similarly, the G460/Y461 deletion and the S188N NS substitutions
are found only in nucleotide haplotypes forming the left side of the network.

The network shown in Fig. 2B reveals two dominant nucleotide haplotypes in the
pre-azole Australian population, separated by 38 point mutations. On the right side of
the network is the CYP51 sequence of the reference isolate, IPO323, which is sensitive
to azoles and referred to as the wild type (WT). The most frequent pre-azole Australian
haplotype on the right side of the network (AUS_1A5) is unique at the nucleotide level.
The amino acid sequence is, however, identical to that of the IPO323 WT allele. On the
left side of the network, the most frequent pre-azole haplotype (AUS_1A4) contains
three NS substitutions that differ from the WT: L50S, S188N, and N513K. This haplotype
is shared with a few isolates from the Swiss population. No haplotype sampled in the
pre-azole population was found in the post-azole population, indicating a strong
population shift over time at this locus.

There are three most-frequent haplotypes in post-azole Australia which appear at
distinct tips of the network shown in Fig. 2B (WAI1820, to the left of the red asterisk;
ST99CH_3A9, to the right of the red asterisk; and WAI321, to the right of the red
asterisk). These post-azole haplotypes contain NS substitutions that were all previously
observed in azole-resistant isolates from around the world (Fig. 2A) (9, 28). On the right
side of the network, two distinct azole-resistant haplotypes instead of WT alleles were
sampled. One haplotype carries a single NS substitution known to confer azole resis-
tance, the Y137F mutation. The second carries both the L50S and Y461S mutations. On
the left extremity of the network, the most frequent haplotype contains a combination
of seven NS mutations that differ from the WT sequence. This haplotype is shared with
other global isolates in Fig. 2A, though this is based on only a partial alignment of the
whole coding sequence. Isolates carrying this combination of NS substitutions have
previously been reported to be highly resistant to azoles (9, 28).

NS mutations in CYP517 and their effect on resistance in Australian isolates. A
summary of all of the NS substitutions previously associated with resistance and found
within Australia to date is provided in Table 1 (isolate-specific details are provided in
Table S4). This includes information for additional isolates that were screened for
known CYP51 mutations via partial Sanger sequencing of the CYP51 gene (Table S4). In
Australian isolates sampled prior to 2002, four protein isoforms were identified. The
most common isoforms identified in the pre-2002 (historical) isolates were the wild-
type (IPO323) protein haplotype, followed by combinations made up of the L50S,
S188N, and N513K site mutations. This specific combination of mutations has been
found in European isolates, but no azole resistance assays have been conducted to see
if they increase azole resistance (9). In the post-2010 samples, nine isoforms were
identified, and the WT was not present among these isolates. A significant evolutionary
shift was the emergence of isoform 11, carrying seven NS mutations present exclusively
in Tasmania (Fig. 2B, bottom left). The CYP51 nomenclature proposed very recently by
Huf et al. (28) is also included in Table 1, and new haplotypes following this naming
convention are listed in Table S5.

FIG 2 Legend (Continued)

Applied and Environmental Microbiology

The network was constructed with a partial sequence of CYP57 from bases 409 to 1705 (inclusive), based on the predicted coding start site in the reference
isolate, IPO323. (B) Haplotype network constructed only with CYP57 sequences from isolates with whole-genome sequences. The network was built using the
complete genomic DNA sequence of CYP57 from the start to the stop codon. Each unique protein is outlined in a black dashed box. Amino acid substitutions
that arose only once in the network are highlighted in black bold text. Amino acid substitutions that appear in multiple distinct nucleotide backgrounds are

in red. The left and right halves of the network are indicated by the red asterisk flanked by black arrows.
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TABLE 1 Distribution of CYP51 isoforms within Australia®

Applied and Environmental Microbiology

Unified code Australian CYP51 No. of Plezsaii

name® isoform no.c Mutation(s) isolates Before 2002 After 2010
WT 1 Wild type 23 Yes

A2 2 L50S 3 Yes
A13 3 N513K 1 Yes

B7 4 L50S, S188N 3 Yes Yes
c18 5 L50S, S188N, N513K 22 Yes Yes
Cc22 6 L50S, S188N, Y461S 1 Yes
A12 7 Y461S 1 Yes
B8 8 L50S, Y461S 34 Yes
B14 9 Y137F, Y461S 5 Yes
A3 10 Y137F 39 Yes
G1 11 L50S, S188N, A379G, 1381V, 30 Yes

459DEL,® 460DEL, N513K

Total 162

9The table summarizes all combinations of NS mutations found in Australia to date and includes some isolates which were not part of the whole-genome

resequencing analyses.
bUnified code names for CYP51 protein isoforms proposed by Huf et al. (28).
Isoform number reported in public reports to growers in Australia.
dWhen the isolate was sampled.
eDEL, a 3-nucleotide deletion of the amino acid.

Azole resistance was measured in a subset of isolates and reported previously (36).
We expanded this analysis with a subset of isolates from Tasmania, Victoria, NSW, and
South Australia, including some of our resequenced isolates, and measured the 50%
effective concentration (EC;,) values for two azoles, tebuconazole and epoxiconazole
(Fig. 3; Table S6). We observed three levels of resistance. The first was the baseline
sensitive response of the wild type, with ECs, values ranging from 0.027 to 0.69
(mg/liter), and the second level included isoforms 4, 8, and 10 containing the site
mutations Y461S and Y137F, with EC;, values ranging from 0.067 to 4.597 mg/liter for
tebuconazole. The third level of resistance was the highest associated with isoform 11,
which contained 7 mutations, with ECs, values ranging from 4.481 to 8.181 mg/liter for
tebuconazole. The isoforms were consistently ranked in terms of resistance to both
fungicides. However, epoxiconazole consistently showed lower EC, values than tebu-
conazole.

Australian isolates do not carry the cytB G143A mutation conferring resistance
to strobilurins. To investigate whether the azole-resistant Tasmanian isolates were also
resistant to strobilurins, we aligned the sequence of the mitochondrial cytochrome b
gene extracted from the de novo assemblies. This gene is the main target of strobilurins,
and a single point mutation, G143A, confers full resistance. We found that all Australian
isolates carried the WT G143 allele and were sensitive to strobilurins (NCBI GenBank
accession numbers MH699681 to MH699754).

DISCUSSION

In this study, we identified a genetically distinct Tasmanian Z. tritici population that
independently acquired a complex haplotype of resistance to azole fungicides. Whole-
genome comparisons with the genomes of a global collection of isolates showed very
low genome-wide relatedness between this population and other Z. tritici populations,
ruling out gene flow as the source of the resistance haplotype. The post-azole Austra-
lian Z. tritici population has acquired the same set of NS substitutions in the CYP57 gene
that have been observed in Europe and North America (25). These NS substitutions and
their combinations conferred levels of azole resistance that were broadly consistent
with previously described results (21, 22, 25-27). CYP51 isoforms similar to Tasmanian
isoform 11 have been sampled in the United Kingdom and France (9, 22, 40). Unlike in
Europe, the Tasmanian population remained sensitive to the second most commonly
used fungicide class, the strobilurins. This is an important result, as strobilurin resistance
is present in Europe at frequencies as high as 98% and often precedes the development
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FIG 3 Measured EC,, values of tebuconazole and epoxiconazole for known CYP51 amino acid haplotypes
coded to show their origin. The number of isolates tested was as follows: isoform 1 (wild type), n = 11;
isoform 4 (L50S, S188N), n = 2; isoform 6 (L50S, S188N, Y461S), n = 1; isoform 8 (L50S, Y461S), n = 6;
isoform 10 (Y137F), n = 16; and isoform 11 (L50S, S188N, A379G, 1381V, 459DEL, 460DEL, N513K [where
DEL indicates deletion of the amino acid]), n = 7.

of azole resistance (33, 41). This means that most isolates found in Europe are resistant
to both fungicide classes. Therefore, if European or North American isolates were the
source of azole resistance now found in Tasmania via migration or gene flow, the allele
conferring strobilurin resistance would also have been introduced into these isolates.
We conclude that azole resistance has emerged independently in Tasmania.

Analyses using genome-wide SNP markers clearly showed that the post-azole
population from Tasmania is a population genetically distinct from the populations in
the rest of the world. Based on this analysis, the most closely related population is the
pre-azole Australian population; however, isolates from either population are clearly
distinguishable from each other. An additional 12 Australian isolates, which were
sequenced in a previous study, grouped tightly with either the post-azole or the
pre-azole population (37). The grouping of these isolates into either Australian popu-
lation is important because they were sequenced independently of both field popula-
tions and serve as a quality control for sequencing batch effects, indicating that the
relationships that we observed in this data set are true. Within Tasmania there is
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evidence for at least four distinct subpopulations; however, there was no correlation
between these genetic groups and the sampling location. Further, there was no
correlation between these groups and CYP51 alleles. This indicates that there is gene
flow within Tasmania, which has led to the widespread distribution of the resistant
CYP51 haplotypes. Further sequencing would be required to understand the origins of
the four subdivided populations that currently exist in Tasmania.

Here we used population-level data to show two dominant but distinct CYP517
haplotypes in the pre-azole Australian population. We also show in the pre-azole
population that these two genetically distinct susceptible alleles coexist in one popu-
lation. We observed a dramatic shift in the frequency of CYP57 nucleotide haplotypes
in the post-azole populations, whereby the most frequent haplotypes in the pre-azole
populations disappeared after azole application. The replacement of susceptible hap-
lotypes with resistant ones is commonly observed in other populations around the
world (29, 30, 33, 42). This replacement is a strong indication of the selective pressure
that azoles exert on susceptible populations.

Despite being highly distinct at the whole-genome level, the post-azole Australian
isolates’ partial CYP5T nucleotide sequences were found to be identical to sequences
from other populations around the world (18, 28, 29, 40). This includes both NS and
synonymous nucleotide substitutions. Of the reported NS mutations that increased
ECs, values, the L50S and Y461S mutations were the most commonly observed
substitutions in post-azole Australian isolates. These two mutations appeared in distinct
nucleotide haplotypes located at both extremes of the haplotype network and likely
arose independently. Of these two mutations, the L50S substitution was present in the
pre-azole Australian population; however, previous studies have conclusively shown
that this mutation alone does not confer azole resistance (9). This is a dramatic example
of parallel evolution, whereby the exact same complex combinations of NS and
synonymous mutations found elsewhere in the world are now found in the genetically
distinct populations in Tasmania. These observations strongly suggest that there are
combinatorial constraints of mutations at this locus (i.e., epistasis). These constraints are
driven by the differential effects of individual mutations on resistance to different azole
compounds (18, 40).

In Europe, declines in the efficacy of azoles have been recorded as occurring over
decades (21 years for epoxiconazole) (17, 19). In Australia, regular foliar applications of
fungicides started in approximately 2002 (35). Tebuconazole and propiconazole were
widely applied on wheat after 2002 as a foliar spray to primarily control stripe rust (34).
Epoxiconazole has not been used as frequently in Australia for the control of diseases
in wheat until more recently (APVMA; https://portal.apvma.gov.au/pubcris). This well-
known history of fungicide usage puts the maximum time for the development of azole
resistance in Z tritici to ~9 years (2002 to 2011) (36). Isoform 11, carrying the complex
combination of seven NS substitutions, was detected in Tasmania in 2014. In the United
Kingdom, the same combination of site mutations was not detected until almost
30 years after the introduction of azole fungicides (9, 22). Additional factors, such as
when azoles were used and which specific azoles were used in Europe versus Australia,
could also strongly influence the intensity of selection for resistance. However, there
appears to have been a more rapid evolution of complex resistant CYP57 haplotypes,
especially isoform 11, in Australia than in Europe.

The rapid emergence of azole resistance in Tasmania is even more significant when
placed in the context of the recommended application rates of fungicides in Australia
compared to the rest of the world. In Australia the maximum label dose applied for
triazoles is half that for equivalent triazole active ingredients applied in the United
Kingdom. For example, as a single application, epoxiconazole is available formulated in
products such as Opus 125 (BASF) in Australia for wheat at a maximum dose of 62.5 g
of active ingredient applied per ha, while in the United Kingdom, epoxiconazole is
available as Opus (BASF) and has a maximum dose of 125 g of active ingredient applied
per ha (19). What is apparent from this study is that the evolution toward resistance in
Australia has occurred at a much lower azole dose than in the United Kingdom. This
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finding suggests that further research is required to clarify the impact that dose has on
the selection of resistant mutations. In contrast to the rapid evolution of azole resis-
tance, to date, there has been no detection of the G143A mutation in the cytB gene
conveying resistance to strobilurins, despite these chemicals being available for use in
Australia since 2004. Use of these chemicals, however, has been negligible due in part
to price and strict maximum residue levels for strobilurins imposed by some export
markets. This highlights Australia as a unique case study whereby regulatory limits have
influenced a chemical’s usage and, thereby, the speed of the evolution of resistance to
different chemistries in pathogen populations.

Sequencing of the CYP57 alleles from mainland Australia has shown that azole-
resistant haplotypes are now present in these populations. Further whole-genome
sequencing, under way, is required to determine if these haplotypes are representative
of these populations and whether these azole-resistant haplotypes are migrants from
Tasmania. Together, these data have captured the emergence of azole resistance in a
genetically distinct fungal pathogen population. Here, we show data that demonstrate
that complex CYP57 haplotypes have emerged in less than 10 years after widespread
azole use. More recent studies from azole-resistant populations in Europe show that
other NS substitutions, not yet observed in Australia, are now the most common alleles
in these populations (23). As farmers respond to the current situation by choosing more
efficacious products or increasing the number of fungicide sprays per crop, it remains
to be seen whether these more recent mutations observed in Europe will also be
selected for in the Australian populations. Monitoring of the Australian populations will
allow a rare chance to measure the changes in these allelic frequencies during the
establishment phase of fungicide resistance.

MATERIALS AND METHODS

Fungal growth and storage. Isolates were grown on yeast sucrose agar (YSA; 10 g/liter yeast extract,
10 g/liter sucrose, 1.5% agar) at 22°C for 4 days. Yeast-like growth was scraped from the surface of the
plate and used for DNA extraction. Isolates were stored at —80°C in 30% glycerol. DNA was extracted
with a Qiagen DNeasy plant minikit (Qiagen, Victoria, Australia).

Growth assays and EC,, measurements. The fungicide resistance screening was modified from the
methods of Stammler et al. (43) and Cools et al. (25). A 100-ul aliquot of yeast extract-malt extract (YMS)
liquid medium (4 g/liter yeast extract, 10 g/liter malt extract, 4 g/liter glucose; Amyl Media Pty Ltd.,
Dandenong South, Victoria, Australia) and 25 mg/liter gentamicin (Merck Millipore, Bayswater, Victoria,
Australia) amended with decreasing concentrations of epoxiconazole (Soprano 1255C; Adama Australia
Pty Ltd., NSW, Australia) and tebuconazole (Orius 430SC; Adama Australia Pty Ltd., NSW, Australia) (100,
30, 10, 3, 1, 0.3, 0.1, 0.03, 0.01, 0.003, and 0.001 liter—') was added to the wells of 96-well flat-bottomed
microtiter plates (Thermo Scientific Nunc, catalog number NUN 167008; Thermo Fisher Scientific Australia
Pty Ltd.). After 7 days at 18°C on YMS agar (4 g/liter yeast extract, 4 g/liter malt extract, 4 g/liter sucrose,
15 g/liter agar, 25 mg/liter gentamicin), spore suspensions at a concentration of 1 X 106 spores ml~'
were prepared for each isolate in YMS liquid medium. Aliquots of a 100-ul spore suspension were added
to each well, and then the plate was sealed with adhesive plate sealer (catalog number AB-0580; Thermo
Scientific, UK) to avoid evaporation. Each isolate was screened in a minimum of 2 experiments, and each
experiment contained 4 replicates of each isolate. Average values for each isolate were used to calculate
the EC,, values, described below. Four replicate wells were also used per fungicide concentration as
blanks (fungicide solution plus YMS liquid medium). The plates were incubated at 18°C in the dark with
continuous agitation on an orbital shaker at 120 rpm (Ratek Instruments Pty Ltd., Boronia, Victoria,
Australia). Growth was measured by determination of the absorbance at 405 nm using a Metertech
AccuReader microplate reader (Fisher Biotec, Wembley, WA, Australia) and was measured at 0, 2, 5, and
7 days postinoculation.

Statistical methods. Fungicide sensitivities were determined at the 50% effective concentrations
(ECs,) for each isolate. For each fungicide, two microtiter plates constituted a complete set of treatments
with the 11 fungicide concentrations (100, 30, 10, 3, 1, 0.3, 0.1, 0.03, 0.01, 0.003, and 0.001 mg liter—") plus
a zero control allocated to the 12th column. Cubic smoothing splines fitted as linear mixed models in
ASReml (version 3.0) (44) according to the methods of Verbyla et al. (45) were used to model curvilinear
trends of the standardized absorbance readings as a function of the fungicide concentration. Predicted
isolate growth curves were modeled at three time points, 2, 5, and 7 days after inoculation, for all
concentrations. A mean spline was then fitted to these slopes, and the EC,, that was predicted from this
model occurs at 50% of the maximum slope. In addition, the R package drc (57) was also used to fit the
4-parameter log-logistic function to calculate the EC,, and standard errors (see Table S6 in the
supplemental material).

PCR screening of known CYP51 alleles. Nucleotide substitutions at sites of the CYP57 gene known
to be associated with azole resistance were determined by sequencing of the complete gene after PCR
amplification. The gene was amplified in two sections and sequenced in both directions for each isolate
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using the primers CYP1L and CYP2L, CYP51 Fwd2 and CYP51 Fwd3, and CYP51 Rev1 and CYP51 Rev3,
described previously (22, 36). Sequencing was carried out at the Australian Genome Research Facility
(AGRF), Melbourne, Australia. For each isolate, the sequence reads were visually checked and trimmed
manually. Consensus sequences were compared to the wild-type sequence using the BioEdit sequence
alignment editor (46).

Whole-genome resequencing and single nucleotide polymorphism genotyping. Genomic DNA
was submitted to the Australian Genome Research Facility (AGRF) for whole-genome resequencing on an
lllumina HiSeq 2000 sequencer. DNA was indexed and then pooled into a single library using an lllumina
Nextera kit and submitted for 100-bp paired-end sequencing. Raw sequence data were trimmed with
Trimmomatic (v0.27) with the following settings: ILLUMINACLIP:NexteraPE-PE.fa:2:30:10 LEADING:5
TRAILING:5 SLIDINGWINDOW:4:15 MINLEN:45. European resequenced isolates as well as the Australian
population from 2001 were sequenced, and quality was assessed as described previously (NCBI Bio-
Project accession numbers PRINA178194 and PRINA327615) (39, 47).

Reads were mapped to the sequence of the IPO323 reference genome (http://genome.jgi.doe.gov/
Mycgr3/Mycgr3.home.html) using the bowtie2 (v2.2.3) program. The following settings were used for
read mapping: --very-sensitive-local --local -p 12 -X 1000. The resulting .sam files were converted to .bam
files and sorted using samtools (v0.1.19). The Piccard (v1.87) program was used to remove PCR duplicates
from the .bam files for SNP calling (java -jar piccard.jar -tool MarkDuplicates) (https://broadinstitute
.github.io/picard/). SNP calling was performed with GATK (v3.7) (https://software.broadinstitute.org/
gatk/). The haplotype caller was run on each .bam file separately, and the final genotypes were called on
the individual gvcfs with UnifiedGenotyper. Low-quality SNPs and genotype calls were flagged in the
final variant call format (VCF) file by GATK's Variant Filtration tool with the following settings: AN < 150,
QD < 5.0, MQ < 20.0, ReadPosRankSum_lower < -2.0, ReadPosRankSum_upper > 2.0, MQRank-
Sum_lower <-2.0, MQRankSum_upper > 2.0, BaseQRankSum_lower <-2.0, and BaseQRankSum_
upper > 2.0. SNPs that did not meet these criteria were subsequently removed from the data set using
VCFtools option --remove-filtered-all (48). Trimmed reads were also assembled de novo for the Tasmanian
isolates using the SPAdes (v3.9) program (49).

Sequence analyses. The de novo assemblies were queried for the CYP57 locus from isolate IPO323
using a locally installed BLASTn database (50). The CYP51 loci were extracted from these de novo
assemblies using a previously published Python script (51). These extracted sequences along with all
available CYP51 sequences from Z. tritici available in NCBI were aligned with the ClustalW program
implemented in Geneious (v9.1.8) software (52). This alignment was manually trimmed so that all
sequences were the same total length. The minimum-spanning network was estimated with the TCS
program implemented in PopArt (v1.7) software (53, 54). After quality control, the reads from each
sample were mapped to the genome of the reference strain, IPO323, and single nucleotide polymor-
phisms were called for each isolate with GATK and output as a VCF, as described above. This VCF data
set was further filtered to remove isolates that had more than 25% missing data points across the whole
genome and was further filtered to include only biallelic SNPs sampled every 500 bp using VCFtools. We
also restricted our analysis to core chromosomes 1 to 13 of isolate IPO323. This stringently filtered VCF
file was split into a separate file for each chromosome with VCFtools: --chr. Each chromosome VCF was
converted to PLINK .ped format with plink (v1.90b5.2): --vcf input.vcf --vcf-half-cal h --chr $i.chr --recode
12 --const-fid 0 --allow-extra-chr (55). These .ped formatted files were finally converted to chromopainter
input with plink2chromopainter.pl (https://people.maths.bris.ac.uk/~madjl/finestructure/toolsummary
.html). Note that this outputs diploid-formatted .phase files, which were manually edited to make
haploid-formatted files by removing the second genotype line for each individual using bash sed. A
uniform recombination file was generated for each haploid phase file with makeuniformrecfile.pl.
FineStructure was run under several different assumptions but achieved the best convergence assuming
that there was genetic linkage between SNP markers and a starting effective population size (N,) of 500
(ChromopainterLinked model [CPL]). The highest posterior state is shown in Fig. S2 in the supplemental
material. The order of isolates shown in Fig. S2 is the same as that shown in Fig. 1. FineStructure (v2) was
run using both the unlinked (fs ZymoFungicide_CPU.cp -v -import CPU_settings.txt -ploidy 1 -go) and the
linked (fs ZymoFungicide_Ne10000.cp -n -v -import CPL_Ne10000.settings -ploidy 1 -go) modes with a
starting N, of 500 and 10,000 (56). The following additional settings were specified in the input file:
s3iters:100000, s4iters:100000, sTminsnps:100, s1indfrac:0.1, -sTargs:-in -iM --emfilesonly -n N,. Final map
states for the tree files were generated with fs fs -X -Y -e X2 chunkfile.out treefile.out mappopchunkfi-
le.csv. The mean coincidence files were generated with fs fs -X -Y -e meancoincidence chunkfile.out
mcmcfile.out meancoincidencefile.csv. The provided Rscripts FinestructureLibrary.R, FinestructureDen-
drogram.R, and FinestructureExample.R were used to draw the dendrogram and heat maps of FineStruc-
ture results (https://people.maths.bris.ac.uk/~madjl/finestructure/finestructureR.html).

Accession number(s). All whole-genome resequencing data for the newly sequenced Australian
isolates can be found at NCBI BioProject accession number PRINA480739. The individual GenBank
accession numbers for the cytB gene are MH699681 to MH699754.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01908-18.

SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.

SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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