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Abstract Highly iprodione- and fludioxonil-resistant field and laboratory isolates of 4. brassicicola
were found to be either moderately sensitive or tolerant to osmotic stress. AbNIK 1, a two-component
histidine kinase gene, was isolated from a fungicide-sensitive strain. The predicted protein possessed
the six tandem amino acid repeats at the N-terminal end, which is a landmark of osmosensor
histidine kinases from filamentous fungi. A comparison of the nucleic acid sequences of the
ADNIK 1 gene from fungicide-sensitive and fungicide-resistant isolates revealed the presence of
mutations in six of the seven resistant strains analyzed. Null mutants were all found to be moderately
sensitive to osmotic stress, indicating that they are similar to Neurospora crassa Type 1 o0s-1
mutants. Only one mutation, corresponding to a single amino acid change within the H-box of the
kinase domain, was found in an osmotolerant strain. These results suggest that AbNIK 1p participates
in osmoregulation and that expression of the fully functional enzyme is essential for dicarboximide

and phenylpyrrole antifungal activities.
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Introduction

Alternaria brassicicola causes blackspot disease in cultivated Brassica and Raphanus spp throughout
the world. This seed-borne fungal pathogen is responsible for considerable financial loss to growers.
As commercial cultivars usually do not express resistance towards pathogenic Alternaria species,
the disease is mainly managed via fungicide treatments. In particular, the dicarboximide fungicide
iprodione is widely used as an active ingredient for seed dressing and spray programs to limit
outbreaks of the disease on crucifers. However, field isolates of A. brassicicola highly resistant
to dicarboximides were recently identified (Iacomi-Vasilescu et al. 2004). These isolates were
also found to be highly resistant to phenylpyrroles. Laboratory mutants highly resistant to
dicarboximides and phenylpyrroles have already been reported for some fungal species (Fujimura
et al. 2000; Yoshimi et al. 2003). However, the phenotype of the 4. brassicicola isolates was
uncommon since field isolates resistant to dicarboximides were usually phenylpyrrole-sensitive
(Oshima et al. 2002) . Moreover, in vitro tests revealed that, contrary to most laboratory mutants,
A. brassicicola isolates were still pathogenic to host plants (Ilacomi-Vasilescu et al. 2004).

The cellular targets of phenylpyrroles and dicarboximides have not yet been identified, but it
was shown that they both stimulate glycerol synthesis in Neurospora crassa (Pillonel and Meyer
1997). This observation and the fact that osmosensitive (os) mutants of N. crassa were also found
to be resistant to dicarboximides and fludioxonil (Fujimura et al. 2000) suggest that the response
to osmotic stress and fungicide resistance might be linked. In this model filamentous fungus, the
nikl/os-1 gene encodes a two-component histidine kinase (Alex et al. 1996; Schumacher et al.
1997) that was predicted to be the sensor in an osmotic response signal transduction cascade
constituted by MAP kinases encoded by other osmotic loci such as os-2,0s-4 and os-5 (Fujimura
et al. 2003; Zhang et al. 2002). Ochiai et al. (2001) showed that mutations in the 90 N-terminal
amino acid repeats of the histidine kinase Nik1p/Os-1p confer fungicide resistance and osmotic

sensitivity. Similarly, mutations within the amino acid repeat domains of BcOs1p and AaHK Ip,



i.e. os-1p homologues from Botrytis cinerea and A. alternata, respectively, were found in
iprodione-resistant field isolates (Oshima et al. 2002; Cui et al. 2004; Dry et al. 2004).

In this study, we supplemented the phenotypic characterization of highly fungicide-resistant
isolates (field and laboratory mutant strains) of A. brassicicola by investigating their osmotic
sensitivities. We also isolated AbNIK 1, a nikl/osI orthologous gene, from a wild-type
fungicide-sensitive A. brassicicola strain and compared its sequence with corresponding histidine
kinase genes from fungicide-resistant strains. Two strain groups were identified on the basis of
their responses to high osmotic pressure. All the fungicide-resistant strains displaying a moderately
osmosensitive phenotype were found to have null mutations in the 4bNIK1 gene. Other resistant
strains had a unique phenotype characterized by their tolerance to osmotic stress and either they
were likely mutated at a locus not corresponding to AbNIK 1, or they produced altered forms of

the AbNIK1 protein.

Materials and methods

Strains and media

All strains used in this study are listed in Table 1. They were isolated in 1999 from radish or
cabbage during quality controls of commercial seed lots (French isolates) or seeds from small
local markets (Romanian isolates). All strains were purified by monospore isolation and maintained
in tubes of malt agar medium (malt 20 g, agar 20 g in 1 1) at 4°C. The laboratory resistant
Abra20M"* and Abra43M"” strains were obtained after transferring, onto selective medium, mycelial
tips from fast-growing sectors observed with some sensitive isolates on iprodione-amended media.
Fresh subcultures were made by transferring hyphal plugs to dishes of potato dextrose agar (PDA)
medium amended or not with iprodione (dicarboximide) or fludioxonil (phenylyprrole) at a final
concentration of 100 mg 1'. The effects of fungicides on spore germination and germ tube elongation
were tested as described by [acomi-Vasilescu et al. (2004). Mycelial plugs were transferred onto
PDA containing 2—4% NaCl (w/v) in order to test sensitivity to osmotic stress.

[Table 1 will appear here. See end of document.]

DNA procedures

Genomic DNA was extracted from mycelium according to Adachi et al. (1993). For Southern

analysis, DNA fragments resulting from genomic DNA digestion with EcoRI and HindIll were



separated on 1% agarose gels and vacuum-transferred to Hybond N membranes (Amersham
Biosciences Europe, France). Blots were then probed with PCR fragments purified with Geneclean
1T (QBiogene Europe, France) and labeled with a random primer labeling kit (Amersham, Chalfont,
UK). Fungal RNA was extracted, DNAse-treated and reverse-transcribed as described by
Guillemette et al. (2004). PCR reactions using degenerated primers similar to those designed by
Alex et al. (1996) and based on the conserved N and H boxes (N1A, 5'-GARAAY TTI AIl GCR
TT-3"; H1A, 5'-CAYGAI HTI MGI ACI CC-3’) were used to amplify a putative histidine kinase
gene fragment from Abra43™ genomic DNA. The amplification was performed in 50 mM KCl,
1.5 mM MgCl,, 10 mM Tris-HCI (pH 9.0), 0.1% Triton X-100, containing 0.2 mmol of dATP,
dCTP, dTTP and dGTP, 0.4 umol of each primer, 50 ng of DNA and 1 unit of Taq polymerase
(Promega, Madison, Wis.) in a final volume of 50 pl. PCR was carried out in a Thermojet (EquiBio,
Seraing, Belgium) with 35 cycles at 95°C (1 min), 40°C (1 min) and 72°C (1 min), followed by
a 30-min extension at 72°C. Amplification products were separated on 1.2% agarose gel, purified
from gel by Gene-Clean II, cloned into a pGEM-T vector (Promega) and subsequently sequenced.
Specific primers were designed from this sequence to perform PCR-walking according to the
method described by Siebert et al. (1995). PCR amplifications (initial denaturation for 2 min at
94°C, then 35 cycles of 1 min at 94°C, 1 min at 55°C, 1-4 min at 72°C, with a final extension for
10 min at 72°C) with specific primers were also performed on genomic DNA and first-strand
cDNA in order to verify the presence of introns in coding sequences and to confirm the physical
linkage between the 5 and 3’ amplified parts of the histidine kinase gene. A set of 11 primer pairs
(Table 2) that span the whole coding sequence of the AbNIKI gene was designed for PCR
amplification of corresponding portions of this gene using genomic DNA from three
fungicide-sensitive strains (Abra43™, AbraCM"*, Abra20™) and from the seven resistant mutants.
Nucleotide sequences were obtained directly from these PCR products by Genome Express (France)
and deposited in GenBank (accessions AY700092—-AY00098). Sequences were compared using
the Multalin program (Corpet 1988).

[Table 2 will appear here. See end of document.]

PCR-RFLP and heteroduplex mobility assays

Portions of the AbNIKI gene potentially carrying mutations were PCR-amplified using relevant
primers and either directly digested with different restriction enzymes (Promega) according to the

manufacturer’s instructions or mixed for duplex formation as described by Sutra et al. (2001).



Digestion products or mixtures of hetero-duplexes and homo-duplexes were then separated on

non-denaturing polyacrylamide gels.

Results

Osmosensitivity of fungicide-resistant isolates

Several A. brassicicola field isolates highly cross-resistant to dicarboximides and phenylpyrroles
were described by lacomi-Vasilescu et al. (2004). New laboratory and field resistant mutants were
included in this study and all displayed a highly fungicide-resistant phenotype (Table 1). The
sensitivity of these isolates to osmotic stress was evaluated by measuring their mycelial growth
on PDA containing 2% and 4% NaCl (Fig. 1). The five fungicide-sensitive isolates (Abra43",
Abra20™, AbraRo10™, Abra1662™, AbraCM" ) displayed different degrees of osmotic sensitivity
on medium containing 4% NaCl, with only 62% inhibition for Abra43" and 68—71% inhibition
for the other isolates. The fungicide-resistant isolates were separated into two groups based on
their sensitivity to osmotic stress. The growth of isolates of the first group (Abra3™, Abra41™,
Abra7407"", Abra20M"*) was strongly inhibited (90-91%) on a medium containing 4% sodium
chloride. In the second group, resistant isolates AbraCP™*, Abra43M"" and Abra40™ were only
moderately affected by osmotic stress (52.5—62.0% inhibition). The mean value obtained for the
first group of resistant isolates (90.48+0.56% inhibition) differed significantly (P<0.001, two-tailed
t-test) from that obtained for the second group (58.16+1.13% inhibition). The sensitivity of the
latter isolates to osmotic stress was therefore not significantly different (P>0.05) from that of the

fungicide-sensitive isolates (65.60+0.34% inhibition).
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Fig. 1 Determination of linear growth rates of fungicide-resistant and fungicide-sensitive 4. brassicicola
strains on medium containing 2% and 4% NaCl. The linear growth rate of each strain was normalized to
the growth rate on medium not containing NaCl. White bars Highly fungicide-resistant, moderately
osmosensitive strains, gray bars highly fungicide-resistant, osmotolerant strains, black bars wild-type,

fungicide-sensitive strains

Effect of fungicides on conidia and germ-tube morphology

We previously observed that fludioxonil strongly inhibited spore germination in wild-type 4.
brassicicola, even at low concentrations (lacomi-Vasilescu et al. 2004). Examination of spores
from a sensitive isolate after exposure to 10 ug ml' fludioxonil revealed a majority of swollen
conidia (Fig. 2a). At the same concentration, iprodione was less effective and 60% of the spores
germinated. However, only short germ tubes with a tendency to swell, branch or even burst were
observed (Fig. 2b). Fludioxonil or iprodione at the same concentrations did not inhibit spore
germination or induce any morphological alterations in the germ tubes when applied to conidial

suspensions from resistant strains (Fig. 2¢,d).
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Fig. 2 Effects of fludioxonil and iprodione treatments on 4. brassicicola conidial germination and germ-tube

l

elongation. a, b Ungerminated and germinated conidia from the fungicide-sensitive strain Abra43™ in the
presence of 10 ug ml' fludioxonil or iprodione, respectively. ¢, d Germinated conidia from the Abra3™

fungicide-resistant strain in the presence of 10 ug ml' fludioxonil or iprodione, respectively. Bars 20 pum

Cloning of a histidine kinase gene from A. brassicicola

Redundant oligonucleotide primers, based on those designed by Alex et al. (1996), were used to
amplify putative histidine kinases from 4. brassicicola strain Abra43" . A single 0.4-kb genomic
DNA fragment was amplified under these conditions. This fragment was cloned and sequenced.
The deduced amino acid sequence had high similarities with fungal histidine kinases. The
PCR-walking procedure described by Siebert et al. (1995) was used to obtain the 3’ and 5’ sequences
of the histidine kinase gene. The assembled 4,500-bp sequence contained the entire AbNIKI gene
(Fig. 3a).



= W

H ) IR
i omainl I URAT
P PP P A A A
1kb
O <. 3 .
B 1 2 3 4
-, -
SKbh—
SKb
2 Kb—
1,5Kb - bl
1 Kb

Fig. 3 Structure of the AbNIKI gene. a Schematic representation of the AbNIK I coding region in relation
to the gene structure. Introns are indicated by inverted triangles. Protein-encoding domains are shown as
boxes. The positions of the conserved H-, N-, G1- and G2-boxes in the kinase domain and the D-box in the
response regulator (RR) domain are shown. The amino acid repeats are indicated by numbers 1-6. The
restriction enzyme sites are denoted by the letters H for HindlIl and P for Pst. The Pstl site that is absent
in strain Abra43M"* due to a mutation is underlined. The black arrows indicate the position of the primer
pairs used to amplify portions of the AbNIK 1 gene encoding amino acid repeats 2 and 4. The bold line
indicates the fragment used for Southern analysis. b Southern analysis of chromosomal DNA isolated from
the wild-type Abra43™ strain (lanes I, 2) and the mutant Abra40™ strain (lanes 3, 4) digested with EcoRI
(lanes 1, 3) and Hindlll (lanes 2, 4). A 0.4-kb DNA fragment corresponding to the C terminal part of the

kinase domain of the AbNIK I gene was used as probe

Southern blot analysis of genomic DNA isolated from the fungicide-sensitive Abra43" strain
and the fungicide-resistant Abra40™” strain showed that AbNIK | is a single-copy gene (Fig. 3b).
As expected from the AbNIK1 gene sequence, two HindIII-DNA fragments (1.6 kbp, 0.6 kbp) and
a single Eco RI-DNA fragment (13.0 kbp) hybridized with the probe.

The predicted 3,987-bp ORF was interrupted by six introns ranging from 50 bp to 58 bp in size

(Fig. 3a). The ABNIK] genes from two other fungicide-sensitive isolates (Abra20™, AbraCM")



were also sequenced. Comparison of the three nucleotide sequences revealed only a few differences,
but all were predicted to be silent.

The predicted 1,329-amino-acid protein sequence exhibited all the characteristic features of
histidine kinases, including the conserved H-, N-, D-, G1- and G2-boxes (Fig. 4). The 4. brassicicola
protein, like other group III histidine kinases from filamentous fungi, possesses six 90-amino-acid
repeat motifs near the N-terminus, putatively forming a coiled-coil domain (Catlett et al. 2003).
The overall amino acid sequence identity of AbNIK1p with BmHK1p, BcOS1p and NcOSl1p,
three two-component osmosensing histidine kinases from Cochliobolus heterostrophus, B. cinerea
and N. crassa, was 92, 64 and 60%, respectively. At the nucleotide level, more than 80% identity
was noted when comparing the AbNIK 1 and BmHK genes. Only five introns have been identified
in the latter sequence (Yoshimi et al. 2004) that were mapped at exactly the same position as the
first five intervening sequences found in the 4. brassicicola gene. The presence of a sixth intron
in the AbNIK1 sequence only 24 bp upstream of the stop codon was demonstrated by cDNA

sequencing.
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Fig. 4 Sequence alignment of AbNIK1p with BmHK1p (C. heterostrophus), Oslp (N. crassa) and Boslp
(B. cinerea). Amino acid identities between AbNIK1 and the other isolates are indicated by dots. The lack
of a corresponding amino acid is indicated by a hyphen. Asterisks indicate putatively phosphorylated
conserved histidine (H) and aspartic acid (D) residues. Square letters indicate the start of the amino acid
repeats. The conserved H-, N-, G1-, G2- and D-boxes are marked and indicated by a grey background.
Residues indicated in white on a black background correspond to positions of mutations in the A. brassicicola

fungicide-resistant strains . The arrow indicates a possible start codon in repeat 2

Mutant strain characterization

Several pairs of specific primers (listed in Table 2) that span the whole AbNIK1 gene sequence

were designed and used to amplify parts of the corresponding gene from various fungicide-sensitive
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and fungicide-resistant isolates. Mutations were localized in the AbNIK gene for the four field
i1solates (Abra40F R 41" 3" 7407" R) and the two laboratory mutants (Abra43MLR, Abra20M"*:
Table 3). Among those analyzed, only one fungicide-resistant field isolate (AbraCP"") had no
mutation in the AbNIK gene. Half of the detected mutations were transitions generating stop
codons in the second and fifth amino acid repeat (strains Abra43M™*, Abra7407"", respectively),
or in the kinase domain of the protein (strain Abra3™). An identical 2-bp deletion leading to a
frameshift, and also located within one of the repeats, was found in two mutants: the Abra20M**
laboratory strain and the Abra41™ field strain. Finally, only one amino acid substitution, i.e. a
glutamic acid at position 753 substituted for lysine, was found in strain Abra40™. This single
amino acid change occurred within the H-box domain. These results contrast with those obtained
for B. cinerea field and laboratory isolates (Cui et al. 2002, 2004; Oshima et al. 2002), where
resistance to dicarboximide fungicides was exclusively associated with amino acid substitutions
in the coiled-coil domain.

[Table 3 will appear here. See end of document.]

For several A. brassicicola mutants, sequence alterations led to restriction site modifications.
This could ultimately be used to selectively detect the behavior of mutants in pathogenicity assays,
in the presence or absence of a competitive wild-type population and with or without fungicide
treatments. The C to T transition in strain Abra3’® thus created a new Ddel site, while the G to A
transition in strain Abra7407"" generated a new Sau3Al site and the C to T transition in strain
Abra43M"" eliminated a PstI site. Primer pairs were designed to amplify mutation-containing
fragments that were subsequently digested with the appropriate enzyme. Restriction fragments
were then separated on polyacrylamide gels. Concerning the 2-bp deletions (strains Abra41™,
Abra20M""), heteroduplex mobility assays were used to highlight differences between mutant and
wild-type sequences. Data given in Fig. 5 show the validity of the two types of assay for the

detection of specific mutations in the AbNIK gene.
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Fig. 5 Electrophoretic assays for the detection of specific mutations in the AbNIK 1 gene of A. brassicicola.
a Heteroduplex mobility assays were conducted by mixing amplified DNA fragments corresponding to the
portion of the AbNIKI gene encoding the amino acid repeat 4 from a wild-type AbraCM" strain and three
mutant strains (Abra3™*, Abra41™*, Abra20M**). Samples contained amplified products from: Abra41™* and
AbraCM" (lane 1), Abra20M"* and AbraCM" (lane 2), AbraCM" and Abra3™ (lane 3). Lane 4 was loaded
with the amplified products from AbraCM" only. The positions of homoduplexes (Ho) and heteroduplexes
(He) are shown. b RFLP analysis of Pst1-digested amplification products corresponding to the portion of
the AbNIK gene encoding the amino acid repeat 2. Amplification products were obtained using genomic
DNA from strains Abra40™ (lane 1), Abrad1™ (lane 2), Abra7407" (lane 3), Abra43M™* (lane 4), Abra20M*™*
(lane 5), Abra3™ (lane 6) and AbraCM" (lane 7). In a and b, electrophoresis was carried out in 5%

non-denaturing polyacrylamide Tris-borate-EDTA gels; and M lanes were loaded with a 25-bp ladder

Discussion

In A. brassicicola, all the resistant strains included in this study, either isolated from several fields
in France or obtained spontaneously in our laboratory, displayed the same phenotype regarding
their sensitivity to fungicides. All were found to be highly resistant to iprodione and fludioxonil.
Laboratory dicarboximide-resistant mutants with positive cross-resistance to phenylpyrroles have
already been obtained in other filamentous fungi, such as N. crassa (Fujimura et al. 2000; Miller
et al. 2002), B. cinerea (Cui et al. 2002) and C. heterostrophus (Y oshimi et al. 2003). In contrast,
field dicarboximide-resistant strains were found to be sensitive to phenylpyrroles in B. cinerea
(Oshima et al. 2002). Recently, Dry et al. (2004) reported fungicide-resistant 4. alternata field
isolates that were considered to be highly resistant to both iprodione and fludioxonil. However,
these field resistant strains should be registered as moderately resistant to phenylpyrroles on the
basis of their growth characteristics. Indeed, the latter authors mentioned that their growth was
reduced to 50% in the presence of 0.1 ug ml' fludioxonil. As a comparison, strains that were scored
as highly resistant in C. heterostrophus (Yoshimi et al. 2003), N. crassa (Fujimura et al. 2000;
Miller et al. 2002) and A. brassicicola (this study) have an ECs, of above 25 pg ml' or even

100 pg ml'. When considering their sensitivity to fungicides, the 4. brassicicola field strains
depicted here resembled some previously described laboratory dicarboximide-resistant mutants.
In general, these induced mutants were also described as being sensitive to high pressure, albeit
with various levels of sensitivity (Table 4). In the N. crassa filamentous fungus model,
osmosensitive os-/ mutants were classified in two groups: type I os-/ mutants were more resistant

to fungicides and less sensitive to osmotic stress than type Il mutants (Fujimura et al. 2000). In B.
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cinerea, two groups of dicarboximide-resistant laboratory mutants that differed in their fungicide
sensitivity were also reported, but all displayed high osmosensitivity (Cui et al. 2002). In C.
heterostrophus, three groups of dic-1 mutants could be distinguished: (1) highly resistant to
fungicides and hyper-sensitive to osmotic stress, (2) moderately resistant to fungicides and
hyper-sensitive to osmotic stress and (3) moderately resistant to fungicides with low osmosensitivity
(Yoshimi et al. 2004). The A. brassicicola mutant isolates described here could also be divided
into two groups, based on their response to osmotic stress. Some strains were phenotypically
similar to N. crassa type I os-1 mutants, i.e. highly resistant to fungicides and only moderately
osmosensitive. The remaining strains had a more original phenotype, characterized by a high level
of fungicide resistance and no significantly reduced tolerance to high osmoticum, as compared
with wild-type strains.

[Table 4 will appear here. See end of document.]

The primary site of action of the dicarboximides and phenylpyrroles has not yet been determined,
but it has been proposed that these fungicides could target a component of the osmosensing histidine
kinase pathway (Ochiai et al. 2001). This hypothesis is supported by the observation that
dicarboximides and phenylpyrroles stimulate glycerol production in wild-type N. crassa strains
under low osmolarity growth conditions (Pillonel and Meyer 1997; Fujimura et al. 2000). It was
hypothesized that this fungicide-induced intracellular glycerol accumulation results in abnormally
high internal turgor pressure, leading to the rupture of fungal cells (Zhang et al. 2002). As these
authors noted in N. crassa, treatment of A. brassicicola wild-type strains with fludioxonil and
iprodione caused conidia and germ tube swelling. Moreover, it was recently reported that resistance
to these fungicides is often the result of mutations in histidine kinases regulating osmotic signal
transmission (Cui et al. 2002; Dry et al. 2004; Ochiai et al. 2001; Oshima et al. 2002; Yoshimi et
al. 2004). In this study, we cloned a two-component histidine kinase AbNIKI gene from A.
brassicicola. An analysis of the sequence of the corresponding predicted protein revealed that it
is an apparent orthologue of group III histidine kinases (Catlett et al. 2003). Proteins belonging to
this class, such as CaNIK1p (C. albicans), NcNIK-1/0S-1p (N. crassa), BcBOSI1p (B. cinerea)
and BmHK 1p (C. heterostrophus), are all considered to be putative osmosensors and characterized
by a unique N-terminal region consisting of HAMP domain repeats (PFAM000672; Aravind and
Ponting 1999), as also noted in AbNIK 1p. This region contains a total of 11 coiled-coils and is
probably essential for the proper functioning of the histidine kinase (Miller et al. 2002). Consistent
with their phylogenetic close-relatedness, high similarities at the amino acid and nucleotide levels

were found when comparing histidine kinases from 4. brassicicola and C. heterostrophus. In
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particular, the first five introns that span these two coding regions were found at the same locations
and only the length of the first intron differed between the two sequences. This difference was
mainly due to the presence of a CA(TA);CA(TA);CA(TA),CA(TA)s microsatellite in the intervening
C. heterostrophus sequence. Interestingly, two microsatellites, i.e. (GTC)s and (GTT);, which vary
in the number of trinucleotide repeats depending on the A. brassicicola strain, were also found in
the 3'UTR of AbNIK 1 (data not shown). The relevance of the presence of these nucleotide repeats
in the non-coding regions of the two fungal histidine kinase genes is currently unknown, but
modulation of gene expression related to microsatellite polymorphism in UTRs has already been
demonstrated in eucaryotes (Ruggiero et al. 2003).

To elucidate the molecular basis of the osmosensitive and dicarboximide/phenylpyrrole-resistant
phenotypes in A. brassicicola, we sequenced the AbNIK 1 mutant alleles and compared them with
those of the wild-type strains. The four strains with a moderately osmosensitive and
fungicide-resistant phenotype had null mutations resulting from premature termination of translation
due to a frameshift within repeat 4 (strains Abra41™, Abra20M"") or the presence of stop codons
within repeat 5 (strain Abra7407") or near the G2-box (strain Abra3’™). This observation is
consistent with previously published results concerning N. crassa Type I os-1 mutants (Table 4)
that were also shown to be null mutants (Ochiai et al. 2001; Miller et al. 2002); and it also indicates
that os1/nikl orthologues have an obvious role in osmotolerance and are essential for the antifungal
activity of dicarboximides and phenylpyrroles. A definitive proof that the null mutations in 4bNIK
are responsible for the observed fungicide resistance would require the introduction of a wild-type
allele in mutants to reverse their phenotype. Unfortunately, despite many efforts, the efficient
transformation of Alternaria species pathogenic to crucifers has not yet been obtained and it was
therefore not possible to complement the 4. brassicicola mutants.

One laboratory mutant, strain Abra43M"*, also had a point-mutation that resulted in a stop
codon in the second amino acid repeat and could therefore be regarded as a null mutant. However,
in contrast to other A. brassicicola null mutants, this strain was not found to be osmosensitive.
There is a Kozack sequence and a start codon 24 bases 3’ from the mutation and, as proposed by
Miller et al. (2002) for the NM233t mutant strain of V. crassa, this may give rise to a protein
lacking the first two amino acid repeats. If this assumption is correct, this truncated histidine kinase
should still be active and able to regulate the downstream osmosensing pathway. Moreover, the
fact that strain Abra43M"* is highly resistant to phenylpyrroles and dicarboximides suggests that
the N-terminal amino acid repeats have an important function in fungicide resistance in A4.

brassicicola, in agreement with results obtained with other filamentous fungi (Cui et al. 2002,
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2004; Ochiai et al. 2001; Yoshimi et al. 2004). Since several mutants with amino acid substitutions
in the N-terminal region of histidine kinases are highly resistant to dicarboximides (Table 4), it is
even suggested that the coiled-coil domain might be the binding site for these fungicides (Cui et
al. 2002). Surprisingly, none of the 4. brassicicola mutants we analyzed had this type of mutation,
whereas they all displayed a highly resistant phenotype. The single amino acid substitution we
found was located within the H-box of the histidine kinase from the field mutant Abra40"™ strain.
To our knowledge, the C. heterostrophus dicl mutant E9003 strain is the only other previously
reported mutant with a single amino acid change within the kinase domain (Yoshimi et al. 2004).
However, this mutant is only moderately resistant to iprodione and fludioxonil and is highly
osmosensitive, while strain Abra40™ is highly resistant to fungicides and tolerant to osmotic stress.
These differences between the two mutants suggest that mutations within the kinase domain affect
signal transmission in the osmosensing pathway resulting in different responses to stress compounds
(Yoshimi et al. 2004). The amino acid substitution found in strain Abra40™ occurred in the strictly
conserved consensus H motif surrounding the histidine, which becomes phosphorylated when the
kinase is activated (Loomis et al. 1998). Therefore, it is likely that this mutation greatly affects
the enzyme activity, even though it does not lead to any apparent pertubation in the response of
this strain to high osmoticum. The possibility that a mutation in another locus could confer the
fungicide resistance phenotype in strain Abra40™” cannot be ruled out, as is probably the case for
the field resistant AbraCP’” strain. Indeed, this strain had a phenotype similar to that of strain
Abra40™, but the DNA sequence of its 4bNIK gene did not reveal any difference relative to the
wild type. A similar observation was recently reported for some iprodione-resistant isolates of
Alternaria spp in the alternata and arborescens species-group (Ma and Michailides 2004). Mutations
in at least three other os loci were shown to result in cross-resistance to phenylpyrroles and
dicarboximides in N. crassa (Grindle and Temple 1982). It was recently demonstrated that these
loci correspond to genes encoding components of the MAP kinase cascade of the osmosensing
pathway (Fujimura et al. 2003; Zhang et al. 2002). It would therefore be interesting to isolate
orthologues of these genes in 4. brassicicola in order to further analyze the resistant field mutant
strains AbraCP™* and Abra40™" .

As discussed above, the A. brassicicola field mutants described in this study displayed high
levels of dicarboximide and phenylpyrrole resistance, contrary to those previously reported for B.
cinerea and A. alternata field resistant strains. We previously showed that, under controlled
conditions, there were no differences in pathogenicity, hyphal growth rate or spore production

between sensitive and resistant field isolates (Iacomi-Vasilescu et al. 2004). However, as some of
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these isolates had a reduced tolerance to high osmotic pressure, probably due to the absence of
functional two-component histidine kinase, they might also have a lower fitness, at least under
field conditions. Competition experiments are underway between resistant and sensitive strains
on host plants under controlled and field conditions to test this hypothesis. The PCR-based RFLP
and heteroduplex mobility assays we have developed to type the different resistant mutants should
greatly help us to analyze the collected infected plant materials and determine, for each tested

strain combination, the relative fungal genotype ratios.

Acknowledgements This work was supported by the Contrat de Plan Etat-Région Pays de Loire
(2000-2006). We wish to thank Angers Agglomération and the Gabonese government for providing

H.A. with a doctoral fellowship. Thanks also to David Manley for critically reading the manuscript.

References

Adachi Y, Watanabe H, Tanabe K, Doke N, Nishimura S, Tsuge T (1993) Nuclear ribosomal DNA as a
probe for genetic variability in the Japanese pear pathotype of Alternaria alternata. Appl Environ Microbiol
59:3197-3205

Alex LA, Borkovich KA, Simon MI (1996) Hyphal development in Neurospora crassa: involvment of a
two-component histidine kinase. Proc Natl Acad Sci USA 93:3416-3421

Aravind L, Ponting CP (1999) The cytoplasmic helical linker domain of receptor histidine kinase and
methyl-accepting proteins is common to many prokaryotic signalling proteins. FEMS Microbiol Lett
176:111-116

Catlett NL, Yoder OC, Turgeon BG (2003) Whole-genome analysis of two-component signal transduction
genes in fungal pathogens. Eukaryot Cell 2:1151-1161

Corpet F (1988) Multiple sequence alignment with hierarchical clustering. Nucleic Acids Res 16:10881-10890

Cui W, Beever RE, Parkes SL, Weeds PL, Templeton MD (2002) An osmosensing histidine kinase mediates
dicarboximide fungicide resistance in Botryotinia fuckeliana (Botrytis cinerea). Fungal Genet Biol 36:187-198

Cui W, Beever RE, Parkes SL, Templeton MD (2004) Evolution of an osmosensing histidine kinase in field
strains of Botryotinia fuckeliana (Botrytis cinerea) in response to dicarboximide fungicide usage.
Phytopathology 94:1129-1135

Dry IB, Yuan KH, Hutton DG (2004) Dicarboximide resistance in field isolates of Alternaria alternata is
mediated by a mutation in a two-component histidine kinase gene. Fungal Genet Biol 41:102—-108

Fujimura M, Ochiai N, Ichiishi A, Usami R, Horikoshi K, Yamaguchi I (2000) Fungicide resistance and
osmotic stress sensitivity in os mutants of Neurospora crassa. Pestic Biochem Physiol 67:125-133

Fujimura M, Ochiai N, Oshima M, Motoyama T, Ichiishi A, Usami R, Horikoshi K, Yamaguchi I (2003)
Putative homologs of SSK22 MAPKK kinase and PBS2 MAPK kinase of Saccharomyces cerevisiae encoded
by os-4 and os-5 genes for osmotic sensitivity and fungicide resistance in Neurospora crassa. Biosci
Biotechnol Biochem 67:186—191

Grindle M, Temple W (1982) Fungicide resistance of os mutants of Neurospora crassa. Neurospora Newsl
29:16-17

Guillemette T, Sellam A, Simoneau P (2004) Analysis of a nonribosomal peptide synthetase gene from
Alternaria brassicae and flanking genomic sequences. Curr Genet 45:214-224

Tacomi-Vasilescu B, Avenot H, Bataillé-Simoneau N, Laurent E, Guénard M, Simoneau P (2004) In vitro
fungicide sensitivity of Alternaria species pathogenic to crucifers and identification of Alternaria brassicicola
field isolates highly resistant to both dicarboximides and phenylpyrroles. Crop Prot 23:481-488

16



Loomis W, Kuspa A, Shaulsky G (1998) Two-component signal transduction systems in eukaryotic
microrganisms. Curr Opin Microbiol 1:643—648

Ma Z, Michailides TJ (2004) Characterization of iprodione-resistant Alternaria isolates from pistachio in
California. Pest Biochem Physiol 80:75-84

Miller TK, Renault S, Selitrennikoff CP (2002) Molecular dissection of alleles of the osmotic-1 locus of
Neurospora crassa. Fungal Genet Biol 35:147-155

Ochiai N, Fujimura M, Motoyama T, Ichiishi A, Usami R, Horikoshi K, Yamaguchi I (2001) Characterization
of mutations in the two-component histidine-kinase gene that confer fludioxonil resistance and osmotic
sensitivity in the os-1 mutants of Neurospora crassa. Pest Manag Sci 57:437-442

Oshima M, Fujimura M, Banno S, Hashimoto C, Motoyama T, Ichiishi A, Yamaguchi I (2002) A point
mutation in the two-component histidine kinase BcOS-1 gene confers dicarboximide resistance in field
isolates of Botrytis cinerea. Phytopathology 92:75-80

Pillonel C, Meyer T (1997) Effect of phenylpyrroles on glycerol accumulation and protein kinase activity
of Neurospora crassa. Pestic Sci 49:229-236

Ruggiero T, Olivero M, Follenzi A, Naldini L, Calogero R, DiRenzo MF (2003) Deletion in a (T)s
microsatellite abrogates expression regulation by 3’-UTR. Nucleic Acids Res 31:6561-6569

Schumacher MM, Enderlin CS, Selitrennikoff CP (1997) The osmotic-1 locus of Neurospora crassa encodes
a putative histidine kinase similar to osmosensors of bacteria and yeast. Curr Microbiol 34:340-347

Siebert PD, Chenchik A, Kellogg DE, Lukyanov KA, Lukyanov SA (1995) An improved PCR method for
walking in uncloned genomic DNA. Nucleic Acids Res 23:1087-1088

Sutra L, Simoneau P, Gardan L (2001) Genetic diversity of Pseudomonas syringae pathovars and related
species assessed by heteroduplex mobility assay. In: De Boer SH (ed) Plant pathogenic bacteria. Kluwer,
Dordrecht, pp 128-130

Yoshimi A, Imanishi J, Gafur A, Tanaka C, Tsuda M (2003) Characterization and genetic analysis of
laboratory mutants of Cochliobolus heterostrophus resistant to dicarboximide and phenylpyrrole fungicides.
J Gen Plant Pathol 69:101-108

Yoshimi A, Tsuda M, Tanaka C (2004) Cloning and characterization of the histidine kinase gene Dic/ from
Cochliobolus heterostrophus that confers dicarboximide resistance and osmotic adaptation. Mol Gen
Genomics 271:228-236

Zhang Y, Lamm R, Pillonel C, Lam S, Xu JR (2002) Osmoregulation and fungicide resistance: the Neurospora
crassa os-2 gene encodes a HOGI mitogen-activated protein kinase homologue. Appl Environ Microbiol
68:532-538

17



NN 1< 001< (9duely) vaov.ajo g 4O BIQY
I< 001< 0CBIqQY -urens [ejused +NOTBIQY
001< 001< (eouer]) vaov.L2]0 g 4, LOVLBIQY
001< 001< (eouery) snanyvs -y »
w17 BV
001< 001< £yRIqQy -UlRnS [ejualed +INEY BIQV
001< 001< (eouelL]) snayys -y € BIQV
Aol
00 ﬁ.A 001< (oouery) snayvs 3 207 B1AV
om.o ﬁ.m (eouRL]) SnADS Y ¢,C991BIQY
B.m VTl (eruewioy) 204210 °g 50108 BIqV
M MM om,ﬁ (ooue1) snanyvs -y ,0C eIqy
. S9'T (ooue1y) vaov.ajo g WO BIQY
9¢'¢ 9¢'1 (oouery) snayvs 3 £y BIQY
[ruoxorpnyj Juorpoxdy =
QE 31l 0sHH) ANAISUIS oproIun,y urduo (o1ydei3093) 1sog urens

K[0A1300dsa1 ‘Sure)s JueISISaI A10JeI0oqe] Pu. 9ANISUSS P[O1) ‘JUL)SISAI P[OIJ AJBIIPUL Y7 PUB Sy, M SUIpud soweu urens

Aprys s1y} UL pasn »joo1d1ssv.4q "y | dqeL

18



YOS v+ 03 ¥6L°C+

,£-0DVODDLOVODILIVIDDVIL-S

,£-0VIODDODDIVVILOVODLLVOLDD-S

—
—

116°¢+ 01 S0S €+

£-DDDVIOVILLVVDIDODVOVD-S

£-0DDLOLIDLLYDVIDLLDD-S

S
—

€LS €+ 01 991 ‘E+ £ OVLODLVVOVIODLOLLOV-S ,£-0VODVDILOVLLYVOVHLVOHDD-S 6

LET €+ 01 TEG T+ £-VHILOVOIIVVILIDLIDOVID-S £-VOOLLOILOLVLLVOLVDVID-S 8

906°C+ 03 78T T+ £-DDLVLLOODVVLLOODVOLVD-S £ OVOLIOLYVOVOHVDIVVIDD-S L

L8Y T+ 01 0€0° T+ £-DLODDLVHOHVILOODLYIDIDLILD-S £~ LVODLIOVOVHLYHILODILVOVOI-S 9

LYT T+ 01 08L T+ ,£-0DVODLLVIILOIDIDLLLVVOL-S £-0LDDVVOIDVILOVVOHVYVOVOIDIL-S S

TE6 T+ OV TIS T+ £-DVOHLODDOVIDLLOVIODLIOVL-S ,£-DVDDDIODLILVOVVVIVILOVVDD-S 4

LS9 T+ 0} ST T+ ,€-DLOLLIOLOLOOVODILILLLY-S| ,£-ODVVIDHOHVVOHIOVVODILOLVOVOV-S €

0SE° T+ 01 006+ £ VOVOLLVOVLLLODDODLVYID-S £-0DLLVOVIOLOVVOLOVOIIDLL-S 4

$66+ 01 ¥S1— £-LOVVODVIOVILVVVIIDODHVD-S £-00LHOVIOLLDLLODVVVIIDIL-S 1

juowiSer) YNQ paydury ownd ¢ Jownd G 138 JoWLIJ

[+ uonisod se paIopISU0D UOPOD J1E)S Y} JO OP1O[ONU ISIIJ AU} PIM

Quad 7 YINqY oy ul suonisod aprosjonu 0} spuodsariods Sutequinu-juswiger,] “YN( 1Woudd »joo11ssv.4q f wolj dudd [ YINGY 9yl Jo uoneoyrjduwre Joy pasn s)os JowiLld ¢ d[qeL

19



SUONEINW 3} WOLJ WeaxSuUMOop s1edoseq maj & PaJedo] aIe SUOPOd Je)s pue saouanbas joezoy| [eNUl0d
A[9A1303dSa1 “AJADISUISOWISO JO S[OAS] 3)BIOPOW PUB MO JOJ PUBS | SO PUB SO ‘OUBISISAI JO [9A3] YSIY yff A[9Andadsal ‘[luoxoipnyy pue suorpoxdr 1oy puess n[f pue idy

x0q H ON Mo g (€5L) DYV 01 DVD ploLd 1, 078IAV

7 1eadoy (&) P& 9SUOSUON (€7€) DVL 0 DVD A1ojeroqe] 4WEY BIGY

- - 3 auou S0 M pletd 2,dO BIqV

 yeadoy SOX Ylysowery (s6v) VOV A10je10qe ] »NOTEIGY

¢ yeadoy SOX OSUASUON (¥€9) VOL 01 DOL pIoId wLOVLBIOY

f yeadoy SOA Yiysower (S6v) VO V PIolg LY BV
X0Q-7D TN SOX 9SUASUON (866) VV.L 0} VVO 450 M, A pIold € BV
uoned0| uoneInNu [N od£y uonenpy|  (Joqunu UOpPOd) UOHBINIA LQdKousyg uIduQ urens

SUTens JueISISI-opIoISuUny »joI121SSPAG " WOIY [IINQY 9SBULY SUIpnSIY Jusuodwiod-om] Ay} Ul SUOIIRIS)[E PIONPIP PUE SUOHEINW IPIOIONN € I[qeL

20



SUOIBINW O} WO} WeaNsuMop siredoseq maJ & Pajeoo] 218 SUOPOI 1Ie)s pue saduanbas yoezoy] [enuslod ,
aprxo aurjoutnbontu-y OON “@Feuo)[nsaueyawl [K[3e SHH IS[0IARNIN 4] ‘Snoduejuods
K1oA1109dsal “K)IATIISUSSOWSO JO

S[3AJ] YSIY pue JeISPOU ‘MO , SO PUB |, SO ° SO "PAIISUDS § ‘DOUBISISII JO [9AI] MO] 7 “DOUBISISIL JO [AJ] DJRIOPOWL 4/ “VUBISISAL JO [9A3] YSIY [ {A[9A03dSaI [IUOXOIPNI} pue SuoIpoid] 717, pue .idj,

(1007) "1e 10 1e1qoQ “(z00T) ‘& 19 I9[[IN 9—¢ syeadoy ON (AN/S) A1ojeroqe] (11 2d4Y, 7-50) 8O NI ,,AdD
(2002) ‘1832 2N ( 1007) ‘T 32 TeIyd0O X0q-(J Jeau pue g jeaday SOA (AN) A103RI0QR] (12dA], [-50) 450 N, AT
DSSDAD "N
X0q (I 1eaN ON (OON) A103810q8] S0 N, 1
(£007) "Te 10 TwIyso x X0q H TeoN ON (SINH) A10jeI0qET] 50 N AT
X0Q-H Jeau pue ¢ ‘] jeadoy] SOX
6T ‘1 syeadoy ON (OON/SINH) A10jEI0QR] S0 N 44D
w:&&chnox&g o)
(£007) Te 32 ao_ ¢ pue [ speadoy SOX pIoLI 450 1A, 1
DIDULIID "
(2007) "1 10 ewiysQ (700T) '[8 10 ) ¢ yeadoy ON UG w50 NI A
(Z007) e 12 D ¥ pue g sieadoy ON (S) L103e10QE] SO i, 1d]
(2007) T 39 ) §— syeadoy ON () A1ojeroqe] S0 0, 1d
DaLUID "g|
Apms siy, Xoq H ‘,g veadoy ON (S) A1oye10qE] ‘PIoL] S0 N
Apmys siy G pue 4 syeadar x0q-z0D) IBON SO (S) A103R10q8] “‘pPIoL PLIGIRUE WG|

D]O1DISSDAq Y

Q0UIJY uoIed0| uoneINW [N L2d& ureng , 9dKouayg

13unj SNOJUSWIL[IJ JO SUTBIS JUBISISI-OPIWUIXOQIEIIP UI suoneinu ousg aseuny auipnsiy pue sadKjouoyd jo uosuredwo) ¢ IqeL

21



