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Analysis of Alternative Oxidase Gene in Mutants of Magnaporthe grisea

Deficient in Alternative, Cyanide-resistant, Respiration
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Nobuo MIKI*, Akira MIZUTANI* and Michio MASUKO*

Abstract

The fungicide SSF-126 [(E)-2-methoxyimino- N -methyl-2-(2-phenoxyphenyl)acetamide] induces cya-
nide-resistant, alternative respiration in the fungus Magnaporthe grisea. The activity of alternative
respiration correlates with the expression level of alternative oxidase (AOX). Seven SSF-126-sensitive
mutants (named MS) of M. grisea were completely deficient in alternative respiratory activity. Here, a
genomic copy for the alternative oxidase gene (AOX) was isolated and analyzed. A 2661-bp AOX
genomic DNA fragment containing a 613-bp of the promoter region of AOX was isolated from M. grisea
wild type strain by using an inverse PCR method. The AOX was organized as three exons that are
separated by short introns. Several cis-acting elements were detected in the 5 -upstream region of AOX.
Northern blot analysis of AOX in MS mutants revealed that all the mutants expressed AOX mRNA in
response to SSF-126 treatment, but the levels of mRNA in MS2, 5, 8, 9 and 11 were reduced several fold
relative to the wild-type. All seven mutants had altered sequences in the AOX gene. These results
demonstrate that sensitivity to SSF-126 and activity of alternative respiration in M. grisea are regulated

by the AOX gene.
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INTRODUCTION

The fungicide SSF-126 [(E)-2-methoxyimino-N -methyl-
2-(2-phenoxyphenyl)acetamide], developed for rice blast
control, strongly inhibits mycelial respiration in the
causal fungus Magnaporthe grisea by blocking electron
flux in mitochondria through the cytochrome bcl
complex'*?Y. One hour after treatment with SSF-126
under normal growth conditions, respiration of cells has
recovered. Growth then continues with a delayed genera-
tion time'®. In field trials, however, SSF-126 markedly
suppresses the development of rice blast!V. Because
conidial germination of M. grisea was inhibited by SSF-
126 in the concomitant presence rice-leaf homogenate?”,
SSF-126 can controls rice blast in combination with
plant components.

Fungal mitochondria contain a cyanide-resistant, sali-
cylhydroxamic acid (SHAM)-sensitive, alternative ox-
idase (AOX) in addition to cytochrome oxidase. This
alternative respiratory pathway branches from the cyto-
chrome pathway at the ubiquinone pool and directly
reduces O, to H,O. Electrons flowing through the path-
way between ubiquinone and oxygen are not linked to
oxidative phosphorylation; all of the free energy re-
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leased is lost as heat!®??, In the thermogenic plant Arum
maculatum, this heat is utilized to volatilize foul-smell-
ing compounds to attract insect pollinators'®. In non-
thermogenic plants and fungi, however, the primary role
of AOX has not been elucidated well.

In M. grisea, no AOX activity has been detected under
normal growth conditions, although AOX activity can
be induced by respiratory inhibitors such as SSF-126 and
antimycin A!'¥. The induced AOX activity coincided
with the appearance of the 40-kDa AOX protein in M.
grisea mitochondria'®**. To characterize the SSF-126-
resistant respiratory system in M. grisea, we previously
isolated twelve mutants (named MS) deficient in the
activity of AOX by screening for increased SSF-126
susceptibility after N-methyl-N’-nitro-N -nitrosoguani-
dine (MNNG) mutagenesis?®. Seven mutants which
were completely deficient in AOX activity were classi-
fled into two groups. Four mutants produced the inactive
AOX protein, whereas the other three did not express
detectable amounts of the protein. In addition, we have
cloned the AOX cDNA from M. grisea wild-type and
analyzed the expression of AOX mRNA?. The 1.4-kb
mRNA accumulated in response to SSF-126 treatment.
Expression of the mRNA was also induced by hydrogen
peroxide or cycloheximide in the absence of SSF-126,

EFRMERASHMA 7 K



Ann. Phytopathol. Soc. Jpn. 64 (4).

August, 1998 283

suggesting that the AOX gene in the fungus is stress-
induced.

To study the induction and catalysis of AOX, we
isolated the AOX genomic DNA fragment containing
the promoter region of the gene with an inverse PCR
method. Sequence and expression analyses of the AOX
gene were carried out in the mutants which are com-
pletely deficient in AOX activity.

MATERIALS AND METHODS

Fungus and culture conditions Magnaporthe
grisea Herbert (rice pathogen, race 003) wild-type and
MS mutants were cultured in CM liquid medium as
described previously?¥.

Isolation of a genomic clone and gene analysis
of AOX M. grisea genomic DNA was isolated from
mycelia using a modified CTAB method®. The 5 -up-
stream and 3’-downstream region of M. grisea AOX
gene were cloned by using the inverse polymerase chain
reaction (PCR) method'”. Using AOX cDNA sequence
information, five restriction enzymes, Haelll, Hapll,

(@)
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Sau3Al, Sphl and Xhol, were selected and four primers
were designed to obtain the 5-upstream region. The
primer sequences were as follows: 5-ACA CAC CTT
GCC AAA GTG GT-3 (AOX-F1), 5-AGG CTT CTT
CTG TGT ACT CG-3 (AOX-F2), 5-GCT TCG TGT
TGA CCT GAT GA-3' (AOX-R1) and 5’-AGA CGG TAC
GTT CAG TGT TC-3" (AOX-R2). M. grisea genomic
DNA was digested with each restriction enzyme, and
digested DNA was self-ligated with T4-ligase (Takara,
Kyoto, Japan) at 16°C for 12 hr. The first PCR was
carried out with Taqg DNA polymerase (Takara) using
AOX-F1 primer, AOX-R1 primer and self-ligated geno-
mic DNA as a template. The conditions for the PCR
were as follows : denaturation for 1 min at 94°C, anneal-
ing for 2 min at 54°C, and extension for 3 min at 72°C.
The reactions were carried out for 30 cycles. In the
second, the PCR was carried out with AOX-F2 and
AOX-R2 primers by using the first PCR products (3 x1)
as a template. To obtain the 3’-downstream of AOX
gene, the inverse PCR method was also used. Four
restriction enzymes, Heelll, Sau3Al, Sphl and Taql,
were used. The sequences of primer were as follows:
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Exon 1
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GCATGCGCTAATATTCACTTCGGCGAATTCAGCCCTACAAG

Exon 2 Exon 3

AAATACIEGAGTAGCCCATCCATTCA 70

©)

CCAACAGGGTGGACGARAATCATGCGGGACGGGCAGAGCGGCTCTGCTCAGACCAAAATTTGACCATCTA
CCGGTAGGCGACGTTGTTGCGATGGGCCTGCAAATGACTGCTGTGCCACCTTATAATCTGACCCGACARA
TCCCGAGCCCAATCACCGTCCATCGCCTAGCTTCCTACAACCCCCATTGATTATACTCAGCTGACCTTGC
CTTAATACTCCTGCAAGCCTAGGATCAGGACTCAGCACTCCGTGTAGCCTGGGCTTTCGGGCTTTGCGCC
TAAAGTTTTGTCTCTTGTCTCCCCGGTATTGCTAGCATGTATACTTAGGATTGGTGCCmcc@
TChfrTTGCAATGCCGACCTCGTAACTAGGACCCGGTATCARTTCGTAAGGAAGCGCTGGGCATGATTG
TTLGACGTCTITCGTTCCACGACGCATCCCACTGCATGGTGCTTACACCCCCAATATGGAATCGACCAATT
GATATAAATGCAACGAAGACCCGTAGCTGACGGATGAGTGCTTTGCTTATCCTGAGGCACATGCCCTATA
TATCAAGCTCACCCACTTACATACTACCCGUATACTCACCTTTCAATCTCACCCTACTACTTCGTTTATC
AAACGAACACTGAACGTACCGTCTTGATGC

transcription factor  consensus binding sequence potential element (position)

NF-kB GGGAWWTYMC

HSF GAANNTTC

GGGAAATAC (42-51)
GAATTTTIC (414-422)
C/EBP
CREB

TKNNGTAAK TTTTGCAAT (423 - 432)

TGANNTCA TGACGTCT (492 - 500)

140

280
350

490
560
630
700
730

Fig. 1.

Characterization of M. grisea AOX gene. (a) Schematic diagram of AOX gene. Exons are shown as open boxes,

introns as filled boxes, and untranscribed regions as lines. (b) Nucleotide sequence of 5 -upstream region of AOX
gene. Translation initiation site (ATG) is double-underlined. The putative TATA box and potential CAAT boxes
are underlined. Four potential cis-acting transcriptional elements are shown in boxes. (c¢) The families of potential
trans-acting factor on the AOX gene promoter. Four families of potential transcription factors and the consensus
binding sequences are indicated. Abbreviations: W, A+T; Y, T+C; M, A+C; K, T+G; N, A+T+G+C.
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Table 1. Mutations in MS alleles
P S a’; é{\v Strain Mutation
¥&§S MS2 and 5 G to A transition at codon 184
(changes Trp to Stop)
MS6 and 12 C to T transition at codon 196
(changes Arg to Cys)
MS8 and 9 C to T transition at codon 158
(changes Ala to Val)
MS11 multiple changes that alter the sequence

Fig. 2. Expression analysis of AOX mRNA in MS
mutants. Upper panel : Probing with the digoxy-
genin-labeled AOX cDNA of MS mutants and
wild-type strain total RNA. Total RNA was
extracted from mycelia grown under SSF-126
supplemented medium. Lower panel : Ethidium

bromide-stained agarose gel (1.0%).

5-CGC AAG ACT GAC ACA AAG AG-3 (AOX-3F1),
5-TTG GCA CAA CAG ATG ACA TC-3' (AOX-3F2),
5-TTC CTC AAA CTG AAA CCT GC-3 (AOX-3R1),
and 5-CCT CCT TTC CTA TAA CAT CC-3 (AOX-
3R2). The amplified fragments were subcloned into
plasmid pCR2.1 (Invitrogen, Leek, Netherlands) and the
DNA sequences were determined with a Thermo Se-
quenase dye terminator cycle sequencing kit (Amer-
sham, OH, USA) using an automated DNA sequencer
(373XL, Perkin-Elmer Applied Biosystems, CA, USA).
Additional specific primers were designed to amplify the
full length AOX gene containing 5- and 3’-non-coding
regions: 5-GCA TGC GCT AAT ATT CAC TTC-¥
(Paox-1) and 5-TCG AGG CTG TGC TAC TCG CG-¥
(Taox-1). PCR amplification was carried out using the
primers and M. grisea genomic DNA, yielding a single
band of 2.6-kb. The product was separated on an aga-
rose gel (0.89%) to remove uncoupled primers and nucleo-
tides. The corresponding band was isolated by a QIAEX
IT gel extraction kit (QIAGEN, Hilden, Germany) and
purified fragment was directly sequenced using Thermo
Sequenase dye terminator cycle sequencing kit (Amer-
sham) according to instructions. The nucleotide se-
quence was analyzed by the DNASIS and Sequencher
programs (Hitachi Software, Kanagawa, Japan).
Northern blot analysis Total RNA was extract-
ed from mycelia of M. grisea wild-type and MS mutants,
which were treated with SSF-126 (50 ¢M) for 1 hr, by the
acidic guanidium thiocyanate method®. Total RNA (10
1g) was separated on a 194 (w/v) agarose gel containing
1% (v/v) formaldehyde, and blotted on a nylon mem-
brane (Hybond N+, Amersham). The hybridization
solution contained 0.19% (w/v) N-laurylsarcosine, 7%
(w/v) SDS, 2% (w/v) Blocking reagent (Boheringer
Mannheim, Mannheim, Germany), 0.75 M NaCl, 75 mM
sodium citrate, 50 mM sodium phosphate buffer (pH 7.0),
yeast tRNA (200 xg/ml), and denatured salmon sperm
DNA (100 gg/ml). The blots were probed with cDNA
labeled with digoxygenin (Boheringer Mannheim). Hy-

GAGGCAC to TAGTCAT at position
614 to 620
Abbreviations : Trp, tryptophan ; Arg, arginine ; Cys, cys-
teine ; Ala, alanine ; Val, valine.

bridization was allowed to proceed overnight at 60°C.
Membranes were washed twice in 2XSSC/0.19% SDS at
room temperature and twice in 0.1 XSSC/0.1% SDS at
68°C. Signals were detected with the chemiluminescent
substrate CSPD (Tropix, MA, USA).

RESULTS

Cloning and sequence analysis of AOX genomic

DNA

To obtain the 5 -upstream region of M. grisea AOX
gene, the inverse PCR method was used. In the second
PCR, a 900-bp fragment was obtained from the first PCR
product using Spil-digested genomic DNA as a tem-
plate. The fragment contained the 287-bp sequence of
the 5" region of M. grisea cDNA and a 613-bp sequence
of the 5’-upstream region. A 555-bp fragment of 3’-down-
stream region of AOX was obtained by inverse PCR
reaction using Taqgl-digested DNA as a template. Then,
full-length PCR yielded a 2661-bp fragment (Fig. 1).
Comparison of the sequences of cDNA and the genomic
DNA indicated that the M. grisea AOX gene contained
three exons. Two introns had 85-bp and 83-bp. The
5-end of the longest cDNA obtained was at position 619
(Fig. 1). The putative TATA box with the sequence
TATAAA was located at bases 562 to 568. Three puta-
tive CAAT boxes were at bases 219 to 223 (CCAAT), 540
to 544 (CCAAT) and 555 to 559 (CCAAT). Several
cis-acting transcriptional elements were identified in the
promoter region of AOX : nuclear factor kappa B* (NF-
kB, at bases 43 to 52), heat shock factor® (HSF, at 414
to 423), CAAT enhancer binding protein® (C/EBP, at 421
to 433) and cyclic AMP response element binding
protein® (CREB, at 493 to 500).

AOX gene expression in MS mutants

We have isolated seven M. grisea mutants deficient in
alternative respiratory activity by screening with a
replica method for increased SSF-126 sensitivity after
MNNG mutagenesis®®. These mutants were classified
into two groups: four mutants, MS6, 8, 9 and 12, pro-
duced inactive AOX protein, and the other three mu-
tants, MS2, 5 and 11, did not produce detectable amount
of AOX. To characterize the mutants, we analyzed
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AOX gene expression in MS mutants by Northern blot
analysis using AOX cDNA as a probe*®. None of the
mutants expressed AOX mRNA in the absence of SSF-
126 (data not shown). In the presence of SSF-126, MS6
and 12 expressed 1.4-kb AOX mRNA as seen in wild
type strain, but the other mutants showed reduced ex-
pression (Fig. 2). A faint signal with 1.2-kb was also
detected in all strains, suggesting that a gene containing
a similar sequence of AOX may be expressed in the
fungus. This signal, however, was not detectable under
the same conditions of Northern analysis in other
experiments®®. No further characterize the transcript
was done.

Sequence analysis of AOX in MS mutants

To identify the mutation in MS mutants, PCR prod-
ucts from the 2.6-kb region of the AOX gene from MS
mutants were prepared and both strands were sequenced
(Table 1). MS6, 8, 9 and 12 contained single missense
mutations in the coding sequences. Interestingly, MS6
and 12 had the same missense mutation, resulting in a
change of arginine to cysteine at codon 196. MS8 and 9
also contained the same single mutations at codon 158,
resulting in a change of alanine to valine. MS2 and MS5
had a single nonsense mutation that changed tryptophan
to a stop codon at 184. MS11 had multiple changes at the
5" end of the 5 -non-coding region that altered GAGG-
CAC to TAGTCAT.

Phenotypic characterization of MS mutants

Conidia formation, germination, appressorium forma-
tion and pathogenicity to Oryza sativa (cv. Aichiasahi) in
MS 9 were examined to determine whether AOX activ-
ity is related to phenotypic expression. No significant
differences in the phenotypes was detected between M.
grisea wild-type and MS9 (data not shown).

DISCUSSION

By using the inverse PCR, we obtained a 2661-bp
genomic DNA fragment from M. grisea wild type strain.
Comparison with the cDNA sequence indicated that the
AOX gene of M. grisea was organized as three exons
that are separated by two short introns (Fig. 1). This
structure was similar to that of Newurospora crassa AOX
gene®, whereas Sauromatum guttatum aoxl gene was
organized as four exons!?.

The mutant MS9, which is completely deficient in
AOX activity, showed normal growth and infectivity,
suggesting that AOX activity in M. grisea is not required
for growth and infection. In some plants, the physiologi-
cal role of AOX has been investigated. Respiration
through the alternative pathway is involved in the heat
generation to volatilize foul-smelling attractants for
insects engaged in the pollination process in Araceae'?,
as well as in the defense response against tobacco
mosaic virus (TMV) infection in tobacco?. In other
plants and fungi, however, the role of AOX has not been
elucidated well. Under the presence of SSF-126, the
mutants lacking the AOX activity did not continue to

grow, whereas the wild type strain did*®. Our previous
results have shown that inhibition of the cytochrome
pathway by SSF-126 resulted in the generation of super-
oxide anion'® and further that hydrogen peroxide could
induce the expression of AOX gene in the absence of
SSF-1262%). Therefore, AOX in the fungus may play a
protective role against oxidative stress in the mitochon-
dria. We have also suggested that the AOX gene is a
member of a very early gene, because the M. grisea
AOX gene and very early mammalian genes showed
similar responses to cycloheximide. Sequence analysis
of the promoter region of the AOX gene revealed the
presence of several sequences similar to consensus bind-
ing sites for transcriptional factors which are involved
in stress-responsive induction.

We demonstrate here that both sensitivity to SSF-126
and activity of cyanide-resistant respiration in the fun-
gus are regulated by AOX gene. The mutant MS5,
which did not produce detectable amounts of AOX
protein, expressed AOX mRNA in response to SSF-126
treatment (Fig. 2). This mutant had a nonsense mutation
at codon 184 as did the MS2 mutant. The MS11 mutant
did not contain a mutation in the coding sequence but
had multiple mutations in the 5 non-coding region.
These mutations may prevent the translation of AOX
gene. Four mutants, MS6, 8, 9 and 12, contained a single
missense mutation in the AOX coding sequence. These
mutations occurred in positions which are conserved in
all other AOXs sequenced to date®®'%*® and were
presumed to inactivate the protein. One of these (codon
158) found in MS8 and 9, is located in the putative
transmembrane region'®, whereas the other mutation
(codon 196) was located in the intermembrane space
(between inner and outer membranes) in mitochondria.
Five mutants, MS2, 5, 8, 9 and 11, also showed reduced
expression of AOX mRNA as compared to the other
mutants and wild-type strain. These results imply a
possibility that additional mutation occurs in a gene
encoding a component that regulates induction of AOX
activity.
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ERHH 5 - FRESH—RE - HEHE - IEEPRE - =REX - K
B B WTHEE DA 20 b BIRE Magnaporthe grisea ¥ 7 v
TR K 384K 12 35 1 % alternative oxidase &f5F DT

A4 2 b BIRRE A SSF-126 134 b BIRE Magnaporthe
grisea 3 h AV F V) T7EFEREERDESHENIL (cytochrome
bel complex) WERAL, ZEDF + 7 0 — A RO % HET
%, Lo, Wi bBEIT alternative oxidase (AQOX) #5RE L,
SSF-126 JEEZHDO WL 5 ¥ 7 TR & H BREE
HEXE 3, bbb, KEICBI 3 7 i i
DIz v 7 IR /KAER (MS1-12) 248, @iz s 2
BoT&El, INETRRBEHTHD S 5 AOX BEHEIKRH
TR VLEES 3B (MS2, 5, 11) Hb, BY 48 (MS6, 8,
9, 12) BTEH AOX EHEREE L TWAKTH DL I L &R
Uiz 2742 AOX cDNA 227 u—=> 71, SSF-126
FEEET T AOX BSBEBIEAELY 7u~F I FIZLDHR
FHEINDBZEFHASHIC LT SE, eSS 5 EFRIERR
fHI% 726 bp &t AOX ./ . DNA 2661 bp % inverse PCR
Bk rso—=r2r 1Lk, AOX BEFX3 207V v
-5 TEY, £05 LRFFHMRER K IEBOEERNFHE
BT DS HERR S iz, ¥ 7 i tERFIR RIERR 7T HRICB 1T 5 AOX
BETFRRENOBR, T XTOKRIZEWVLT AOX mRNA O
RWOETZENT D5, FD S5 b MS2 BRIZFHRELBRIFICED 5 T2,
HERTIBR ORBE, THTRTO AOX BEFHERIINIZ
WHEBRSHER SN, U EOFERIE, AOX BT HEED Y
7 Ui ERIE S RIR 2 H o T B Z L BRL T 5,
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