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ABSTRACT
When the cytochrome-mediated mitochondrial electron transport chain of Neurospora crassa is disrupted,

an alternative oxidase encoded by the nuclear aod-1 gene is induced. The alternative oxidase donates
electrons directly to oxygen from the ubiquininol pool and is insensitive to chemicals such as antimycin
A and KCN that affect the standard electron transport chain. To facilitate isolation of mutants affecting
regulation of aod-1, a reporter system containing the region upstream of the aod-1 coding sequence fused
to the coding sequence of the N. crassa tyrosinase gene (T) was transformed into a strain carrying a null allele
of the endogenous T gene. In the resulting reporter strain, growth in the presence of chloramphenicol, an
inhibitor of mitochondrial translation whose action decreases the level of mitochondrial translation prod-
ucts resulting in impaired cytochrome-mediated respiration, caused induction of both alternative oxidase
and tyrosinase. Conidia from the reporter strain were mutagenized, plated on medium containing chloram-
phenicol, and colonies that did not express tyrosinase were identified as potential regulatory mutants.
After further characterization, 15 strains were found that were unable to induce both the reporter and
the alternative oxidase. Complementation analysis revealed that four novel loci involved in aod-1 regulation
had been isolated. The discovery that several genes are required for regulation of aod-1 suggests the
existence of a complex pathway for signaling from the mitochondria to the nucleus and/or for expression
of the gene.

RESPIRATION in higher plants, apicomplexan para- (Joseph-Horne et al. 1998), and reporter expression
sites, some algal species, and many fungi can occur directed by the promoter of the alternative oxidase en-

via the normal cytochrome-mediated pathway of elec- coding Aox1a gene in Candida albicans was also consti-
tron transport or an alternative oxidase that accepts tutive (Huh and Kang 2001). In N. crassa, alternative
electrons from the ubiquinonol pool and donates them oxidase activity is not present under normal conditions
directly to oxygen. (Henry and Nyns 1975; Lambers but can be induced by mutations or chemicals that in-
1982; McIntosh 1994; Vanlerberghe and McIntosh hibit the cytochrome pathway (Lambowitz and Slay-
1997; Siedow and Umbach 2000; Joseph-Horne et al. man 1971; Lambowitz et al. 1972, 1989; Li et al. 1996;
2001; Roberts et al. 2004). Transfer of electrons via Tanton et al. 2003). Nuclear run-on assays in Sauroma-
alternative oxidase bypasses two sites of proton pumping tum guttatum (Rhoads and McIntosh 1992), Magna-
at respiratory complexes III and IV, which causes energy porthe grisea (Yukioka et al. 1998), Trypanosoma brucei
to be released as heat. The alternative oxidase is insensi- (Chaudhuri et al. 2002), and N. crassa (Tanton et al.
tive to classic inhibitors of the cytochrome-mediated 2003) revealed that alternative oxidase was constitutively
pathway such as antimycin A and KCN, but is specifically transcribed at a low basal level even when the protein
inhibited by salicylhydroxamic acid (SHAM). and enzyme activity were not detectable. Chemical in-

In plants, alternative oxidase can be induced by vari- duction caused an increase in transcription in M. grisea
ous stresses or developmental programming (Kearns and N. crassa, but not in S. guttatum or T. brucei, sug-
et al. 1992; Whelan et al. 1996; Finnegan et al. 1997; gesting that different organisms may regulate alternative
Saisho et al. 1997; Vanlerberghe and McIntosh 1997; oxidase expression by different means. Active degrada-
Considine et al. 2001; Djajanegara et al. 2002; Karpova tion of alternative oxidase mRNA by a de novo synthe-
et al. 2002). The enzyme has been shown to be constitu- sized degradation factor was shown to occur in M. grisea
tively present in the fungus Gaeumannomyces graminis and T. brucei (Yukioka et al. 1998; Chaudhuri et al.

2002). The observation that uninduced cultures of N.
crassa sometimes contain significant levels of aod-1
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with 1 �g/ml bleomycin and 0.5 mg/ml caffeine present inble for alternative oxidase production and regulation
both the top agar and the plates. Bleomycin-resistant coloniesin any organism. In N. crassa, two nuclear genes are
were picked to slants and allowed to conidiate. To promote

known to be necessary for respiraton via the alternative the isolation of homokaryotic isolates, conidia were streaked
pathway (Edwards et al. 1976; Bertrand et al. 1983). onto plates containing bleomycin and caffeine, and single

colonies were picked. Transformed strains were analyzed byThe alternative oxidase protein is encoded by the aod-1
Southern blot to determine the copy number of integratedgene, while the aod-2 gene product is believed to regu-
pBAT sequences. Strain T11-76 contained one copy of pBATlate alternative oxidase expression, although the iden-
(data not shown) and was selected as the reporter strain.

tity and specific function of this gene have yet to be Tyrosinase plate assay: The tyrosinase plate assay was as
determined (Bertrand et al. 1983; Lambowitz et al. described previously (Kothe et al. 1993), with modifications

specific for the alternative oxidase system. For testing individ-1989; Li et al. 1996). A third gene, aod-3, encoding a
ual strains, conidia were spread onto plates at a density ofsecond alternative oxidase has been identified, but no
50–100 colonies per plate. Uninduced controls were grownevidence of its expression was observed under any condi-
on minimal medium, plus appropriate supplements, at 30�

tion tested (Tanton et al. 2003). To identify other com- for 2 days. Plates containing chloramphenicol (2 mg/ml) were
ponents involved in alternative oxidase regulation, we used to induce reporter expression and required an additional

day of growth at 30� since the inhibitor reduces the growthsearched for new alternative oxidase regulatory mutants
rate of N. crassa cells. The strongest formation of the brownusing a reporter system and have identified four new
pigment occurred when 5–10 ml of a freshly prepared solutiongenes. In addition, our screen led to the isolation of a
of 10 mm tyrosine, 0.1% Triton X-100 was overlaid onto the

mutant that is resistant to chloramphenicol. plates containing colonies and allowed to incubate at 30� for
several hours. The use of the assay to select mutants is de-
scribed below.

MATERIALS AND METHODS EMS mutagenesis: Conidia from the reporter strain T11-76
were treated with ethyl methanesulfonate (EMS) as describedGrowth of N. crassa and induction of alternative oxidase:
previously (Davis and De Serres 1970) with modifications.Strains of N. crassa used are listed in Table 1 and were grown
Conidia that were 7–10 days old were harvested in sterileas described by Davis and De Serres (1970). To induce alter-
distilled water and filtered through cheesecloth to removenative oxidase, cultures were grown in the presence of chlor-
hyphal fragments. The conidia were washed once in sterileamphenicol (2 mg/ml) or antimycin A (0.5 �g/ml). At the
distilled water and resuspended in 0.067 m phosphate bufferconcentrations used, chloramphenicol reduces, but does not
(pH 7.0) to a concentration of 2 � 107 conidia/ml. EMS waseliminate, mitochondrial translation. This results in deficien-
added to a final concentration of 0.1, 0.15, or 0.3 m. Conidiacies of oxidative phosphorylation complexes containing mito-
were incubated with EMS at 25� for 5 hr with shaking andchondrially translated components and induction of alterna-
then washed twice with sterile 1� Vogel’s medium (Davis andtive oxidase (Lambowitz and Slayman 1971; Li et al. 1996;
De Serres 1970). In mutant isolation method 1, mutagenizedTanton et al. 2003). Antimycin A directly inhibits complex
conidia were diluted in 1� Vogel’s and spread directly ontoIII and virtually eliminates cytochrome-mediated electron
plates containing chloramphenicol. Plates were incubated attransport that leads to alternative oxidase induction (Lambo-
30� for 4 days whereupon colonies were screened using thewitz and Slayman 1971). Liquid cultures grown in the ab-
tyrosinase plate assay. In method 2, 1.8 � 109 EMS-treatedsence of these inhibitors (referred to as “noninduced”) were
conidia were placed in a 2-liter baffled flask containing 500incubated with shaking at 30� for 12–18 hr, while cultures
ml of medium plus antimycin A and incubated at 30� withinduced by growth in the presence of chloramphenicol or
shaking for 4 days. Every 24 hr the liquid cultures were filteredantimycin A (referred to as “induced”) were grown for 18–24
through sterile nylon stocking to remove any growing conidia.hr or 30–48 hr, respectively.
The rationale of this method was that mutants unable to pro-Construction of the reporter strain: The use of the N. crassa
duce alternative oxidase would not grow in the presence oftyrosinase enzyme as a general reporter was described pre-
antimycin A, which inhibits the cytochrome-mediated path-viously (Kothe et al. 1993). Colonies expressing the enzyme
way, so that these cultures should become enriched for alterna-turn brown when overlaid with a solution of tyrosine and
tive oxidase mutants as the growing cells were removed. AfterTriton X-100. To use the system as a reporter for alternative
4 days, the remaining conidia were collected, plated on chlor-oxidase, a 3347-bp HindIII/Spe I fragment spanning positions
amphenicol-containing plates, and incubated at 30� for 4 days,�3304 to �43 of the alternative oxidase upstream region
and the colonies were screened by the tyrosinase plate assay.[transcription start site defined as �1 (Li et al. 1996)] was
For both methods 1 and 2, colonies that remained white inisolated and the ends were blunted by end filling. The frag-
a background of brown colonies in the tyrosinase plate assayment was cloned into the filled EcoRI sites of the plasmid
were picked to slants and analyzed further.pTYR103 (Kothe et al. 1993), immediately upstream of the

Conidial DNA preparation and PCR: A “small pea-sized”tyrosinase gene (gene symbol, T). The end filling and ligation
clump of conidia was mixed with 100 �l of cracking bufferrestored a HindIII site at the EcoRI/HindIII junction and an
[1 m sorbitol, 20 mm EDTA, 3 mg/ml lysing enzyme (Sigma,EcoRI site at the EcoRI/Spe I junction. An Xba I fragment con-
Oakville, ON)]. The mixture was incubated at 37� for 10 mintaining a bleomycin-resistance marker from plasmid pAB520
and then spun in a microcentrifuge at 14,000 rpm for 10 min(Austin et al. 1990) was then cloned into the Xba I site of
at room temperature. The pellet was washed with 500 �l 1 mpTYR103, generating the reporter construct pBAT (Figure 1).
sorbitol, 20 mm EDTA, resuspended in 100 �l sterile distilledThe tyrosinase null strain T1P11 (Fuentes et al. 1994) was
water, subjected to a standard glassmilk purification protocolconfirmed to carry a tyrosinase gene inactivated by repeat
(Geneclean II kit, Q Biogene, Carlsbad, CA), and eluted ininduced point mutation (RIP; Selker 1990) by sequencing
50 �l of sterile distilled water. For a standard PCR reaction,an appropriate PCR-amplified product from the strain (data
10 �l of the preparation was used. A 1.3-kb region of thenot shown). T1P11 was transformed by electroporation (Tan-
endogenous alternative oxidase upstream sequence [fromton et al. 2003) with pBAT that had been linearized by diges-

tion with Kpn I. Transformants were grown for 3 days at 30� �1216 to �111 of the aod-1 gene (Li et al. 1996)] was amplified



125Alternative Oxidase Regulatory Mutants

TABLE 1

Strains used in this study

Original mutant
Straina Origin or source Genotypeb isolation name

2-195 Mutagenesis of T11-76 aod-4, T, al-2, a � pBAT c E1
4-294 Mutagenesis of T11-76 chl-1, T, al-2, a � pBAT E2
5-34 Mutagenesis of T11-76 E4, T, al-2, a � pBAT E4
5-14 Mutagenesis of T11-76 aod-2, T, al-2, a � pBAT E3
6-280 Mutagenesis of T11-76 E7, T, al-2, a � pBAT E7
7-64 Mutagenesis of T11-76 aod-7, T, al-2, a � pBAT E15
763 FGSC nic-1, A
7064 H. Bertrand aod-2, nic-1, al-2, a
7207 H. Bertrand aod-1, pan-2, A
7263 FGSC helper � ad-2,am132, inl, inv, mei-2, A
7264 FGSC helper � trp-4, am132, inl, inv, mei-2, A
EL62-2 L2-62 � 7264 aod-6, trp-4, A E12
EN195-109 NCN233 � 2-195 aod-4, pan-2, a E1
EN294-46 NCN246 � 4-294 chl-1, pyr-6, A E2
EN14-34 7263 � 5-14 aod-2, ad-2, al-2, A � pBAT E3
L1-6 Mutagenesis of T11-76 E5, T, al-2, a � pBAT E5
L1-13 Mutagenesis of T11-76 E6, T, al-2, a � pBAT E6
L2-25 Mutagenesis of T11-76 aod-4, T, al-2, a � pBAT E8
L2-37 Mutagenesis of T11-76 aod-4, T, al-2, a � pBAT E9
L2-40 Mutagenesis of T11-76 aod-5, T, al-2, a � pBAT E10
L2-61 Mutagenesis of T11-76 aod-4, T, al-2, a � pBAT E11
L2-62 Mutagenesis of T11-76 aod-6, T, al-2, a � pBAT E12
L2-64 Mutagenesis of T11-76 aod-4, T, al-2, a � pBAT E13
L2-67 Mutagenesis of T11-76 aod-4, T, al-2, a � pBAT E14
NCN233 Nargang lab pan-2, A
NCN246 Nargang lab pyr-6, A
NL61-130 763 � L2-61 aod-4, nic-1, A E11
PL40-23 L2-40 � NCN233 aod-5, pan-2, A E10
PN64-69 7-64 � NCN233 aod-7, pan-2, a E15
T11-76 This study T, al-2, a � reporter
T1P11 S. Free T, al-2, a

FGSC, Fungal Genetics Stock Center.
a Strains used only for complementation or preliminary mapping studies are not shown.
b The aod-4, aod-5, aod-6, aod-7, and chl-1 gene designations have been assigned on the basis of the data

described in this article.
c The “pBAT” designation means that the strain carries the integrated reporter system as constructed on

plasmid pBAT (see Figure 1).

with primers FNA88 (5� CCTTCCCTCCAGAAGGCTTTC centrifuged in a microcentrifuge for 5 min at 4�. The aqueous
phase was taken to a clean tube and mixed with an equalTGCG 3�) and ao5 (5� TTAGTTGGGCCGCTTGTCC 3�). The

ectopically integrated tyrosinase reporter construct was ampli- volume of 4 m LiCl. This mixture was cooled at �20� for 1 hr
and then centrifuged for 15 min at 4�. The pellet was dissolvedfied using primers FNA88 and a tyrosinase gene-specific

primer, ADE19 (5� GGAGGTAGAGATTGAACTGCTCCGG 3�), in 250 �l diethylpyrocarbonate-treated distilled water and
mixed with 25 �l 3 m sodium acetate, pH 5.2, and 550 �l coldwhich generated a 1.6-kb PCR product (from �1216 of the

aod-1 upstream region to �402 of the T gene) if the reporter 95% ethanol. RNA was allowed to precipitate at �20� for 15
min whereupon the sample was spun at 14,000 rpm for 15construct was present.

RNA isolation: Mycelium was harvested by vacuum filtration min at 4�. The pellet was washed with 50 �l 70% ethanol and
then dissolved in 50 �l diethylpyrocarbonate-treated water.and a portion of the pad was immediately wrapped in alumi-

num foil, frozen in liquid nitrogen, and stored at �80� until DNA sequencing and analysis: DNA sequence was obtained
by the Molecular Biology Service Unit, Department of Biologi-needed. Pieces of �100 mg were ground in liquid nitrogen

using a mortar and pestle. RNA was isolated using either an cal Sciences, University of Alberta. Labeled products obtained
using a DyeNamic Sequencing Kit system (Amersham Phar-RNeasy Plant Mini Kit (QIAGEN, Mississauga, ON) or hot

phenol extraction as described previously (Verwoerd et al. macia Biotech, San Francisco) were analyzed with a model
373 Stretch Sequencer Separation system (Applied Biosystems,1989) with the following modifications. After grinding in liq-

uid nitrogen, the mycelial powder was mixed with 500 �l of Foster City, CA), and sequence profiles were generated by
Applied Biosystems sequence analysis software (version 3.4.1).fresh extraction mix (0.1 m LiCl, 100 mm Tris Cl, pH 8.0, 10

mm EDTA, 1% SDS, 50% phenol) at 65�. This solution was Sequences were analyzed using DNAMAN (version 4.13) soft-
ware (Lynnon Biosoft, Vaudreuil, PQ).mixed with 250 �l of 24:1 chloroform:isoamylalcohol and then
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Figure 1.—Alternative oxidase reporter
construct. (A) Plasmid pBAT. The sequence
upstream of the aod-1 structural gene (–3303
to �43) is indicated by the striped arrow and
the T gene (tyrosinase) sequence is indicated
by the solid arrow. The positions of the bleomy-
cin-resistance cassette, the ampicillin-resis-
tance cassette, and the bacterial ori sequence
are also shown. Unique restriction sites on the
plasmid are indicated. (B) Sequence of the
fusion point of the 3� end of the 3.3-kb aod-1
upstream region with the 5� end of the tyrosi-
nase sequence. The transcription initiation site
(�1) of aod-1 (Li et al. 1996) up to nucleotide
�43 is shown. The ATG start codon of the T
gene sequence is in boldface type. The posi-
tions of the blunted Spe I site and the restored
EcoRI site at the fusion point are shown by the
solid bars below the sequence. In the endoge-
nous aod-1 gene, the distance between the �1
transcription start site and the ATG start codon
is 54 bp.

Antisera: The generation of antiserum to N. crassa AOD-1 of 3.3 kb of sequence upstream of the aod-1 structural
was described previously (Tanton et al. 2003). Antiserum to gene fused to the coding sequence of tyrosinase, which
Tom70 was a generous gift from W. Neupert.

has previously been used as a reporter in N. crassaOther techniques: Standard procedures were used for
(Kothe et al. 1993). The fusion was carried on the plas-growth and transformation of Escherichia coli cells, DNA modi-

fication and isolation, Southern analysis, labeling of DNA with mid pBAT, which also contained a bleomycin-resistance
random primers, PCR, Northern analysis, SDS-PAGE, Western gene for selection of transformants in N. crassa (Austin
blotting, and immunodetection (Sambrook and Russell et al. 1990). The construct was transformed into the2001). Previously described protocols were used for isolation

tyrosinase null strain T1P11 (Fuentes et al. 1994). Trans-of mitochondria (Pfanner and Neupert 1985) and genera-
formant T11-76, which contained a single inserted copytion of cytochrome spectra (Bertrand and Pittenger 1969).

Assay of the induction of alternative oxidase activity in N. of the reporter (data not shown), was chosen for further
crassa liquid cultures was performed as described (Tanton et work.
al. 2003) using a Yellow Springs Instruments (Yellow Springs,

To test the efficacy of the reporter system, T1P11 andOH) oxygen monitor. Oxygen utilization that was insensitive
T11-76 were examined by the tyrosinase plate assay (seeto KCN and sensitive to SHAM was indicative of the presence

of the alternative pathway. Manufacturer’s instructions were materials and methods). Conidia from both strains
followed for the isolation of plasmid or cosmid DNA from E. were spread onto plates containing chloramphenicol to
coli cells using QIAGEN Miniprep or Midi Kits and determina- induce alternative oxidase and also on plates withouttion of protein concentration with Bio-Rad protein assay re-

chloramphenicol as a control. Colonies of strain T1P11agent (Bio-Rad, Hercules, CA).
remained white under both growth conditions. Colonies
of the T11-76 reporter strain, grown on noninducing

RESULTS medium also remained white. However, T11-76 colonies
grown on chloramphenicol-containing medium beganCreation of the tyrosinase reporter system: Previous
to turn brown within 2–4 hr after application of theattempts to isolate mutations affecting alternative respi-
tyrosinase solution (Figure 2A). Thus, the reporter tyro-ration used the inability of strains lacking alternative
sinase gene in T11-76 was expressed in a fashion compa-oxidase to grow in the presence of antimycin A as the
rable to the aod-1 gene, which is induced by growth insole basis of selection. This approach resulted in the
the presence of chloramphenicol.isolation of 20 mutations in the aod-1 structural gene

Isolation of alternative oxidase regulatory mutants:and 4 mutations in the aod-2 regulatory gene (Edwards
We predicted that a mutation in any gene involved inet al. 1976; Bertrand et al. 1983). To avoid the apparent
regulating alternative oxidase via transcription at thebias toward isolation of mutants in the structural gene
aod-1 promoter or via an effect on a signal transductionand enhance the isolation of regulatory mutations, we

developed a reporter gene system (Figure 1) consisting component would also affect expression of the reporter
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Two schemes were used to screen for mutants unable
to induce expression of tyrosinase in the reporter strain
T11-76 as described in materials and methods. Ap-
proximately 130,000 colonies from method 1 were
screened directly by the tyrosinase plate assay and 1583
colonies that remained white during the assay were
picked to slants (Table 2). Conidia from these isolates
were spread onto chloramphenicol-containing plates
for individual rescreening using the tyrosinase plate
assay. Of the original strains picked, 146 remained white
when rescreened as shown for one such mutant (E3)
in Figure 2B. For the filtration enrichment approach
(method 2), 1.8 � 109 mutagenized conidia were inocu-
lated into liquid medium containing antimycin A (Table
2). Following 4 days of growth with daily filtration, the
remaining cells were plated to chloramphenicol-con-
taining plates, and �7500 colonies were formed. The
tyrosinase plate assay revealed 116 colonies that re-
mained white. When picked to slants and retested using
the plate assay, 42 strains were chosen as potential alter-
native oxidase regulatory mutants.

To rule out the possibility that colonies chosen from
either method remained white for undesired reasons,
we took advantage of the fact that the endogenous
aod-1� gene was intact in the reporter strain. Thus, the
mutant strains were examined for their ability to induce
bona fide alternative oxidase activity by assaying for the
presence of KCN-insensitive respiration following growth
in liquid medium containing chloramphenicol. This
screen revealed 15 mutant strains (named E1–E15) that
were unable to induce both tyrosinase and alternative

Figure 2.—Tyrosinase plate assay. (A) Parent strain T1P11 oxidase activities; 6 from method 1 and 9 from method
and the reporter strain T11-76. Conidia from each strain were 2. We chose 11 of these isolates for further analysis
harvested and spread on both noninducing and chloramphen- (E1–E3 and E8–E15). The remaining 4 strains were
icol-containing plates. Conidia on noninducing plates were

found to be leaky or inconsistent with respect to theallowed to grow for 2 days at 30� while conidia on chloram-
inability to induce alternative oxidase when grown inphenicol-containing plates were allowed to grow for 3 days.

Tyrosine solution was then added and pictures were taken the presence of chloramphenicol and have not been
after incubation with the solution for 24 hr. (B) As for A, but studied further.
showing mutant isolate E3. Complementation analysis and gene assignment: To

determine if the regulatory mutations carried by the
strains obtained were allelic to each other or to thegene. Two general types of mutations were possible.
previously described regulatory gene aod-2, we wishedThe first would inactivate negative control components
to perform complementation analysis in forced hetero-and result in constitutive reporter and alternative oxi-
karyons. To develop strains with nutritional require-dase expression so that affected colonies would turn
ments, the mutants were crossed to various strains car-brown when grown under both inducing and noninduc-
rying auxotrophic markers. Progeny from the crossesing conditions. However, it would be impossible to dis-
were screened and isolates were identified containingcern such mutations against a large background of muta-
both the regulatory mutation of interest and a suitabletions affecting the biogenesis of the cytochrome-mediated
auxotrophic marker. A complication in the develop-electron transport chain, which would also result in
ment of these strains was that the original mutant iso-constitutive aod-1 and reporter gene expression. The
lates contained the integrated reporter construct so thatsecond type of expected mutations would inactivate
the endogenous and ectopic copies of the aod-1 up-components necessary for both alternative oxidase and
stream region could serve as substrates for RIP duringreporter gene expression and would cause colonies to
sexual crosses (Selker 1990). Therefore, the regionremain white even when grown under aod-1 inducing
upstream of the endogenous aod-1 gene in all progenyconditions. We decided to focus on the latter mutants
to be used for further work was amplified by PCR andto increase the likelihood of specifically obtaining alter-

native oxidase regulatory mutants. sequenced to demonstrate that no RIPs were present
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TABLE 2

Mutants isolated by EMS mutagenesis

No. of colonies No. No. characterized
Method screened picked by respiration Mutations isolated

1 130,000 1583 146 E1, E2, E3, E4, E7, E15
2 1.8 � 109, 7500 a 116 42 E5, E6, E8, E9, E10, E11, E12, E13, E14

a The first number indicates the total number of conidia treated with EMS and inoculated into antimycin
A-containing liquid medium. The second number indicates the number of colonies that grew when the conidia
remaining after filtration enrichment were plated.

following the cross (data not shown). This ensured that mentation groups contained a single mutant allele.
Strains carrying mutation E3 failed to complement thelack of induction of alternative oxidase in the progeny

was due to the regulatory mutation of interest and not previously identified regulatory mutant, aod-2 (Ber-
trand et al. 1983). Furthermore, preliminary mappinginactivation of the endogenous aod-1 promoter. To pre-

vent the need for continual sequencing of aod-1 in prog- studies revealed that the E3 mutation was found on
linkage group II, near the arg-5 marker as describedeny from subsequent crosses, isolates were chosen that

had lost the reporter construct through random segre- previously for aod-2. Thus, E3 is likely a new allele of
aod-2. All of our mutant strains complemented aod-1gation as judged by inability to obtain a fusion-specific

PCR product from isolated genomic DNA. (Table 3), confirming that in each strain the endoge-
nous aod-1 gene is functional. The fact that each muta-Once mutant strains with appropriate nutritional

markers were isolated, forced heterokaryons were estab- tion was able to complement mutations from other
groups suggested that none of the mutations was domi-lished and tested for their ability to induce alternative

oxidase activity when grown in minimal medium in the nant. In crosses of the mutant strains to various auxotro-
phic and mapping strains, the regulatory mutationspresence of chloramphenicol. This analysis showed that

we had isolated four new complementation groups in- were all inherited in a Mendelian fashion, demonstra-
ting that the mutations are in nuclear encoded genes.volved in regulating alternative oxidase activity (Table

3). These complementation groups have been assigned To address the possibility that the mutant strains did
not induce alternative oxidase under our selectionthe gene names aod-4, aod-5, aod-6, and aod-7 (Table 4).

(An additional complementation group was assigned schemes because they had become resistant to chloram-
phenicol, each mutant strain was grown in the presencethe gene name chl-1; see below.) Mutations in the aod-4

complementation group were the most frequently iso- of antimycin A, which blocks electron transport through
complex III, resulting in induction of alternative oxi-lated, with mutants obtained from both the direct plat-

ing method (E1) and the filter enrichment technique dase. Wild-type strains grow at slightly reduced rates in
antimycin A but known alternative oxidase mutants have(E8, E9, E11, E13, and E14). Each of the other comple-

TABLE 3

Complementation analysis using heterokaryotic strains

Mutant
strains E1 E2 E3 E8 E9 E10 E11 E12 E13 E14 E15

aod-1 �a � � � � � � � � � �
aod-2 � � � � � � � � � � �
E1 � � � � ND � � � � �
E2 � � � � � � � � �
E3 � � ND � � � � �
E8 � ND � � � � �
E9 � � � � � �
E10 � � ND ND �
E11 � � � �
E12 � � �
E13 � �
E14 ND

a Complementation is indicated by a plus, lack of complementation is indicated by a minus, and ND indicates
no data. (Once it was discovered that mutations E1, E8, E9, E11, and E14 were allelic and that mutations aod-2
and E3 were allelic, not all combinations with each of these mutations were analyzed.)
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TABLE 4

Assigned gene names and strains used in analysis of alternative oxidase mutants

Assigned Strains used for
Original mutation gene name further analysis

E1,a E8, E9, E11, E13, E14 aod-4 EN195-109 b NL61-130 c

E10 aod-5 PL40-23
E12 aod-6 EL62-2, EL62-25
E15 a aod-7 PN64-69
E3 a Allelic to aod-2 EN14-34
E2 a chl-1 EN294-46
E4,a E5, E6, E7 a Not characterized

a Isolated using selection method 1. All other mutants were obtained by method 2.
b Contains aod-4 allele E1.
c Contains aod-4 allele E11.

an extremely slow growth rate or fail to grow at all in that we have identified four new genes that encode
factors necessary for efficient expression of alternativethe presence of the drug. Of the mutants isolated here,

aod-4, aod-5, and aod-7 failed to grow in the presence of oxidase. The respiratory behavior of a mutant from each
of the complementation groups is shown in Figure 4.antimycin A, as did the previously isolated aod-1 and

aod-2 mutants (Figure 3, A and B). Although the aod-6 When strains were grown on noninducing medium,
no gross differences in growth rate were observedmutant did grow in the presence of antimycin A it was

still considered an alternative oxidase mutant because it among strains containing the aod mutations or the chl-1
mutation and wild type (Figure 3A), although the aod-4contained very low levels of KCN-insensitive respiration

under this condition as compared to an aod� control strain appears to have a slightly reduced growth rate.
The growth of aod-6 on plates containing antimycin Astrain (T11-76, Figure 4). Mutant E2 was also able to

grow in the presence of antimycin A, but contained is difficult to explain considering its low level of KCN-
insensitive respiration when grown in liquid mediumhigh levels of KCN-insensitive respiration when grown

in this inhibitor. Thus, the inability of this mutant to containing this inhibitor (Figure 4). In fact, in liquid
cultures containing antimycin A, aod-6 did grow signifi-induce alternative oxidase during growth in chloram-

phenicol probably reflects a resistance to the drug so cantly slower than wild type. From similar inocula, a
wild-type control strain produced 3 gm fresh weight ofthat this strain was considered to be a chloramphenicol-

resistant mutant, rather than an alternative oxidase reg- mycelium in 25 hr whereas 51 hr were required to pro-
duce a similar amount from aod-6. Little difference inulatory mutant. E2 was the sole chloramphenicol-resis-

tant mutant isolated and has been named chl-1 (Table growth on chloramphenicol-containing medium was ob-
served for any strain (Figure 3C). This was surprising4; Figure 4). Taken together, these data demonstrate

Figure 3.—Plate growth assays. Plates con-
taining media with appropriate nutritional sup-
plements (uninduced, A), antimycin A (B), or
chloramphenicol (C) were spotted with conidia
from the indicated strains (number spotted indi-
cated above each column) in 10 �l sterile water
and incubated at 30�.
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Figure 4.—Respiratory behavior of regulatory
mutants. Respiration tracings of cultures grown
under noninducing conditions, in the presence
of chloramphenicol, or in the presence of anti-
mycin A show the consumption of oxygen over
time (inset, upper left). The mutants isolated in
this study were compared with the existing aod-1
and aod-2 alternative oxidase mutants, as well as
the reporter strain T11-76 as a control. KCN and
SHAM were added at the points indicated by the
arrows. Strains aod-1, aod-2, aod-4, aod-5, and aod-7
did not grow in the presence of antimycin A.

for the chl-1 strain since it was expected to grow some- expression of aod-1 mRNA and protein and compared
to the previously isolated aod-1 and aod-2 mutants aswhat faster than other strains in the presence of the

drug. The lack of a differential effect of chlorampheni- well as wild-type controls (Figure 5). As expected from
previous studies, the amount of aod-1 mRNA present incol on growth rates of the strains could be due to the

fact that the drug only partially inhibits mitochondrial wild-type cultures increased upon growth in medium
containing chloramphenicol or antimycin A (Li et al.translation at the concentration used and/or because

mitochondrially encoded components of complex I, 1996; Tanton et al. 2003). This increase correlated with
the appearance of AOD1 protein. Unexpectedly, wewhich precedes the branch point for alternative oxidase

and cytochrome-mediated respiration, are also affected found that the tyrosinase mutant strain T1P11 (data
not shown) and the reporter strain T11-76, which wasby the action of the drug.

Levels of aod-1 mRNA and AOD-1 protein in the derived from T1P11, differed from other strains that
are wild type with respect to respiration, because theyregulatory mutants: Mutant strains were examined for



131Alternative Oxidase Regulatory Mutants

Figure 5.—Northern and Western
blot analysis of alternative oxidase ex-
pression. (A) Ethidium bromide-stained
gels of total RNA (5 �g per lane) isolated
from the strains indicated and electro-
phoresed on a 1% gel. Cultures were
either uninduced or induced for alterna-
tive oxidase by growth in the presence
of chloramphenicol (CAP) or antimycin
A (AA). Strains NCN247, T11-76, and
NCN233 served as controls. (B) The gels
in A were blotted to nylon membranes
and probed. The probe was a 32P-labeled
1.3-kb cDNA copy of aod-1. The band
recognized is 1.3 kb. (C) Mitochondria
were isolated from the same cultures
from which the RNA was derived, and

25 �g of mitochondrial protein for each sample was subjected to SDS-PAGE. The gels were blotted to nitrocellulose and
immunodecorated with antiserum to Tom70 (a 70-kD mitochondrial outer membrane protein) or antiserum against the AOD1
protein (36 kD).

contain significant levels of aod-1 transcript under non- latter type would be isolated via our reporter-based selec-
tion scheme. The aod-6 mutant strain contained aod-1inducing conditions (Figure 5). However, even though

the mRNA was present, no AOD-1 protein could be transcript under all conditions and AOD1 protein under
alternative oxidase inducing conditions (Figure 5), butdetected in these noninduced cultures (Figure 5), nor

was there KCN-insensitive respiration (Figure 4), in exhibited little to no KCN-insensitive respiration when
grown in the presence of either chloramphenicol oragreement with our previous suggestion that alternative

oxidase may also be regulated at the level of translation antimycin A (Figure 4). The aod-6 mutation might affect
alternative oxidase maturation or assembly rather thanin N. crassa (Tanton et al. 2003). We analyzed eight

random ascospore progeny containing a nonfunctional the regulation of expression of the aod-1 transcript, al-
though it is difficult to explain such a mutation beingT gene that were derived from a cross between T1P11

and a strain (NCN233) with a wild-type respiratory phe- selected by the reporter-based screen. In agreement
with the finding that the aod-1 and aod-6 (E12) mutantsnotype. Five of these progeny contained aod-1 mRNA

under noninducing conditions and three did not. Thus, complemented each other (Table 3), sequence analysis
of the aod-1 coding region in the aod-6 mutant (datathe presence of aod-1 mRNA in noninduced cultures did

not segregate with the mutant T gene and an unknown not shown) revealed no mutations, thus eliminating the
possibility of a missense mutation inactivating the en-factor is responsible for the accumulation of aod-1

mRNA in strains T1P11 and T1176. It is unlikely that zyme in aod-6. The chl-1 mutant strain contained both
aod-1 transcript and protein when grown in the presencethis factor had any effect on our results since our screen

was designed for the isolation of mutants with signaling of antimycin A, but not when grown in chlorampheni-
col. Thus, chl-1 does not affect alternative oxidase regula-or transcriptional defects. These should be epistatic to

any mechanism of translational control. tion directly, but rather confers resistance to chloram-
phenicol.Strains carrying mutations in aod-4, aod-5, and aod-7,

as well as the previously isolated aod-1 and aod-2 strains, Cytochrome spectra: To determine if the isolated mu-
tations had any affect on the cytochrome componentscontained severely reduced levels of transcript and no

AOD1 protein when grown under either inducing or of the standard electron transport chain, mitochondrial
cytochrome spectra were obtained from representativenoninducing conditions. The aod-1 allele analyzed (aod-

1-7) was previously shown to be deficient in aod-1 mRNA strains (Figure 6). When grown under noninducing con-
ditions, the aod-4 strain had moderate deficiencies ofunder inducing conditions (Li et al. 1996; Tanton et

al. 2003). The strain contains a frameshift mutation (Li cytochromes aa3 and b, suggesting that the effects of
mutations in this gene may not be limited to alternativeet al. 1996) and the mRNA produced from the strain is

likely subject to nonsense-mediated decay. Since the oxidase regulation, but may have more global effects
on the regulation of respiratory system biogenesis. Themutations in the regulatory mutants do not affect the

aod-1 structural gene, the inability of the aod-2, aod-4, cytochrome deficiency of aod-4 may explain its slightly
reduced growth rate (Figure 3A). All of the strainsaod-5, and aod-7 mutants to properly induce alternative

oxidase activity must be due to either defects in their except the chl-1 strain, showed reduced levels of cyto-
chrome aa3 and b when grown in the presence of chlor-ability to produce aod-1 mRNA under inducing condi-

tions or an inability to prevent its rapid degradation amphenicol, since these cytochromes contain compo-
nents synthesized on mitochondrial ribosomes (Attardiprior to translation, although it seems unlikely that the
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Figure 6.—Qualitative cytochrome spectra of
the reporter and mutant strains. The cytochrome
content of cultures grown under noninducing
conditions, in the presence of chloramphenicol,
or in the presence of antimycin A was determined
by scanning a reduced sample vs. an oxidized
reference from 650 to 500 nm. The peaks corre-
sponding to cytochromes aa3 (605 nm), b (560
nm), and c (550 nm) are indicated above the
spectrum shown for the T11-76 tracings. Strains
aod-1, aod-2, aod-4, aod-5, and aod-7 did not grow
in the presence of antimycin A.

and Schatz 1988). The levels of cytochromes aa3 and grown in the presence of chloramphenicol (Figure 4).
The chl-1 and aod-6 strains were the only mutant strainsb in the chl-1 mutant strain did not change appreciably

when the strain was grown in chloramphenicol. There- able to grow in antimycin A, and the cytochrome spectra
following growth in this inhibitor are similar to thosefore, it seems likely that respiration through the cyto-

chrome-mediated pathway in chl-1 was unaffected by in the control strain.
Genetic mapping: The aod-1 and aod-2 genes weregrowth in chloramphenicol and alternative oxidase was

not induced, in agreement with the observation that the previously mapped near the centromeres of linkage
groups IV and II, respectively (Bertrand et al. 1983).strain contains only cyanide-sensitive respiration when
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Preliminary mapping data place the aod-4 gene on the changes in efficiency of mitochondrial function, signal
transduction components, and/or transcription factors.right arm of linkage group V, the aod-5 gene on linkage

group VI, and the aod-7 gene on the left arm of linkage In support of these suggestions, an effect on alternative
oxidase expression has been observed in a Candida albi-group IV. The chl-1 gene was mapped to the right arm

of linkage group II between arg-5 and arg-12, near nuc-2 cans histidine kinase mutant (Huh and Kang 2001).
Studies on Saccharomyces cerevisiae identified a system(data not shown). Although our mapping data are pre-

liminary, they demonstrate that three of the newly iso- whereby defects in mitochondrial function are commu-
nicated to the nucleus via the retrograde regulationlated aod mutants map to different chromosomes and

thus affect different genes, in agreement with the com- system (Butow and Avadhani 2004). This system uti-
lizes regulatory proteins that include transcription fac-plementation analysis. These data also rule out the possi-

bility that intraallelic complementation caused an over- tors, a sensor of mitochondrial dysfunction, and a num-
ber of other interacting proteins. Although this systemestimation of the number of new alternative oxidase

regulatory genes identified. controls carbon and nitrogen metabolism in yeast, re-
lated systems may facilitate the regulation of other nu-
clear genes that respond to mitochondrial dysfunction.

DISCUSSION
Previous Northern blot analysis had revealed that in-

duction of alternative oxidase activity in wild-type cellsPrior to this study, only one gene had been identified
as a regulatory gene for alternative oxidase induction by growth in the presence of chloramphenicol or anti-

mycin A caused an increase in the steady-state levels ofin any system—the aod-2 gene of N. crassa. In an effort
to find additional genes controlling alternative oxidase aod-1 mRNA (Li et al. 1996; Tanton et al. 2003). Nuclear

run-on assays showed that noninduced wild-type cul-production, we developed a scheme for isolation of reg-
ulatory mutants. Previous attempts to identify such mu- tures constitutively expressed aod-1 at a low level, and

treatment with antimycin A caused an increase in thetants, using the inability of alternative oxidase-deficient
strains to grow in the presence of antimycin A, had amount of transcription (Tanton et al. 2003). Thus,

regulation of aod-1 expression in response to inducingshown a bias toward isolation of mutations in the alterna-
tive oxidase structural gene (Edwards et al. 1976; Ber- treatments occurs through increased transcription of

the gene and possibly increased stability of the mRNA.trand et al. 1983). Therefore, we developed a reporter
strain carrying the upstream region of aod-1 fused to Northern blots of noninduced cultures usually show

little to no aod-1 mRNA accumulation, and Westernthe coding sequence for the enzyme tyrosinase. Growth
of this strain in the presence or absence of chloram- blots of these noninduced cultures show no AOD1 pro-

tein (Li et al. 1996; Tanton et al. 2003). The lack ofphenicol clearly demonstrated that expression of the
tyrosinase reporter was controlled in a manner similar AOD1 protein in noninduced cultures suggests that

aod-1 regulation also occurs post-transcriptionally, byto aod-1 gene expression.
Two methods were used to generate mutant strains reducing the stability of the small amount of constitu-

tively expressed mRNA and/or by preventing its transla-that did not properly induce alternative oxidase. Both
methods produced a number of false positive colonies tion. Unexpectedly, we found that noninduced cultures

of the T mutant strain T1P11 and the reporter strainthat remained white when rescreened on chloramphen-
icol-containing plates, but were able to produce KCN- T11-76 consistently contained readily detectable steady-

state levels of aod-1 mRNA. Accumulation of aod-1insensitive respiration when grown in the presence of
the inhibitor. These false positives could be the result mRNA has been seen occasionally in noninduced cul-

tures of other alternative oxidase wild-type strains (Tan-of mutations to the integrated reporter construct itself,
mutations affecting factors involved in protyrosinase ton et al. 2003) but never as consistently as in strains

T1P11 and T11-76. Strains T1P11 and T11-76 could havematuration (Lerch et al. 1982; Kupper et al. 1989), or
mutations affecting tyrosine uptake. Four novel regula- a higher level of constitutive aod-1 transcription than

wild type or a reduced rate of degradation that allowstory genes have been isolated using our mutagenesis
and selection schemes. Multiple isolates were found only higher accumulation of aod-1 mRNA. The possibility

that the increased aod-1 mRNA in the noninduced cul-for the aod-4 complementation group, suggesting that
our screen has not been saturated. Characterization of tures of these strains is due to the inactive tyrosinase

gene product was ruled out by demonstrating that thethe gene products of the loci that were mutagenized
may provide insight into why the aod-4 complementa- mutant T allele does not cosegregate with the ability to

accumulate aod-1 mRNA under noninducing condi-tion group was isolated with a relatively high frequency.
The existence of five different regulatory mutants (aod-2, tions. In all cases where aod-1 mRNA has been found

in noninduced cultures, no alternative oxidase activityaod-4, aod-5, aod-6, and aod-7) and an unsaturated mu-
tant screen suggest the existence of a relatively complex or AOD1 protein has been detected. This observation

directly implies regulation at the level of translation.pathway of alternative oxidase regulation. The most ob-
vious possibilities for the function of the components Growth in the presence of chloramphenicol did not

affect the levels of cytochromes aa3 and b in the strainin such a pathway include products that recognize
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Davis, R. H., and F. J. De Serres, 1970 Genetic and microbiologicalcarrying the chl-1 mutation. In addition, the strain did
research techniques for Neurospora crassa. Methods Enzymol. 17A:

not induce alternative oxidase in the presence chloram- 70–143.
Djajanegara, I., P. M. Finnegan, C. Mathieu, T. McCabe, J. Whelanphenicol, but did contain KCN-insensitive respiration

et al., 2002 Regulation of alternative oxidase gene expressionwhen grown in the presence of antimycin A. These ob-
in soybean. Plant Mol. Biol. 50: 735–742.

servations demonstrate that this mutation results in Edwards, D. L., J. H. Chalmers, Jr., H. J. Guzik and J. T. Warden,
1976 Assembly of the cyanide-insensitive respiratory pathway inchloramphenicol resistance. Since the levels of cyto-
Neurospora crassa, pp. 865–872 in Genetics and Biogenesis of Chloro-chromes aa3 and b were not reduced when this strain
plasts and Mitochondria, edited by T. H. Bucher, W. Neupert,

was grown in chloramphenicol, there was likely no respi- W. Sebald and S. Werner. Elsevier/North-Holland Biomedical
Press, Amsterdam.ratory deficiency under this condition. This would ex-

Finnegan, P. M., J. Whelan, A. H. Millar, Q. Zhang, M. K. Smithplain why alternative oxidase was not induced by this
et al., 1997 Differential expression of the multigene family en-

treatment. To date, there are no known nuclear or mito- coding the soybean mitochondrial alternative oxidase. Plant Phys-
iol. 114: 455–466.chondrial encoded chloramphenicol-resistance mark-

Fuentes, A. M., I. Connerton and S. J. Free, 1994 Production ofers in N. crassa (Perkins et al. 2001). Mutations causing
tyrosinase defective mutants of Neurospora crassa. Fungal Genet.

chloramphenicol resistance are known in other fungi, Newsl. 41: 38–39.
Gunatilleke, I. A., C. Scazzocchio and H. N. Arst, Jr., 1975 Cyto-but these affect mtDNA (Gunatilleke et al. 1975; Bel-

plasmic and nuclear mutations to chloramphenicol resistance incour and Begel 1977; Waxman et al. 1979). Chloram-
Aspergillus nidulans. Mol. Gen. Genet. 137: 269–276.

phenicol inhibits bacterial and mitochondrial transla- Henry, M. F., and E. J. Nyns, 1975 Cyanide insensitive respiration:
an alternative mitochondrial pathway. Subcell. Biochem. 4: 1–65.tion by binding to the ribosome and preventing the

Huh, W., and S. Kang, 2001 Characterization of the gene familyassociation of tRNA with the A site, thereby blocking
encoding alternative oxidase from Candida albicans. Biochem. J.

peptidyl transfer (Schlunzen et al. 2001). The nuclear 356: 595–604.
Joseph-Horne, T., P. M. Wood, C. K. Wood, A. L. Moore, J. Headrickchl-1 mutation might affect a mitochondrial ribosomal

et al., 1998 Characterization of a split respiratory pathway inprotein, prevent the uptake of the inhibitor, or cause
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its inactivation. J. Biol. Chem. 273: 11127–11133.
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Biochim. Biophys. Acta 1504: 179–195.
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