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ABSTRACT
A P-element insertion in the oxen gene, ox1, has been isolated in a search for modifiers of white gene

expression. The mutation preferentially exerts a negative dosage effect upon the expression of three genes
encoding ABC transporters involved in pigment precursor transport, white, brown, and scarlet. A precise
excision of the P element reverts the mutant phenotype. Five different transcription units were identified
around the insertion site. To distinguish a transcript responsible for the mutant phenotype, a set of
deletions within the oxen region was generated. Analysis of gene expression within the oxen region in the
case of deletions as well as generation of transgenic flies allowed us to identify the transcript responsible
for oxen function. It encodes a 6.6-kD homolog of mitochondrial ubiquinol cytochrome c oxidoreductase
(QCR9), subunit 9 of the bc1 complex in yeast. In addition to white, brown, and scarlet, oxen regulates the
expression of three of seven tested genes. Thus, our data provide additional evidence for a cellular response
to changes in mitochondrial function. The oxen mutation provides a model for the genetic analysis in
multicellular organisms of the effect of mitochondrial activity on nuclear gene expression.

WE are interested in defining a complete set of effects associated with aneuploid syndromes is due to an
modifiers that exhibit a dosage effect upon the imbalance in the system of dosage-dependent modifiers,

expression of a single target locus. Our interest in dos- rather than a disproportion of structural gene products
age-dependent modifiers of gene expression is centered encoded by the varied chromosomal region (Birchler
on the hypothesis that these are responsible for aneu- and Newton 1981; Guo and Birchler 1994). Hence,
ploidy syndromes and various types of dosage compensa- isolation and dissection of the function of these modifi-
tion (Birchler and Newton 1981; Guo and Birchler ers of gene expression is important for understanding
1994; Birchler 1996). It is generally accepted that the the basis of the dosage effects.
expression of a structural gene is directly proportional The Drosophila white gene represents a particularly
to gene dose. However, the study of gene expression in convenient model where such dosage effects can be
dosage series in both maize and Drosophila revealed studied. Extensive molecular genetical and biochemical
that this is not always the case. The expression of some studies of pigment synthesis revealed that white together
genes was found to remain unchanged despite variation with two other genes, brown and scarlet, is involved in the
in the dosage of the chromosomal segment where they uptake of pigment precursors by the cell. Biochemical
reside. In contrast, some genes, whose dosage has not analysis indicates that white and scarlet participate in
been altered, were affected by aneuploidy of unlinked the transport of brown pigment precursors kynurenine,
chromosomal regions (Birchler 1979; Birchler and 3-hydroxy-kynurenine, and tryptophan, while white and
Newton 1981; Devlin et al. 1982; Guo and Birchler brown are responsible for the transport of guanine, a
1994). To resolve this paradox, it was proposed that for precursor of red pigments (for review, see Ewart and
any one gene, multiple trans-acting dosage-dependent Howells 1998). WHITE (for review, see Hazelrigg
modifiers exist in the genome. When the modifier is 1987), BROWN (Dreesen et al. 1988), and SCARLET
present in a varied chromosomal region, the expression (Tearle et al. 1989) share an extensive homology to
of an unlinked target gene is affected. It was further each other and belong to a superfamily of ATP-binding
hypothesized that the molecular basis of deleterious cassette (ABC) transporters. ABC transporters are found

in both prokaryotes and eukaryotes and their function
is to translocate various molecules including sugars,
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(49C1-D3), was identified in a screen for dominant autosomaltransmembrane segments. On the basis of structural
mutations affecting the eye color of white-apricot flies. The sameorganization ABC transporters are subdivided into three
insertion was previously isolated as a male-sterile mutation and

broad categories. WHITE, BROWN, and SCARLET de- named oxen1 (ox1; Castrillon et al. 1993). To mobilize the P
fine a distinct group of ABC transporters. Their hydro- element, ox1/CyO; ry506/ry506 males were crossed to the Sp/CyO;

D2-3, Sb/TM6, Ubx strain (Robertson et al. 1988). The F1 ox1/philic domain contains an ATP-binding motif followed
CyO; D2-3, Sb/ry506 males were crossed individually to threeby the hydrophobic domain. Genetical, molecular, and
Sp/CyO; ry506/TM6, Ubx females. The Cy, non-Sb, non-Sp prog-biochemical studies indicate that these proteins form
eny (ox1/CyO; ry506/ry506) were screened for rosy2 flies, which

heterodimers to transport pigment precursors (for re- were mated to Gla/SM6a, Cy balancers to establish a stock. In
view, see Ewart and Howells 1998). In this model, total, 211 derivatives were generated.

Three oxen alleles, ox44-2, ox107-2, and ox157-1, were recombinedheterodimers between WHITE and SCARLET perform
with P[ry1; hs-neo; FRT]42D. Presence of both the FRT andan active transport of tryptophan while WHITE and
oxen mutation was confirmed by complementation tests andBROWN form a heterodimer responsible for guanine
G418 resistance. To produce mitotic clones in the adult eye,

uptake (Dreesen et al. 1988; Tearle et al. 1989; Ewart y w P[ry1; hsFLP]12; P[ry1; hs-neo; FRT]42D P[mw1 NM]46F/
and Howells 1998). Thus, white mutants will have de- CyO males were crossed to y w; ox2 P[ry1; hs-neo; FRT]42D/

SM6a and the progeny were heat-shocked during the first andfects in transport of both pigments. A leaky allele, white-
second instars for 1 hr at 378 in a water bath (Xu and Harrisonapricot, retains some white activity, which results in a light
1994). Mitotic mutant clones in y w P[ry1; hsFLP]12; P[ry1;eye color. This allows one to detect a wide range of
hs-neo; FRT]42D P[mw1 NM]46F/; ox2 P[ry1; hs-neo; FRT]42D

modulation of eye pigmentation, which in turn reflects were w2.
changes in white expression. To produce germline clones, first ox107-2 and ox44-2 were re-

combined with P[mw; FRT]2R-G13. Four independent stocks car-Using white as a target a number of modifiers of gene
rying both FRT and the oxen allele were generated for eachexpression have been isolated. Among them are Wow
deletion. w P[ry1; hsFLP]12; P[mw; FRT]2R-G13 ox2/ovoD P[mw;(Birchler et al. 1994), Mow (Bhadra et al. 1997a), Ufo
FRT]2R-G13 females were heat-shocked twice for two hr at the

(Bhadra et al. 1997b), sugarless (Benevolenskaya et al. late second to early third larval instar and crossed to ox2/
1998), Regena (Frolov et al. 1998), and others. Interest- SM6a males (Chou and Perrimon 1996).
ingly, a majority of the modifiers exert an effect not For the developmental Northern analysis, ox1/SM6a, Cy fe-

males were crossed to T(2;3)CyO, Cy Tb ch translocation males.only on white but also on brown and scarlet expression
The F1 males containing this translocation heterozygous with(Birchler et al. 1994; Bhadra et al. 1997a,b; Benevo-
ox1 were mated to Canton-S females. The Tb marker allowslenskaya et al. 1998; Frolov et al. 1998). These observa- discrimination between 1/1 and ox1/1 classes at the pupal

tions indicate the existence of coordinated regulation of stages, while the Cy marker allows this distinction in adults.
the expression of three ABC transporters in Drosophila. For P-element transformation, the cDNAs containing com-

plete open reading frames (ORFs) of QCR9 and aNAC wereIn this article we describe the isolation and molecular
cloned into the pHT4 vector that has a rosy marker genecharacterization of the oxen gene, a dosage-dependent
(Schneuwly et al. 1987) to generate P[ry1; hsp-QCR9] andmodifier involved in regulation of gene expression that P[ry1; hsp-aNAC], respectively. The constructs were injected

is distinct in function from the previously identified together with the wings-clipped helper plasmid into ry506 em-
ones. Loss-of-function oxen alleles affect the steady-state bryos (Spradling and Rubin 1982). One transformed line was

established carrying the aNAC transgene and 11 transformantsmRNA level of all three ABC transporters as well as
were established for the QCR9 transgene. The DGKε cDNAsome other unrelated genes, rudimentary, aGpdh, and
was cloned into the pUAST vector (Brand and PerrimonP0. The gene encodes a 6.6-kD protein homologous to
1993) and injected with wings-clipped helper plasmid into y

the yeast subunit 9 of mitochondrial ubiquinol cyto- w1118 embryos. Two transformed lines with P[mw1; UAS-DGK]
chrome c oxidoreductase (bc1 complex). The yeast ho- on chromosome 2 were generated. The P[mw1; UAS-DGK]
molog is essential for the assembly of a functional bc1 transgenes were then mobilized by supplying the stable source

of transposase, D2-3, to obtain three independent insertionscomplex and its deletion perturbs mitochondrial func-
on chromosome 3. P[mw1; UAS-DGK], P[ry1; hsp-QCR9], andtion (Phillips et al. 1990). Recent evidence indicates
P[ry1; hsp-aNAC] transgenes on the third chromosome werethat modulations of mitochondrial functions will affect separately recombined with ox107-2 and ox44-2 alleles for rescue

nuclear gene expression (Parikh et al. 1987; Poyton experiments.
and McEwen 1996). Our data establish an additional DNA and RNA techniques: All standard DNA manipulations

were performed as described in Sambrook et al. (1989).example of an alteration of mitochondrial biogenesis
The P1 phage 05-71, containing wild-type DNA from thethat leads to changes in nuclear gene expression, thus

49D1-2 region on the cytological map (Hartl et al. 1994),suggesting a possible mechanism for the cell to adapt was used to obtain an overlapping set of DNA fragments for
to variation in mitochondrial activities. cDNA library screens and sequencing.

The cDNA library was prepared from 2-week-old male and
female wild-type adults (Canton-S) in the lZAP II vector (Stra-
tagene, La Jolla, CA). About 600,000 phage have beenMATERIALS AND METHODS
screened as described in Sambrook et al. (1989). To clone the
QCR9 cDNA, the rapid amplification of cDNA ends (RACE)Fly stocks: Flies were raised on standard Drosophila media

at 258. Genetic markers used here can be found in Lindsley protocol was performed as described (Frolov et al. 1998).
For PCR the following gene-specific primer was used: 59-and Zimm (1992).

ms(2)00815, a single P-element insertion on chromosome 2 GGAACAAATCGGACGTCTTT-39.
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RNA blots, RNA probes, and Northern hybridization were suggesting that ox1 is a loss-of-function allele. To further
performed according to Frolov et al. (1998). prove that the insertion is responsible for the mutant

For sequencing, DNA fragments were cloned into the pSP72
phenotype, the P element on the ox1 chromosome was(Promega, Madison, WI) or Bluescript II SK (Stratagene) vec-
mobilized. Out of 211 established stocks, 122 were ho-tor. To obtain nested clones for sequencing, a g-d transposon-

based system was used (Strathmann et al. 1991). Sequencing mozygous viable lines showing precise excision of the
was performed on a Sequi-Gen GT nucleic sequencing cell P element in each case. One line, designated as ox rev,
(Bio-Rad, Hercules, CA) using the Sequenase (v.2.0) kit was chosen for further study as a control of normal
(Amersham, Arlington Heights, IL). Homology searches were

expression of the oxen locus. When tested for the interac-performed at the National Center for Biotechnology Informa-
tion with white-apricot, ox rev shows a reversion of the eyetion’s BLAST WWW Server.

A region between 1.07 and 1.67 kb on the restriction map color phenotype.
(Figure 1) was found to be 99% identical to the 39 untranslated We sought molecular evidence that white gene expres-
region of the Drosophila G protein b-subunit gene, Gbe, (acces- sion is affected in the ox1 mutants. Total RNA was iso-
sion no. M76593; Yarfitz et al. 1991). Gbe has been mapped

lated from pupae segregating for normal or the ox1
to 76C on the polytene chromosome map and was proposed

chromosome. Pupae were chosen because the majorityto be a single copy gene. Analysis of Drosophila genomic
sequence shows that no Gbe gene sequences reside within the of pigment is deposited at this developmental stage.
oxen region. Therefore, we concluded that the Gbe cDNA, RNA transfers were made in triplicate and hybridized
whose sequence was deposited into GenBank, is a cloning with a white antisense probe. The same blots were then
artifact comprising both the sequences of the Gbe gene and

probed with rRNA, which served as a gel-loading con-the sequences from the oxen region.
trol. The phosphorimagery data are presented in TableIn situ hybridization: In situ hybridization with whole mount

embryos was performed essentially as described in Tautz and 1. Consistent with the eye color phenotype, the mutation
Pfeifle (1989). Riboprobes were prepared by in vitro transcrip- results in elevation of white transcript levels in mid- and
tion with DIG RNA labeling mix and detected with alkaline late pupae. The expression of two related ABC trans-
phosphatase conjugated anti-DIG antibody (Boehringer-

porters, brown (bw) and scarlet (st), was also monitored.Mannheim, Indianapolis).
It was found that the ox1 mutation affects the expression
of both scarlet and brown but the effect is different. The
steady-state level of st is increased in females but it isRESULTS
decreased in males. In late pupae, st mRNA is increased

Identification of the oxen gene: A genetic screen was in females and slightly increased in males. In contrast,
performed to identify the P-element insertions domi- the expression of bw is mostly increased in pupae of
nantly modulating the expression of a target gene, white. both sexes and the effect is stronger compared to scarlet
The hypomorphic white-apricot allele that confers an or- and white. In summary, the ox1 mutation exhibits an
ange-yellow eye color was used. The molecular basis of effect upon the expression of all three genes. The effect
the white-apricot lesion is an insertion of the retrotranspo- has a complex profile depending upon the sex and the
son, copia, into the second intron (Bingham and Judd developmental stage.
1981). This sensitized white-apricot background allows Transcriptional mapping of the oxen gene: We have
one to recognize mutations that result in both elevation previously identified a DGKε gene 123 bp from the
and reduction of white gene expression. As a heterozy- P-element insertion site in the ox1 chromosome (M. V.
gote, one of the P insertions produced a darker eye Frolov, E. V. Benevolenskaya and J. A. Birchler,
color and has previously been identified as a male-sterile unpublished results). It encodes a homolog of human
mutation, oxen (ox1; Castrillon et al. 1993). To gain diacylglycerol kinase ε isoform. To further characterize
preliminary information about the nature of ox1 interac- the oxen region, a set of genomic DNA fragments from
tion with the white locus, the effect of ox1 on different a P1 phage, 05-71, (Hartl et al. 1994) covering the
white alleles was tested (data not shown). In particular, P-element insertion site was used to probe a cDNA li-
ox1 was found to darken the eye color of point mutations, brary. Isolated clones fall into two transcription units,
wcrr and wcf, implying that copia is not required for an designated as tafazzin and aNAC (Figure 1), based upon
interaction to occur. In contrast, the Adh promoter-white their homology. TAFAZZIN shows a similarity to a hu-
structural gene construct (Birchler et al. 1990) did not man family of proteins, TAFAZZINs, responsible for
respond to ox1, which indicates the necessity of the white Barth syndrome (Bione et al. 1996). aNAC encodes
promoter region for the interaction. a homolog of mouse nascent associated polypeptide

The chromosome carrying the ox1 mutation contains complex and coactivator a (Yotov and St-Arnaud
a single P-element insertion at the cytological position 1996).
49C1-4. The ox1 allele is sterile over the deficiency Two additional transcription units were uncovered
Df(2)vg135 (FlyBase http://flybase.bio.indiana.edu:82), from the expressed sequence tag (EST) database made
which uncovers the region from 49A4-13 to 49E7-F1 on available by the Berkeley Drosophila Genome Project/
the polytene chromosome map (Lindsley and Zimm HHMI EST Project. The ESTs are located in the immedi-
1992). In addition, the deficiency as a heterozygote ate vicinity of the P-element insertion site and the corre-

sponding transcription units were referred to as HLdarkens the eye color of white-apricot flies as ox1 does,
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TABLE 1

Effect of ox1 on white, scarlet, and brown transcripts

Mid-pupae Late pupae

Gene Males Females Males Females

white 1.12 6 0.22 1.38 6 0.05* 1.34 6 0.07* 1.55 6 0.09*
scarlet 0.76 6 0.06* 1.47 6 0.08* 1.14 6 0.11 1.53 6 0.10*
brown 2.43 6 0.09* 0.91 6 0.07 1.97 6 0.10* 1.79 6 0.06*

Northern blots containing total RNA from the same isolation were performed in triplicate. After hybridiza-
tions, the blots were quantified with a Fuji phosphorimager. Each value was normalized to the corresponding
value obtained for the rRNA gel-loading control. The numbers reported are the means and standard errors
of ratios obtained by dividing the values for the ox1/1 class by those obtained for the sibling 1/1 class. *Ratios
significantly different from 1 at the 95% confidence level in a t -test.

(EST HL07956) and QCR9 (EST GH22548; Figure 1). insertion site are deleted. The deletions ranged from
0.3 to 2.6 kb and can be grouped into three classesThe ORF derived from the HL cDNA does not share

significant homologies to proteins with known function. (Figure 1). Two deletions, ox68-1 and ox86-1, remove the
structural sequences of four genes, tafazzin, HL, QCR9,To clone the corresponding cDNAs for the HL and

QCR9 transcripts, RACE was performed. We were not and DGKε, and thus presumably represent null alleles.
The second class comprises 11 deletions, which elimi-able to generate a cDNA for HL. In the case of QCR9,

a 0.35-kb product was amplified by PCR using a primer nate QCR9 and various portions of both DGKε and HL,
while leaving the 59 sequences of tafazzin unaffected.complementary to the sequence from the 59 region of

EST GH22548. Two representative examples from the second class, ox44-2

and ox38-1, are shown in Figure 1. Finally, 9 deletions,Generation and analysis of deletions in the oxen re-
gion: About 10% of ox1 homozygotes survive to the adult such as ox12-1, ox107-2, and ox157-1, are associated with the

loss of a structural portion of DGKε and QCR9 andstage, suggesting that the ox1 allele might retain a sub-
stantial level of function. Indeed, the P element appar- presumably do not affect HL and tafazzin. No deletions

spanning into aNAC were isolated.ently does not abolish the transcription of any mRNA.
To generate stronger ox alleles we looked for imprecise The new ox alleles were tested for the lethality, male

sterility, and eye color phenotypes. With no exceptions,excisions of the P element, which would remove flank-
ing sequences. Southern analysis revealed that in 22 all 22 deletions exhibited an interaction with wa and

were lethal as homozygotes. To determine the stage ofexcision events, the sequences outside of the P-element

Figure 1.—Molecular
map of the oxen region. (A)
Restriction map of the oxen
locus. Sites for endonucle-
ases EcoRI (RI), BamHI (B)
and HindIII (H) are shown.
Site of the P[lacZ, rosy1] in-
sertion in the ox1 allele is
designated by a triangle. (B)
Positions of several oxen de-
letions. The sequences de-
leted in different oxen alleles
are shown by open boxes
while the positions of the
endpoints are denoted with
arrows. In the case of dele-
tion ox86-1 the location of the
left breakpoint was not
determined. (C) The in-
tron-exon structure and di-
rection of the transcripts
identified in the oxen re-
gion. For the HL transcrip-

tion unit, no cDNA was isolated. The position of the 59 end is therefore based upon the sequence of the EST HL07956, while
the 39 end is not mapped. Using a genomic fragment containing the sequences of HL as a probe a single 0.7-kb transcript was
found on Northern blots.
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TABLE 2

Effect of deletions ox44-2 and ox107-2 on the expression of white mRNA and transcripts
from the oxen region in heterozygous (ox/1) adults

Transcript ox44-2 males ox44-2 females ox107-2 males ox107-2 females ox rev males ox rev females

white 0.99 6 0.08 1.29 6 0.03* 1.32 6 0.07* 1.32 6 0.04* 1.01 6 0.02 0.88 6 0.08
DGKε 0.56 6 0.04* 0.54 6 0.03* 0.61 6 0.02* 0.57 6 0.05* 1.00 6 0.08 0.99 6 0.03
tafazzin 0.70 6 0.00* 0.92 6 0.04 1.34 6 0.06* 1.30 6 0.07* 1.05 6 0.05 0.95 6 0.06
HL 0.52 6 0.08* 0.64 6 0.02* 1.11 6 0.11 0.94 6 0.04 1.05 6 0.05 0.95 6 0.06
QCR9 0.50 6 0.05* 0.65 6 0.04* 0.68 6 0.05* 0.59 6 0.04* 1.17 6 0.07 0.94 6 0.03
aNAC 1.11 6 0.12 1.42 6 0.08* 2.07 6 0.14* 1.47 6 0.06* 1.03 6 0.09 0.95 6 0.14

The mean and standard errors were calculated as described in the footnote to Table 1. *Ratios significantly
different from 1 at the 95% confidence level in a t -test.

lethality, two alleles, ox44-2 and ox107-2, were crossed to the Northern data indicate that both deletions increase
the level of aNAC expression (Table 2). One possibilitywild-type Canton-S stock. The F1 ox/1 progeny were

intercrossed, and the numbers of F2 surviving to embryo, to explain this result is that some regulatory sequences
of aNAC that might be located within the DGKε genelarvae, pupae, and adult stages were counted. For both

alleles it was found that the lethality occurred at late are eliminated in the mutants. To exclude the possibility
that the mutant effects are due to an increased aNACfirst instar larvae with no escapers. Homozygous mutant

animals do not exhibit any gross abnormalities, al- expression, a full-length aNAC cDNA was expressed un-
der a heat-shock promoter. The overexpression of aNACthough they show a sluggish response to physical contact

compared to the ox heterozygous larvae. Finally, males after heat shock was confirmed by Northern analysis.
Transgenic animals carrying an ox mutant or wild-typetransheterozygous for ox1 and any of the ox deletions are

sterile. Thus, there are no differences in the phenotype alleles in a wa background were heat-shocked twice a
day until the late pupal stage. The eye color of emergedwhether tafazzin and/or HL transcription units are af-

fected by the deletion. flies was compared to that of flies without the transgene.
The overexpression of the transgene did not exhibitTo further confirm that neither tafazzin nor HL define

the oxen phenotype, we examined an effect of deletions any effect on the eye color. Therefore, we concluded
that aNAC is not responsible for the mutant phenotype.ox107-2 and ox44-2 on the expression of the white gene and

transcripts from the oxen region by Northern analysis. This was further confirmed by the observation that
Df(2R)vg135, which deletes aNAC, as well as ox107-2 andAs a control for normal expression, the revertant, ox rev,

was used. Triplicate RNA transfers were hybridized with ox44-2, which retain aNAC, have a similar effect on wa.
Thus, the above results left DGKε and QCR9 as re-antisense probes for white, DGKε, tafazzin, and aNAC

(Table 2). Consistent with the eye color phenotype, maining candidates. According to the Southern analysis,
each of the 22 deletions removes a portion of both DGKεmutant alleles, ox44-2 and ox107-2, mostly upregulate the

steady-state level of white transcripts. The expression of and QCR9 and therefore potentially represents a null
allele for both genes. Hence, the deletion tests do notDGKε and QCR9 is decreased to one-half in both dele-

tions relative to the respective controls and restored to discriminate between the two transcripts. However, the
P-element insertion located between the 59 ends ofnormal in the revertant. This is in agreement with the

Southern data showing that both deletions remove a DGKε and QCR9 might differ in the effect upon their
expression. Indeed, as revealed by sequence analysis,portion of DGKε and QCR9. However, the deletions

differ in their effect upon tafazzin and HL transcripts. the insertion site is located 15 bp upstream of the 59
end of QCR9 and 123 bp upstream of the putative tran-Deletion ox44-2 removes most of the sequences upstream

of tafazzin (Figure 1) and decreases its expression. On scription start site of DGKε. Therefore the expression
of DGKε and QCR9 in heterozygotes segregating for thethe contrary, in the case of the ox107-2 allele, tafazzin

expression is unaffected. Indeed, the left breakpoint is ox1 chromosome was monitored. To study the expres-
sion in the ox1 homozygotes, RNA was isolated from rareabout 1 kb upstream of the 59 end of the tafazzin gene

and therefore its upstream sequences are presumably surviving flies, which do not carry the SM6a balancer
marker Cy and, therefore, are homozygous for ox1. Inintact. Expression of HL is reduced to one-half in the

case of ox44-2, in which most of the HL sequences are the case of the mutation, the steady-state DGKε mRNA
level is slightly decreased to 0.90 6 0.02 and 0.81 6deleted. On the other hand, the ox107-2 deletion does not

extend into the HL transcript and the HL expression is 0.03 in the mutant heterozygotes and homozygotes, re-
spectively, compared to the controls (Figure 2). On theunaffected (Table 2). Taken together these observations

disfavor the possibility that tafazzin or HL are responsible contrary, the effect on QCR9 is much more profound.
The QCR9 transcripts are decreased to 0.75 6 0.01 infor the mutant phenotypes.
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allele was completely rescued by three of six tested
QCR9 transgenes, hsp-QCR9#106, hsp-QCR9#39, and hsp-
QCR9#99, when the heat shock was administered once
a day at larval and pupal developmental stages. Partial
rescue was observed with the three other tested trans-
genes, hsp-QCR9# 1, hsp-QCR9#31, and hsp-QCR9#19.
Consistently, the two strongest transgenes, hsp-QCR9
#106 and hsp-QCR9#99, rescued the lethality of the ox107-2

allele following the heat-shock treatment, while the
weaker transgene hsp-QCR9#1 did not. In the control
experiment without heat shock, no ox107-2 homozygotes
were recovered. Taken together these data argue thatFigure 2.—Northern analysis of QCR9 and DGKε. Hybrid-

ization of a blot containing total RNA isolated from flies segre- QCR9 represents the oxen function.
gating for mutant (ox1) and wild-type (1) oxen alleles with Requirement of QCR9 activity in development: Sev-
antisense RNA probes for QCR9 and DGKε. rRNA was used as eral experiments were employed to examine the role
a gel-loading control.

of QCR9 in development. As mentioned above, any
QCR9 null allele results in early larval lethality. To deter-
mine what the consequences of the loss of QCR9 mightthe ox1/1 mutants and to 0.45 6 0.03 in flies homozy-

gous for the ox1 chromosome (Figure 2). This is consis- be in adult patterning, a mosaic analysis was performed.
We employed the FRT/FLP system (Xu and Harrisontent with the fact that the P element is inserted 15 bp

upstream of the the 59 end of the QCR9 gene, while the 1994) to generate homozygous ox107-2 and ox44-2 mutant
somatic clones. Following the induction of FLP recombi-distance between the site of the insertion and the 59 end

of DGKε is 123 bp. Thus, the level of DGKε expression is nase in the first or second instar larvae, numerous dupli-
cation clones (1/1) marked with a mini-white gene werehigher in ox1/ox1 homozygotes than in animals heterozy-

gous for the oxen deletions, ox44-2 and ox107-2 (see above). seen in adult eyes. In contrast, no mutant clones lacking
the mini-white gene were found. These results indicateThis is in apparent contradiction with the stronger phe-

notype of ox1/ox1 flies compared to ox2/1, such as semi- that QCR9 is required for cell viability.
Next we addressed the question of whether QCR9 islethality and male sterility. To directly prove that DGKε

does not define the oxen function, a UAS-DGKε trans- necessary for oogenesis. To generate homozygous ox44-2

and ox107-2 mutant germline clones, the “FLP-DFS” tech-gene was constructed, transformed, and expressed using
a heat-shock GAL4 driver, hsp70-GAL4 (Brand and Per- nique was used (Chou and Perrimon 1996). The mo-

saic females depleted of oxen function laid no eggs.rimon 1993). The overexpression of the DGKε trans-
gene does not rescue the lethality or male sterility. Be- Examination of the associated ovarian phenotype re-

vealed that oocyte development is arrested before onsetcause hsp70 is not efficiently expressed in testes, another
GAL4 driver, 32B (Brand and Perrimon 1993), was of vitellogenesis. Therefore, the presence of QCR9 is

presumably required either to enter vitellogenesis and/used. This driver was able to provide a high expression
level in testes in the control experiments using a UAS- or for cell viability in late oogenesis.

To further elucidate the QCR9 function, the patternlacZ transgene (data not shown). It was found that UAS-
DGKε does not rescue the mutant phenotype with the of its expression in development was investigated by in

situ hybridization. Wild-type embryos were hybridized32B driver. Similar results were obtained with three
different lines containing the UAS-DGKε transgene at to a digoxigenin-labeled RNA probe of QCR9. QCR9

transcripts are ubiquitously present in early embryos atvarious chromosomal locations.
Thus, the combined data on the expression of the the time of cellularization (Figure 3A) and throughout

germ-band extension stages (Figure 3, B and C). By thetafazzin and HL transcripts in the case of the deletions
and the facts that the DGKε and aNAC transgenes do end of germ-band retraction, expression is enriched

in amnioserosa and in midgut (Figure 3D). As dorsalnot rescue the mutant phenotype disfavor the possibility
that any of them represents the oxen gene. On the other closure proceeds, QCR9 transcripts are predominantly

found in midgut, while the staining in other tissueshand, QCR9 is the only transcript whose expression is
significantly affected by the oxen deletions and the hypo- weakens (Figure 3, E and F). During late development

when midgut constrictions appear, the transcripts aremorphic allele ox1.
To unambiguously show that QCR9 represents the present in all four midgut chambers (Figure 3G). At

the end of embryogenesis, robust staining persists inoxen locus, the QCR9 cDNA was expressed under the
control of the heat-shock promoter in transgenic ani- the midgut (Figure 3H).

An effect of oxen deletions on gene expression: Themals as described in materials and methods. Six in-
dependent insertions on chromosome 3 were tested question of whether the oxen function is restricted to

the the regulation of the expression of Drosophila ABCwith the oxen mutation, which is on chromosome 2. The
mutant eye color phenotype of the heterozygous ox1 transporters was addressed. The steady-state mRNA level
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mutation in both sexes and is restored to normal in the
revertant. On the contrary, the oxen deletion results in
elevation of r transcripts in females and their reduction
in males. The steady-state Adh mRNA level was found
to be elevated in mutant males. However, examination
of the Adh expression in ox rev flies revealed a similar
effect suggesting that the observed effect on Adh tran-
scripts is not caused by the ox107-2 allele. Finally, three
genes, b-tubulin, Zw, and rp49, are not affected by the
oxen deletion. The same set of genes was affected by
deletion ox44-2 (data not shown).

QCR9 encodes a component of the mitochondrial bc1

complex: Sequence analysis of the QCR9 mRNA re-
vealed that it encodes a 6.6-kD protein that shares exten-
sive similarity throughout the whole sequence with the
smallest protein of the mitochondrial ubiquinol-cyto-
chrome c oxidoreductase complex (bc1 complex) from
bovine (Schagger et al. 1983) and yeast (Phillips et
al. 1990; Figure 4). Drosophila QCR9 is 57 and 36%
identical to bovine and yeast homologs, respectively.
Inspection of the first 15 amino acids of the QCR9 prod-
uct shows features necessary for the protein to be trans-
ported to mitochondria (von Heijne 1986). Indeed,
there is a high content of Arg, Lys, Leu, Ser, and Thr,
while no acidic residues are present.Figure 3.—QCR9 expression pattern in embryogenesis.

(A–C) QCR9 is ubiquitously expressed at early stages of devel-
opment. Uniform expression in the yolk of early stage 5 (A)
and during germ-band extension at stage 9 (B) and stage 11 DISCUSSION
(C) embryos. At stage 13, staining is present in amnioserosa
and in the midgut (D). From the time of dorsal closure and The P-element mutation in the oxen gene was isolated
until the end of embryogenesis, QCR9 transcripts are strongly in a screen for trans-acting modifiers exhibiting a domi-
expressed in the midgut at stage 14 (E), at stage 15 (F), at

nant effect on the white-apricot phenotype. Our and pre-stage 16 (G), and at stage 17 (H) embryos.
viously published data (Castrillon et al. 1993) demon-
strate that the oxen gene is essential for cell viability,
spermatogenesis, and oogenesis. Mutations in the locusof seven unrelated genes, b1-tubulin at 56D (b-tubu-
are haplo insufficient for the expression of a subset oflin), Glucose-6-phosphate dehydrogenase (Zw), a-Glycerol-3-
Drosophila genes, in particular the ABC transporters,phosphate dehydrogenase (aGpdh), rudimentary (r), Alcohol
white, brown, and scarlet. We provide evidence that thedehydrogenase (Adh), ribosomal protein P0 (P0), and ribo-
oxen locus encodes a structural homolog of the smallestsomal protein 49 (rp49), was examined by Northern analy-
subunit of mitochondrial ubiquinol cytochrome c oxido-sis in ox107-2 mutants (Table 3). As a control of normal
reductase (bc1 complex).expression, the ox rev allele was used. The expression of

two genes, aGpdh and P0, is increased in the case of In the course of transcriptional mapping, mRNAs

TABLE 3

Effect of oxen deletion, ox107-2, on gene expression

Gene ox107-2 males ox107-2 females ox rev males ox rev females

rudimentary 0.89 6 0.03* 1.25 6 0.03* 0.98 6 0.06 1.05 6 0.02
Adh 0.90 6 0.02* 0.95 6 0.08 0.91 6 0.02* 0.95 6 0.04
Zw 1.06 6 0.04 1.01 6 0.03 0.90 6 0.11 1.03 6 0.10
aGpdh 1.40 6 0.06* 1.65 6 0.07* 1.07 6 0.11 0.99 6 0.06
b-tubulin 0.93 6 0.09 1.09 6 0.02 1.06 6 0.02 1.03 6 0.03
P0 1.34 6 0.07* 1.22 6 0.04* 1.06 6 0.06 1.04 6 0.02
rp49 1.01 6 0.04 0.98 6 0.05 1.11 6 0.13 1.09 6 0.11

The mean and standard errors were calculated as described in footnotes for Table 1. *Ratios significantly
different from 1 at the 95% confidence level in a t -test.
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Figure 4.—Multiple align-
ment of the amino acid
sequences of Drosophila
QCR9 and subunit 9 ofm

yeast and subunit 11 of bovine bc1 complexes. Amino acids that are identical between QCR9 and one or more of other proteins
are shaded. The alignment was made by use of the computer program MegAlign from DNA STAR.

from five closely arranged genes, tafazzin, HL, QCR9, that deletion of a yeast homolog of Drosophila QCR9
results in a 20-fold reduction of the activity of the bc1DGKε, and aNAC, were identified in the oxen region.

Several lines of evidence indicate that the effects seen complex (Phillips et al. 1990). The generation of QCR9
mutant Drosophila lines provides a tool for examiningin the oxen mutants are due to a lesion in QCR9. First, the

hypomorphic allele ox1, which has a P-element insertion the consequences of the loss of QCR9 in a multicellular
organism. Our data are consistent with the proposedupstream of QCR9, can be reverted by precise excision of

the P element. In addition, Df(2R)vg135, which uncovers indispensability of the yeast homolog in the cell. Flies
homozygous for QCR9 null alleles die as first instar lar-this region, exhibits a similar effect on white-apricot. Sec-

ond, the mutant phenotype is retained whether tafazzin vae. Moreover, no homozygous mutant clones were ob-
served in the eye indicating that the QCR9 is requiredand/or HL sequences are uncovered in various dele-

tions within the region. This excludes both tafazzin and for cell viability. It is possible that the survival of homozy-
gous animals to the first instar larval stage is due toHL as a source for oxen activity. Third, aNAC is upregu-

lated in all three tested oxen mutant alleles; however, a maternal contribution of QCR9 from heterozygous
mothers. However, because of the requirement of theoverexpression of the aNAC transgene does not cause

the mutant phenotype. Neither does it exhibit an effect QCR9 function for oogenesis, the possibility of recov-
ering homozygous individuals from a homozygous fe-on the eye color in a white-apricot background. This

leaves DGKε and QCR9 as possible candidates. Indeed, male germline lineage is eliminated and does not permit
a test of this potential explanation. Oocyte developmentall of the oxen deletions eliminate at least the 59 portion

of both genes. This is confirmed by a Northern analysis, is arrested before vitellogenesis if the germline is de-
pleted of QCR9. Thus, our data suggest that QCR9 is anwhich shows a twofold reduction of DGKε and QCR9

expression in the case of two oxen deletions. Unlike essential gene in Drosophila and its function is required
in every examined organ.the deletions, the P-element insertion in the ox1 allele

preferentially affects the level of QCR9 rather than DGKε Several genes encoding mitochondrial proteins have
been identified in Drosophila (Hayward et al. 1993;transcripts. This difference is most likely due to the fact

that the insertion site is 15 bp upstream of the putative Hartenstein et al. 1997; Iyengar et al. 1999; Zhang et
al. 1999). Interestingly, mutations in three of them re-59 end of QCR9 while the distance to the DGKε 59 end

is 123 bp. Finally, the QCR9 transgene completely res- sult in nervous system defects. The sluggish-A gene en-
codes a mitochondrial proline oxidase involved in pro-cues the eye color phenotype and lethality associated

with the oxen mutations. On the contrary, DGKε trans- line biosynthesis and depletion of its activity causes
locomotory abnormalities (Hayward et al. 1993). Thegenic flies do not show the effect upon the eye color

or reversion of lethality. Taken together, these data indi- tamas gene was isolated in a screen for mutations affect-
ing larval response to light. The tamas product shows acate that QCR9 defines the oxen function.

The predicted product of QCR9 shows a sequence significant similarity to the mitochondrial DNA poly-
merase catalytic subunit (Iyengar et al. 1999). Larvaesimilarity to the smallest subunit of mitochondrial bc1

complex from yeast and bovine. The cytochrome bc1 is homozygous for the colt mutation exhibit a sluggish
response to physical contact. colt encodes a member ofone of the three major respiratory enzyme complexes

residing in the inner mitochondrial membrane. The the mitochondrial carrier family (Hartenstein et al.
1997). It is worth noting that oxen mutant homozygousenzyme oxidizes ubiquinol, which reacts from the mem-

brane phase, reduces cytochrome c in the intermem- larvae show defects similar to colt mutants. This may
indicate that the nervous system is more sensitive tobrane space, and uses the free energy change to trans-

port two protons across the membrane from the matrix perturbations in mitochondrial function, reflecting a
higher energy requirement. Indeed, altered mitochon-to the intermembrane space, and releases two additional

protons there (Saraste 1999). The bovine and yeast dria were found in all cases of hereditary motor and
sensory neuropathy with optic atrophy and in severalbc1 complexes contain 11 and 9 subunits, respectively.

Only 3 subunits carry the redox centers. These key poly- cases in a larger group of unselected neuropathies
(Schroder 1993).peptides are cytochrome b, the Rieske FeS protein and

cytochrome c1 (Saraste 1999). Most of the other sub- Why was oxen isolated in a screen for modifiers of
white gene expression? As mentioned above, white to-units are small proteins and their role is not well under-

stood. Genetic studies in yeast identified those essential gether with brown and scarlet encode ABC transporters.
Yeast mitochondrial ABC transporter ATM1 was pro-for assembling a fully functional complex. It was found
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of the long arm of chromosome one in maize. Genetics 92:posed to be involved in the signaling from the mitochon-
1211–1229.

dria to the cell (Leighton and Schatz 1995), so a Birchler, J. A., 1996 X chromosome dosage compensation in Dro-
sophila. Science 272: 1190–1191.modulation of this gene family is potentially occurring.

Birchler, J. A., and K. J. Newton, 1981 Modulation of proteinThere are a growing number of observations that
levels in chromosomal dosage series of maize: the biochemical

changes in mitochondria and, in particular, in the respi- basis of aneuploid syndromes. Genetics 99: 247–266.
Birchler, J. A., J. C. Hiebert and K. Paigen, 1990 Analysis ofratory chain are followed by alterations in nuclear gene

autosomal dosage compensation involving the alcohol dehydro-expression. This retrograde regulation has been hypoth-
genase locus in Drosophila melanogaster. Genetics 124: 679–686.

esized to be a general mechanism for the cell to monitor Birchler, J. A., U. Bhadra, L. Rabinow, R. Linsk and A. T. Nguyen-
Huynh, 1994 Weakener of white (Wow), a gene that modifies theand adjust its functions in response to perturbations in
expression of the white eye color locus and that suppresses posi-mitochondrial biogenesis (Parikh et al. 1987; for review,
tion effect variegation in Drosophila melanogaster. Genetics 137:

see Poyton and McEwen 1996). One of the best-stud- 1057–1070.
Brand, A., and N. Perrimon, 1993 Targeted gene expression as aied examples of retrograde regulation is the induction

means of altering cell fates and generating dominant phenotypes.of the peroxisomal isoform of citrate synthase, CIT2, in
Development 118: 401–415.

cells with dysfunctional mitochondria (Liao et al. 1991). Castrillon, D. H., P. Gonczy, S. Alexander, R. Rawson, C. G.
Eberhart et al., 1993 Toward a molecular genetic analysis ofRemarkably, CIT2 induction was observed after addition
spermatogenesis in Drosophila melanogaster : characterization ofof antimycin A, which inhibits the respiratory chain
male-sterile mutants generated by single P element mutagenesis.

(Liao et al. 1991). Given an absolute requirement of Genetics 135: 489–505.
Chou, T.-B., and N. Perrimon, 1996 The autosomal FLP-DFS tech-yeast QCR9 for assembling a functional bc1 complex and

nique for generating germline mosaics in Drosophila melanogaster.cell lethality caused by the loss of QCR9 in yeast and
Genetics 144: 1673–1679.

Drosophila, it is likely that mitochondrial respiratory Croop, J. M., 1998 Evolutionary relationships among ABC transport-
ers. Methods Enzymol. 292: 101–116.functions are compromised in oxen mutants. Although

Devlin, R. H., D. G. Holm and T. A. Grigliatti, 1982 Autosomalthere is increasing evidence in favor of retrograde
dosage compensation in Drosophila melanogaster strains trisomic

regulation, the molecular mechanism underlying this for the left arm of chromosome 2. Proc. Natl. Acad. Sci. USA 79:
1200–1204.phenomenon remains largely unknown. Because the

Dreesen, T. D., D. H. Johnson and S. Henikoff, 1988 The brownchanges in gene expression occur when the oxen muta-
protein of Drosophila melanogaster is similiar to the white protein

tion is heterozygous, it is likely that mitochondrial per- and to components of active transport complexes. Mol. Cell. Biol.
8: 5206–5215.turbations contribute to aneuploid syndromes. The oxen

Ewart, G. D., and A. J. Howells, 1998 ABC transporters involvedmutational effects provide additional evidence for the
in transport of eye pigment precursors in Drosophila melanogaster.

existence of signal communication between mitochon- Methods Enzymol. 292: 213–324.
Frolov, M. V., E. V. Benevolenskaya and J. A. Birchler, 1998 Re-drial and nuclear genomes and provide a model genetic

gena (Rga), a Drosophila homolog of the global negative transcrip-system in a multicellular organism to study this phenom-
tional regulator CDC36 (NOT2) from yeast, modifies gene expres-

enon. sion and suppresses position effect variegation. Genetics 148:
317–329.We are grateful to the Indiana University Drosophila Stock Center

Guo, M., and J. A. Birchler, 1994 Trans-acting dosage effects onfor providing fly strains, Daniel Hartl for the P1 clone, Maria Nurmin-
the expression of model gene systems in maize aneuploids. Sci-

skaya and Dmitry Nurminskii for help with the RACE, Steve Wasser- ence 266: 1999–2002.
man for sharing the results regarding the ox1 allele, and Norbert Hartenstein, K., P. Sinha, A. Mishra, H. Schenkel, I. Török et al.,
Perrimon and Walter Gehring for transformation vectors. Special 1997 The congested-like tracheae gene of Drosophila melanogaster
thanks to Kathy Newton, Olga Karpova, Eugene Kuzmin, and members encodes a member of the mitochondrial carrier family required

for gas-filling of the tracheal system and expansion of the wingsof the Birchler lab for discussion and critical comments. This study
after eclosion. Genetics 147: 1755–1768.was supported by a National Science Foundation grant to J.A.B. M.V.F.

Hartl, D. L., D. I. Nurminsky, R. W. Jones and E. R. Lozovskaya,was partially supported by a postdoctoral fellowship from the Molecu-
1994 Genome structure and evolution in Drosophila: applica-lar Biology Program at the University of Missouri-Columbia. The acces-
tions of the framework P1 map. Proc. Natl. Acad. Sci. USA 91:sion number of the sequence reported here is AF017783.
6824–6829.

Hayward, D. C., S. J. Delaney, H. D. Campbell, A. Ghysen, S.
Benzer et al., 1993 The sluggish-A gene of Drosophila melanogaster
is expressed in the nervous system and encodes proline oxidase,LITERATURE CITED
a mitochondrial enzyme involved in glutamate biosynthesis. Proc.
Natl. Acad. Sci. USA 90: 2979–2983.Benevolenskaya, E. V., M. V. Frolov and J. A. Birchler, 1998 The

sugarless mutation affects the expression of the white eye color Hazelrigg, T., 1987 The Drosophila white gene: a molecular up-
date. Trends Genet. 3: 43–47.gene in Drosophila melanogaster. Mol. Gen. Genet. 260: 131–143.

Bhadra, U., M. Pal-Bhadra and J. A. Birchler, 1997a A sex-influ- Iyengar, B., J. Roote and A. R. Campos, 1999 The tamas gene,
identified as a mutation that disrupts larval behavior in Drosophilaenced modifier in Drosophila that affects a broad spectrum of

target loci including the histone repeats. Genetics 146: 903–917. melanogaster, codes for the mitochondrial DNA polymerase cata-
lytic subunit (DNApol-g125). Genetics 153: 1809–1824.Bhadra, U., M. Pal-Bhadra and J. A. Birchler, 1997b A trans-

acting modifier causing extensive overexpression of genes in Leighton, J., and G. Schatz, 1995 An ABC transporter in the mito-
chondrial inner membrane is required for normal growth ofDrosophila melanogaster. Mol. Gen. Genet. 254: 621–634.

Bingham, P. M., and B. H. Judd, 1981 A copy of the copia transpos- yeast. EMBO J. 14: 188–195.
Liao, X., W. C. Small, P. A. Srere and R. A. Butow, 1991 Intramito-able element is very tightly linked to the w a allele at the white

locus of D. melanogaster. Cell 25: 705–711. chondrial functions regulate nonmitochondrial citrate synthase
(CIT2) expression in Saccharomyces cerevisiae. Mol. Cell. Biol. 11:Bione, S., P. D’Adamo, E. Maestrini, A. K. Gedeon, P. A. Bolhuis

et al., 1996 A novel X-linked gene, G4.5. is responsible for Barth 38–46.
Lindsley, D. L., and G. Zimm, 1992 The Genome of Drosophila melano-syndrome. Nat. Genet. 12: 385–389.

Birchler, J. A., 1979 A study of enzyme activities in a dosage series gaster. Academic Press, New York.



1736 M. V. Frolov, E. V. Benevolenskaya and J. A. Birchler

Parikh, V. S., M. M. Morgan, R. Scott, L. S. Clements and R. A. P-elements into Drosophila germline chromosomes. Science 218:
341–347.Butow, 1987 The mitochondrial genotype can influence nu-

clear gene expression in yeast. Science 235: 576–580. Strathmann, M., B. A. Hamilton, C. A. Mayeda, M. I. Simon, E. M.
Meyerowitz et al., 1991 Transposon-facilitated DNA sequenc-Phillips, J. D., M. E. Schmitt, T. A. Brown and B. L. Trumpower,

1990 Isolation and characterization of QCR9, a nuclear gene ing. Proc. Natl. Acad. Sci. USA 88: 1247–1250.
Tautz, D., and C. Pfeifle, 1989 A non-radioactive in situ hybridiza-encoding the 7.3-kDa subunit 9 of the Saccharomyces cerevisiae

ubiquinol-cytochrome c oxidoreductase complex. J. Biol. Chem. tion method for the localization of specific RNAs in Drosophila
embryos reveals translational control of the segmentation gene265: 20813–20821.

Poyton, R. O., and J. E. McEwen, 1996 Crosstalk between nuclear hunchback. Chromosoma 98: 81–85.
Tearle, R. G., J. M. Belote, M. McKeown, B. S. Baker and A. J.and mitochondrial genomes. Annu. Rev. Biochem. 65: 563–607.

Robertson, H. M., C. R. Preston, R. W. Phillis, D. Jonson-Schultz, Howells, 1989 Cloning and characterization of the scarlet gene
of Drosophila melanogaster. Genetics 122: 595–606.W. K. Benz et al., 1988 A stable source of P-element transposase

in Drosophila melanogaster. Genetics 118: 461–470. von Heijne, G., 1986 Mitochondrial targeting sequences may form
amphiphilic helices. EMBO J. 5: 1335–1342.Sambrook J., E. F. Fritch and T. Maniatis, 1989 Molecular Cloning:

A Laboratory Manual, Ed. 2. Cold Spring Harbor Laboratory Press, Xu, T., and S. D. Harrison, 1994 Mosaic analysis using FLP recombi-
nase, pp. 655–681 in Methods in Cell Biology, edited by L. S. B.Cold Spring Harbor, NY.

Saraste, M., 1999 Oxidative phosphorylation at the fin de siècle. Goldstein and E. A. Fyrberg. Academic Press, San Diego.
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