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Mutations in the Drosophila gene drop-dead (drd) result in 
early adult lethality and neurodegeneration, but the molecular 
identity of the drd gene and its mechanism of action are not 
known. This paper describes the characterization of a new X-
linked recessive adult-lethal mutation, originally called lot’s wife 
(lwf1) but subsequently identified as an allele of drd (drdlwf); drdlwf 
mutants die within two weeks of eclosion. Through mapping and 
complementation, the drd gene has been identified as CG33968, 
which encodes a putative integral membrane protein of unknown 
function. The drdlwf allele is associated with a nonsense mutation 
that eliminates nearly 80% of the CG33968 gene product; muta-
tions in the same gene were also found in two previously described 
drd alleles. Characterization of drdlwf flies revealed additional 
phenotypes of drd, most notably, defects in food processing by the 
digestive system and in oogenesis. Mutant flies store significantly 
more food in their crops and defecate less than wild-type flies, 
suggesting that normal transfer of ingested food from the crop into 
the midgut is dependent upon the DRD gene product. The defect 
in oogenesis results in the sterility of homozygous mutant females 
and is associated with a reduction in the number of vitellogenic egg 
chambers. The disruption in vitellogenesis is far more severe than 
that seen in starved flies and so is unlikely to be a secondary conse-
quence of the digestive phenotype. This study demonstrates that 
mutation of the drd gene CG33968 results in a complex phenotype 
affecting multiple physiological systems within the fly.

Introduction

Over the last four decades, the use of Drosophila as a model 
organism has expanded dramatically to include many aspects of 
behavior and physiology previously thought inaccessible to genetic 
analysis. The pioneering work in this area by Benzer and colleagues 
included the isolation of neurodegeneration mutants, beginning 
with drd.1 Mutations in this gene cause an adult lethal phenotype, 
with flies dying within the first two weeks after eclosion, and death 

is accompanied by gross degeneration in the brain. Since this first 
report, a number of Drosophila neurodegeneration mutants have 
been characterized, including several with phenotypes similar to 
human diseases.2 While the original neurodegeneration mutant drd 
was subsequently reported to affect glial morphology,3 its molecular 
identity and mechanism of action remain unclear.

In the current work, several additional phenotypes of drd are 
described, including defects in oogenesis and, most uniquely, in the 
transit of food from the crop into the midgut. The crop is a blind-
ended muscular food storage organ that connects to the esophagus 
via the crop duct;4 contractions of the crop musculature force the 
stored food up the crop duct and through the stomodaeal valve into 
the midgut, where digestion and nutrient absorption occur.4,5 The 
frequency of crop contractions can be modulated by several different 
neuropeptides;6-10 however, the control of digestive physiology in the 
intact adult fly is largely uncharacterized, and, excluding the current 
work, no mutants have been reported that disrupt food transit 
through the gut.

The cloning of the drd gene is also reported here. The drd gene is a 
member of a large (17 genes in Drosophila) gene family that, though 
it had been previously identified on the basis of common protein 
domains, has been almost completely uncharacterized. Interestingly, 
related genes in C. elegans have been identified as being important 
for certain actions of the antidepressant drug fluoxetine. The linkage 
of novel neurodegenerative and digestive phenotypes to a member 
of this gene family will aid in the ultimate determination of these 
proteins’ biological functions, both in Drosophila and other species.

Results

The mutant line described in this work was originally isolated in 
a screen for X-chromosome mutations that cause sensitivity of adult 
Drosophila to dietary salt, although, as will be described, the line is 
not salt sensitive. Canton S males were treated with EMS and mated 
with attached-X females. A total of 399 F1 lines were screened for 
survival on food prepared with 0.4 M NaCl, which is tolerated by 
wild-type flies.11 For any line displaying significant lethality after 
seven days on the food, sub-lines were established from individual 
F2 males to remove potential mosaicism and the sub-lines were 
re-screened. From this screen, a single line was identified which 
showed an extremely short adult lifespan (median survival 4 days 
post-eclosion); this lethality was not dependent upon the presence 
of salt in the food as it was also observed on cornmeal-molasses-
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yeast food and instant fly food prepared with water (data not 
shown). The mutation in this line is X-linked and recessive, causing 
the rapid death of both hemizygous males and homozygous females 
(Fig. 1), while heterozygous females are fully viable (data not 
shown). Because of the original purpose of the screen, the mutated 
gene was named lot’s wife (lwf) and the allele was named lwf1; these 
names were used in a preliminary report12 and incorporated into 
FlyBase.13 However, as detailed below, lwf1 was subsequently found 
to be allelic to the previously described mutant drd and will there-
fore be termed drdlwf.

In addition to being extremely short-lived, drdlwf flies display 
abnormal digestive function. Mutant flies frequently have a “bloated” 
appearance; this is due to the accumulation of large amounts of 
liquid in the crop. Measuring the volume of the crop contents 

showed a significant effect of the mutation, with drdlwf males having 
more than a 4-fold increase in crop volume compared with wild-
type males (p = 0.01, unpaired t-test) and homozygous females 
having a nearly three-fold increase compared with heterozygotes 
(p = 0.04) (Fig. 2A, groups 8 and 2, respectively). These differences 
were significant despite an extremely high degree of variability in 
the crop volumes of the mutant flies, with 4/20 males and 5/21 
homozygous females having crop volumes below 5 nL (see below). 
This digestive phenotype is not restricted to the crop; mutant flies 
also show a significantly reduced rate of defecation. Figure 2B shows 
the number of fecal spots produced by pairs of wild-type and drdlwf 
males during the first and second days post-eclosion. As is clear from 
the figure, defecation rate in the mutants is profoundly lower on both 
days (p = 0.007, day 1, and p = 0.0001, day 2, unpaired t-test). No 

Figure 1. Effect of drd alleles on male (A) and female (B) adult survival. P0-1 flies were placed in vials in groups of 1–28 flies and monitored daily. The 
median survival of each genotype is indicated in parentheses. n = 50–83 flies/genotype.

Figure 2. Effect of drd alleles on gut function. (A) Effect of drd alleles on crop volume. Groups of P0 flies were placed on instant food prepared with 0.5% 
acid blue 9 for 43–47 hours and their crop volumes measured. Genotypes: (1) Canton S females; (2) drdlwf/drdlwf experimental and drdlwf/FM7a control; 
(3) CG33968CB6275-3/CG33968CB6275-3; (4) drdlwf/CG33968CB6275-3 experimental and CG33968CB6275-3/FM7a control; (5) drd1/drd1 experimental 
and drd1/FM7c control; (6) drdlwf/drd1 experimental and drd1/FM7a control; (7) drd1/CG33968CB6275-3 experimental and CG33968CB6275-3/FM7c 
control; (8) drdlwf males experimental and Canton S males control. Error bars represent SEM. n = 9–21 flies/genotype. Sibling genotypes were compared 
by unpaired t-tests as described in the methods. *p < 0.05; **p < 0.003; ***p < 0.001; ****p < 0.0001. (B) effect of drdlwf on defecation rate. Pairs of 
flies of the same genotype were placed on blue food and the number of fecal spots produced during the first and second days post-eclosion were counted. 
p = 0.007 (day 1) and 0.0001 (day 2) (Student’s t-test), n = 7–8 vials on day 1, 11–12 vials on day 2, error bars represent SEM.
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 accumulation of food is observed in any portions of the gut other 
than the crop (data not shown). Thus the increased storage of food 
in the crops of mutant flies occurs at the expense of the movement 
of food through the remainder of the gut.

The lethality resulting from drdlwf appears to be confined to adult 
flies. No gross abnormalities were observed in either the survival of 
mutants through pre-adult development or the timing of such devel-
opment (data not shown). It was observed, however, that mutant 
adults are smaller than wild-type flies. As shown in Figure 3 (groups 
8 and 2), the mean mass on the day of eclosion of drdlwf males and 
homozygous females was 25–30% smaller than wild-type males and 
heterozygous females, respectively (p = 0.0004 for males and 0.001 
for females, unpaired t-test).

A final phenotype of the drdlwf mutation is female sterility. 
While mutant males are fertile, I observed very few eggs and no 
larvae in crosses with homozygous females. To determine whether 
this phenotype is a result of some defect in oogenesis, ovaries of 
drdlwf homozygotes and heterozygotes were dissected and exam-
ined. Dissection of the ovaries revealed that homozygotes contained 
significantly fewer egg chambers that had undergone vitellogenesis 
compared with heterozygotes (p < 0.0001, unpaired t-test); indeed, 
mutant flies, on average, had less than one yolk-containing egg 
chamber in each ovary (Fig. 4, group 2). It has previously been 
shown that subjecting female Drosophila to physiological stressors, 
including starvation, inhibits oogenesis by promoting apoptosis of 
the oocyte at stage 8, which corresponds to the beginning of vitel-
logenesis.14-16 I hypothesized that if the mutant flies were starving 
due to the food-processing phenotype described above, the female 
sterility of drdlwf mutants could be a secondary consequence of that 

starvation. To test this possibility, drdlwf heterozygotes were starved 
by moving pupae to vials containing only 1% agarose, as a water 
source. The day after eclosion, flies were dissected and the number of 
yolk-containing egg chambers counted. As shown in Figure 4 (group 
2), starvation did result in a significant disruption of oogenesis 
(unpaired t-test, p = 0.002); however, this disruption was not nearly 
as severe as that observed in the drdlwf homozygotes (p < 0.0001).

Cloning of drdlwf. In order to determine the location of drdlwf on 
the X chromosome, meiotic recombination mapping was performed 
with increasingly closely-spaced markers, resulting in a determina-
tion that the mutation lay roughly midway between the genes garnet 
(g, map position 1–44.4, cytologic band 12B4) and scalloped (sd, 
1–51.5, 13F) at a map position of 1–46.5 to 1–47.0. Ten different 
chromosomal deficiencies from this region (Fig. 5A) were tested for 
complementation with drdlwf, but none of them uncovered the lethal 
phenotype in trans-heterozygous females (data not shown). Based 
on the breakpoints of these deficiencies, not all of which have been 
precisely defined,13 I identified three potential gaps in the coverage 
(Fig. 5A). The most distal of these gaps, between Df(1)ED7294 and 
Df(1)RK4, seemed the most likely location for drdlwf based on the 
recombination map position. The proximal edge of this gap was 
defined precisely by the distal breakpoint of Df(1)ED7294, while 
the distal extent of the gap was unknown due to uncertainty about 
the proximal breakpoint of Df(1)RK4; therefore, I focused initially 
on the most proximal genes in the gap. The first of these is the 
ribosomal gene RpL37a. Mutation of ribosomal genes results in a 
dominant Minute phenotype characterized by poor overall viability 
and short, thin bristles;17 because the recessive drdlwf phenotype does 
not appear to be a Minute mutation, RpL37a was not examined 
further. The next gene, CG33968, consists of nine exons and encodes 

Figure 3. Effect of drd alleles on body mass. Groups of P0 flies were 
weighed and the average mass per fly calculated. Genotypes: (1) Canton 
S females; (2) drdlwf/drdlwf experimental and drdlwf/FM7a control; (3) 
CG33968CB6275-3/CG33968CB6275-3; (4) drdlwf/CG33968CB6275-3 exper-
imental and CG33968CB6275-3/FM7a control; (5) drd1/drd1 experimental 
and drd1/FM7c control; (6) drdlwf/drd1 experimental and drd1/FM7a 
control; (7) drd1/CG33968CB6275-3 experimental and CG33968CB6275-3/
FM7c control; (8) drdlwf males experimental and Canton S males control. 
Error bars represent SEM. n = 5–7 measurements composed of 29–49 
total flies/genotype. Sibling genotypes were compared by unpaired t-tests 
as described in the methods. *p < 0.05; **p < 0.003; ***p < 0.001; 
****p < 0.0001.

Figure 4. Effect of drd alleles on oogenesis. Counts of vitellogenic egg 
chambers from P1 females of various genotypes are shown. Genotypes: 
(1) Canton S; (2) drdlwf/drdlwf experimental and drdlwf/FM7a control; (3) 
CG33968CB6275-3/CG33968CB6275-3; (4) drdlwf/CG33968CB6275-3 experi-
mental and CG33968CB6275-3/FM7a control; (5) drd1/drd1 experimental 
and drd1/FM7c control; (6) drdlwf/drd1 experimental and drd1/FM7a 
control; (7) drd1/CG33968CB6275-3 experimental and CG33968CB6275-3/
FM7c control. Error bars represent SEM. n = 8–15 flies/genotype. Sibling 
genotypes were compared by unpaired t-tests as described in the methods. 
*p < 0.05; **p < 0.003; ***p < 0.001; ****p < 0.0001.
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an 827-amino acid protein with multiple predicted transmembrane 
domains (Fig. 5B and C). Sequencing of the exons of this gene 
revealed an A to T transversion in exon 3, which converts the codon 
for lysine-181 (AAA) to a stop codon (TAA) (Fig. 5C). Additional 
sequencing showed the presence of this mutation in the genomes 
of all five drdlwf males tested but none of three Canton S males. 
Quantitative real-time RT-PCR showed a significant decrease in 
the level of CG33968 mRNA in both drdlwf males and homozygous 
females (Fig. 6), consistent with the nonsense-mediated transcript 
decay that would be predicted to result from the mutation.18

To support more fully the identification of CG33968 as the 
location of the drdlwf mutation, flies carrying CG33968CB6275-3, in 
which a P-element transposon is inserted five bases upstream of the 
predicted transcriptional start site,13 were examined. Neither hemizy-
gous males nor homozygous females carrying the insertion showed 
any decreased viability during the first week of adult life (data not 
shown); furthermore, homozygous females were fertile and did not 
differ significantly from wild-type in crop volume (Fig. 2A, groups 
1 and 3) or body mass (Fig. 3, groups 1 and 3) and had slightly 

more vitellogenic egg chambers (Fig. 4, groups 1 and 3). However, 
trans-heterozygous CG33968CB6275-3/drdlwf females did display an 
adult-lethal phenotype, although it was not as severe as that of 
drdlwf homozygotes (Fig. 1, Mantel-Haenszel test, p = 0.0002), and 
had significantly higher crop volumes then their CG33968CB6275-3/
FM7a siblings (Fig. 2A group 4, p = 0.003). In contrast to drdlwf 
homozygotes, however, CG33968CB6275-3/drdlwf females did not 
have a lower body mass then their siblings (Fig. 3 group 4) and were 
fertile, although they did show a small reduction in the number of 
vitellogenic egg chambers (Fig. 4 group 4, p = 0.03). The failure 
of CG33968CB6275-3 to complement drdlwf in both adult viability 
and crop volume provides strong evidence that the two mutations 
lay in the same gene. The milder phenotype of the transheterozy-
gotes suggests that the insertion mutant is a hypomorph, although 
interestingly, measurement of CG33968 mRNA levels by real-time 
RT-PCR shows levels of transcript in CG33968CB6275-3 males and 
females approximately double that of Canton S (Fig. 6). Expression 
of CG33968 in CG33968CB6275-3/drdlwf females was not different 
from that observed in Canton S (Fig. 6).

If the adult lethal phenotype of drdlwf were due to the mutation 
of CG33968, then one would predict that disruption of CG33968 
by imprecise excision of the CG33968CB6275-3 transposon would 
also result in an adult lethal phenotype. To test this, I mobilized 
the P-element in this line and screened the resulting w- progeny for 
adult lethality. 33% (27/81) of the w- progeny died within seven days 
of eclosion. The survival curves of lines from two of these flies are 
shown in Figure 1. Both lines are adult lethal, but neither is as severe 
as drdlwf (Mantel-Haenszel test, drdlwf vs. CG33968G3, p < 0.0001; 
drdlwf vs. CG33968W3, p = 0.002). Molecular analysis revealed that 
the milder CG33968G3 allele was associated with a 40 bp insertion at 
the CG33968CB6275-3 site just upstream of the transcriptional start, 
while CG33968W3 contains a 1774 bp deletion to the right of the 
original insertion site that removes the entire first exon and part of 
the first intron (Fig. 5C).

The phenotypes and map position of the drdlwf allele and 
molecular characteristics of the associated CG33968 gene are 
strongly reminiscent of the previously identified neurodegeneration-
linked gene drd. Mutants in this gene were isolated by Benzer and 
co-workers as adult-onset lethals; drd mutants die within two weeks 
of eclosion and exhibit defects in glial morphology, profound brain 
degeneration, female sterility and premature expression of aging 
markers.1,3,19 According to preliminary reports, drd maps to cyto-
logic position 13A/B and was identified as a gene that encoded a 
protein of 825 amino acids with multiple predicted transmembrane 
domains.20 To determine whether the mutant line that I isolated was 
an allele of drd, I obtained three previously described alleles: drd1, 
In(1)drdx1 and drdx4. As shown in Figure 1, all three alleles caused 
a severe adult-lethal phenotype in both males and homozygous 
females. The drd1 allele was chosen for complementation studies as 
the survival of females homozygous for this allele was significantly 
shorter than for In(1)drdx1 (Mantel-Haenszel test, p < 0.0001) and 
drdx4 (p = 0.001). Compared with their heterozygous siblings, drd1 
homozygotes also had lower body mass (Fig. 3 group 5, p < 0.0001), 
were sterile, and contained fewer vitellogenic egg chambers (Fig. 4 
group 5, p < 0.0001), although the latter phenotype was not as 
severe as in drdlwf homozygotes. Mean crop volume did not differ 
significantly between homozygotes and heterozygotes (Fig. 2A 

Figure 5. (A) mapping of drdlwf. The region of the X chromosome between 
g and sd is shown, along with the known (black) and uncertain (gray) 
extent of the deficiencies that failed to uncover drdlwf. Possible gaps in the 
deficiency coverage are shown as open boxes. (B) hydrophobicity profile of 
the CG33968 gene product, showing multiple hydrophobic domains. Plot 
was generated on the ExPASy server38 using the Kyte & Doolittle scale.39 (C) 
schematic of the CG33968 gene indicating the nine exons, the translational 
start and termination sites (vertical lines), the position of the drdlwf point muta-
tion, CG33968CB6275-3 insertion and proximal breakpoint of the In(1)drdx1 
inversion (arrows), and the drdx4 and CG33968W3 deletions (open boxes). 
Not shown is the CG33968G3 mutation, which is an insertion of 40 bp of 
residual transposon sequence at the CG33968CB6275-3 site. Approximately 
12 kb of genomic DNA is shown.
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group 5, p = 0.14); however, the crop volumes from homozygotes 
did show a significantly higher variance (F-test, p < 0.0001). Just as 
with the drdlwf homozygotes, many drd1 homozygotes had empty 
crops and appeared to be extremely unhealthy, even at just two days 
post-eclosion.

Crossing of drdlwf with drd1 revealed a failure of the latter allele to 
complement any of the phenotypes of the former. Transheterozygous 
drdlwf/drd1 females were short-lived (Fig. 1) and sterile and had 
significantly higher crop volumes (Fig. 2A group 6, p = 0.0009), 
smaller body mass (Fig. 3 group 6, p = 0.0009) and fewer vitellogenic 
egg chambers (Fig. 4 group 6, p = 0.0003) than their drd1/FM7a 
siblings. Furthermore, drd1 showed essentially the same pattern of 
complementation with CG33968CB6275-3 as did drdlwf; compared 
to their siblings, CG33968CB6275-3/drd1 females had normal body 
mass (Fig. 3 group 7, p = 0.87) and numbers of vitellogenic egg 
chambers (Fig. 4 group 7, p = 0.10) and were fertile but were also 
short-lived (Fig. 1) and had elevated crop volumes (Fig. 2A group 7, 
p = 0.0001). It is notable that the crop volumes of the three tran-
sheterozygous genotypes—drdlwf/drd1, CG33968CB6275-3/drdlwf and 
CG33968CB6275-3/drd1—were more consistently elevated than those 
of the parental lines, which might result from the outcrossed flies 
being healthier during the first few days of adult life.

Finally, to determine whether the three previously characterized 
drd alleles were associated with molecular lesions in the CG33968 
gene, I examined the gene by PCR and sequencing from genomic 
DNA prepared from males carrying the three drd alleles—drd1, In(1)
drdx1 and drdx4. A large inversion was found in In(1)drdx1 with a 
proximal breakpoint in exon 1 of CG33968, between codons 73 and 
74 (Fig. 5C), and a distal breakpoint 6.4 Mb away in the second 
intron of the gene CG11284. The CG33968 gene in drdx4 contains 
a 453 bp deletion which eliminates parts of exons 5 and 6 and all 
of intron 5 and is predicted to result in the production of a severely 
truncated protein (533 amino acids, diverging from the wild-type 
sequence after position 445). The mutation in the EMS allele 

drd1 was not discovered. Sequencing of the entire coding sequence 
revealed only one polymorphism that would cause a change in the 
protein sequence from that published in FlyBase: a C to G transver-
sion that would change Ser-61 (AGC) to Arg (AGG). However, this 
same polymorphism was also found in In(1)drdx1 and in a wild-type 
line from the Benzer lab and so cannot be the drd1 mutation.

Discussion

In this work I report the identification of CG33968 as the drd 
gene. Benzer and colleagues originally isolated several drd alleles 
based on their adult-lethal phenotype; adult mutant flies appear 
normal at first, but at some point during the first two weeks post-
eclosion each fly begins to exhibit uncoordinated behavior and dies 
soon afterwards.1,3,21 Subsequent work highlighted the importance 
of the brain in this lethality. At the time that the behavioral abnor-
malities are observed, the brains of mutant flies show significant 
signs of neurodegeneration.1 Glia in drd mutant brains also appear 
to be abnormal—specifically, the glia appear morphologically 
immature—and this glial phenotype can be seen well before any 
behavioral changes or neurodegeneration manifest themselves.3 
Using mosaic flies, Hotta and Benzer identified the head as the locus 
for the death and neurodegeneration phenotypes.21 Furthermore, 
they found that flies in which only one side of the head was mutant 
were phenotypically normal; this observation of non-cell autono-
mous behavior led to the suggestion that drd is necessary for the 
production or secretion of a factor that is normally required for 
neuronal survival. Finally, it has been observed that the expression 
of several molecular markers of aging is accelerated in drd mutants 
in proportion to their decreased lifespan.19

The conclusion that drdlwf and the “classical” allele drd1 are allelic 
and are mutations in the CG33968 gene is based on the comple-
mentation and molecular data presented above. Transheterozygous 
drdlwf/drd1 females show the full array of phenotypes observed in 
each parental line, including adult lethality, bloated crop, small 

Figure 6. Effects of drdlwf and CG33968CB6275-3 on CG33968 transcript levels. Quantitative real-time RT-PCR was performed on whole-fly cDNA from males 
(A) and females (B) as described in the methods. The mean SEM from triplicate reactions is shown. Genotypes were compared using a 1-way ANOVA and 
Tukey’s post-hoc test. *: significantly different from all other genotypes, p < 0.01 vs. drdlwf/FM7a and drdlwf/CG33968CB6275-3, p < 0.001 vs. Canton S 
and CG33968CB6275-3 homozygotes. **: significantly different from all other genotypes, p < 0.001.
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body mass, sterility and reduced oogenesis, demonstrating that the 
two mutations are alleles of the same gene. Further evidence of this 
allelism is that both show that same pattern of complementation 
when crossed with CG33968CB6275-3: adult lethality and bloated 
crops but fertility and normal body mass.

Do the aforementioned complementation data also prove that 
CG33968 is the drd gene? Taken alone, they are not definitive, as 
it might be possible that a “second hit” on the CG33968CB6275-3 
chromosome could cause lethality and bloated crops when over a 
drd allele. However, I have also shown that excision of the P-element 
from this line generates adult-lethal flies at high frequency, and 
two such lines with very different molecular lesions also have very 
different survival curves. This result is not easily explained by a 
second hit on the chromosome. Furthermore, while the mutation in 
drd1 has not yet been identified, I have found mutations in CG33968 
not only in drdlwf but also in In(1)drdx1 and drdx4. Taken as a whole, 
my data support the conclusion that CG33968 is drd.

The phenotypes associated with the CG33968CB6275-3 insertion 
merit some additional comments. By itself, this insertion appears 
to have no phenotype compared with Canton S, although direct 
comparison of these two stocks is complicated by their having 
different genetic backgrounds, but the insertion does cause some 
phenotypes when placed over a more severe drd allele. These obser-
vations would be consistent with the insertion being a hypomorph. 
Surprisingly, however, quantitative RT-PCR showed a two-fold 
increase in CG33968 expression associated with the insertion. The 
simplest interpretation of this result is that the CG33968CB6275-3 
insertion alters the expression pattern of CG33968, reducing expres-
sion in tissues where the gene is required for viability and digestive 
function and increasing expression elsewhere. Consistent with this, 
Figure 6 shows that CG33968CB6275-3/drdlwf females have normal 
overall levels of CG33968 mRNA while still showing some drd 
phenotypes.

As shown in Figure 5B, the drd gene CG33968 encodes a protein 
with multiple hydrophobic stretches that is likely to be an integral 
membrane protein. Database searches indicate that this gene belongs 
to a family, known as the NRF family (see following paragraph for 
the origin of this name), which contains 17 members in Drosophila 
and 19 members in C. elegans but only a single homolog in each 
vertebrate species examined, including humans. Figure 7 shows 
a phylogenetic tree displaying the relationships among the 17 
Drosophila genes, two of the C. elegans genes described below, and 
some of the vertebrate genes. Proteins in this family all contain two 
recognizable domains: in the N-terminal half of the protein there 
appears a NRF repeat, a cysteine-rich protein domain of unknown 
function,22 and the C-terminal half of the protein contains a domain 
that is related to bacterial integral membrane acyl transferases.22,23 
The possibility that eukaryotic NRF-domain proteins function as 
acyl transferases has not been tested experimentally. In additional to 
the genes shown in Figure 7, the Drosophila genome contains two 
related genes, CG4576 and CG9447, that include the acyl transferase 
region but lack the NRF domain.

The eukaryotic NRF-domain gene family was first identified in C. 
elegans in a genetic screen for mutations that cause resistance to the 
antidepressant serotonin reuptake inhibitor fluoxetine.24 Treatment 
of C. elegans with fluoxetine induces a contraction of the nose 
muscles that is not dependent upon the presence of serotonin. Seven 

Figure 7. The NRF-domain protein family. The tree was generated from a 
multiple alignment (Vector NTI) of DRD and the 16 other Drosophila NRF-
domain proteins, the products of the C. elegans genes nrf-6 and ndg-4, and 
the NRF domain proteins from Canis familiaris (XP_852671), Mus musculus 
(NP_796002) and Macaca mulatta (XP_001089574). For this analysis, 
the products of the adjacent genes CG14343, which encodes a short NRF-
domain containing protein, and CG5156, which encodes an acyl transfer-
ase domain containing protein, were concatenated under the assumption 
that they are actually parts of the same gene. There are currently no EST 
or cDNA sequences listed in FlyBase that would either support or oppose 
merging the two genes.13

nrf (nose resistant to fluoxetine) genes were found in the screen. Two 
of these genes, nrf-6 and ndg-4, are members of the NRF-domain 
family (Fig. 7), and their expression in the intestine is required for 
a normal response to fluoxetine.25 Interestingly, mutation of either 
nrf-6 or ndg-4 also disrupts the accumulation of yolk into the eggs.25 
Because yolk is synthesized in the intestine in this species and then 
transported into the eggs, it has been speculated that the NRF 
proteins might act as transporters, but there is not yet any direct 
experimental evidence to support this hypothesis.

Apart from drd, no mutant phenotypes of any of the 17 Drosophila 
NRF genes have been reported. The only characterization of genes in 
this family comes from a study of changes in larval gene expression 
following starvation or feeding on a sugar-only diet.26 The expression 
of 8 of 14 NRF genes represented on the microarray showed signifi-
cant dependence upon the nutritional state of the larvae, although 
the precise dependence was not consistent among the 8 genes. The 
drd gene was not represented on the microarray. One NRF-domain 
gene, CG14205, was the most highly regulated of all genes that 
responded to sugar but not to starvation; a four hour treatment 
of larvae with 20% sucrose caused a 20-fold increase in CG14205 
expression. In situ hybridization showed expression of the gene in 
several parts of the larval gut following sugar feeding.

I have described a new allele of drd, drdlwf, which is likely to be a 
null allele as the predicted protein is severely truncated by a nonsense 
mutation. The new allele has been used to characterize several 
additional drd phenotypes, including small body size and defects 
in digestion and oogenesis. Some of these phenotypes—small body 
size and female sterility—have been briefly mentioned in previous 
work but not described in detail.3 The digestive defect is the most 
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intriguing of these phenotypes because no other Drosophila muta-
tions have been reported to have similar effects. In drdlwf flies, there is 
a striking increase in the amount of food stored in the crop, a decrease 
in the amount of food that passes through and is excreted from the 
remainder of the gut, and no buildup of material in the midgut or 
hindgut. Because the crop is a storage organ and not a site of diges-
tion and nutrient absorption,5,27 it seems likely that the mutant flies 
are not digesting most of the food that they eat, and that the resulting 
malnutrition could be a contributing factor in their premature deaths. 
The storage of large amounts of material in the crop is rarely seen in 
wild-type, ad lib fed flies (Fig. 2A and ref. 28). The only reported 
conditions under which wild-type flies will exhibit swollen crops 
is after they are starved for a significant period of time and then 
returned to food;28 indeed, even under these conditions, ingested food 
is rapidly transferred to the midgut in wild-type flies (Peller C and 
Blumenthal EM, unpublished results). Broadly speaking, the absence 
of a functional drd gene could disrupt the movement of food from the 
crop into the midgut either through a direct effect on the gut—for 
example by inhibiting the muscular contractions of the crop or the 
opening of the stomodaeal valve at the entrance to the midgut—or 
through an indirect effect on the gut—by disrupting a pathway that 
regulates gut motility in response to factors such as nutritional state 
or environmental conditions. Future experiments will be necessary 
to distinguish among these possibilities. It is important to note that 
the digestive phenotype reported here is observed during the first two 
days post-eclosion, well before the uncoordinated movements that 
immediately precede the deaths of drd mutants.

If disruption of drd causes a defect in digestion, it may not be 
limited to adult flies. The larval gut does not include a crop,29 so a 
specific defect in crop function would not be expected to affect larval 
physiology. However, newly eclosed drd mutants are significantly 
smaller than wild-type, despite there being no difference in the 
length of pre-adult development. This aspect of the drd phenotype is 
reminiscent of that seen following starvation or disruption of insulin 
signaling in older larvae, whereas starvation of young larvae results in 
a lengthening of time to metamorphosis.30-32

Female flies homozygous for drdlwf and other drd alleles are sterile. 
In the present work I show that this sterility is associated with a reduc-
tion in the number of yolk-containing egg chambers. However, the 
absolute magnitude of this reduction varies widely among genotypes, 
from drdlwf homozygotes, which produce almost no late-stage egg 
chambers, to drdlwf/drd1 females, which, though reduced compared 
with their sibling controls, produce the same number of late-stage 
egg chambers as Canton S. Indeed, drdlwf/drd1 females do appear to 
lay appreciable numbers of eggs (data not shown) but are still sterile. 
It is possible, therefore, that mutation of drd might have multiple 
effects on female reproduction, causing both a variable disruption in 
oogenesis and an absolute sterility; future experiments will examine 
both of these phenotypes in more detail. The disruption in oogenesis 
could occur at the known developmental “check-point” at stage 8, 
which corresponds to the onset of vitellogenesis;15 based on the data 
shown in Figure 4, it appears that the large majority of oocytes in 
drdlwf homozygotes fail to proceed through that check-point. Starved 
heterozygous females also showed a deficit in vitellogenic egg cham-
bers, consistent with previous findings that poor nutrition induces 
apoptosis at stage 8.14,16 However, the drdlwf phenotype is far more 
severe than that of totally starved heterozygotes, suggesting that it 

is not simply a secondary consequence of any digestive defect. It is 
interesting that nrf-6 and ndg-4 mutants in C. elegans also fail to load 
yolk into their eggs,25 indicating a possible common function for this 
family of proteins in two distantly-related organisms.

A role for CG33968 in oogenesis was also suggested from a 
study of the effects of injecting Drosophila embryos and adults with 
double-stranded RNA (dsRNA) directed against the gene33 (note 
that at the time of this publication, CG33968 was annotated as two 
separate genes, CG5652 and CG32589, and the dsRNA was directed 
against CG5652). RNAi in adult females led to a reduction in 
ovarian size and in egg-laying, in accordance with my results. RNAi 
in embryos was found to be lethal, which is not consistent with my 
data. The authors found that embryonic injection of dsRNA caused a 
disruption in the formation of denticle belts and named the CG5652 
gene beltless (blt). As in the current study, however, the drd name 
should take precedence over any subsequent names.

The data presented here demonstrate the diverse phenotypes 
associated with the mutation of drd and suggest that drd should not 
be categorized only as a neurodegeneration gene. While the previ-
ously published mosaic analysis clearly demonstrated the central 
role of drd expression in the head in the adult lethal phenotype,21 
it remains possible that the other phenotypes are independent 
of neurodegeneration. Focusing on the digestive phenotype, for 
example, the association, in both Drosophila and C. elegans, between 
NRF-domain proteins and the gut has already been mentioned.25,26 
Furthermore, microarray profiling of CG33968 expression in the 
adult fly shows highest expression in the crop and hindgut and no 
enhanced expression in the brain.34 With the cloning of the drd 
gene, it will now be possible to determine its expression pattern 
and to begin unraveling the causal relationships among the various 
 phenotypes of the drd mutant flies.

Materials and Methods

Drosophila stocks and chemicals. Fly stocks were maintained on 
cornmeal-yeast-molasses food at 24°C on a 12 h:12 h light:dark cycle. 
For some experiments, flies were placed on Instant Fly Food (Carolina 
Biological, Burlington, NC) reconstituted with 2 mL of liquid and 
0.6 g of food per vial. Stocks carrying alleles of drd (FBgn0000494) 
(drd1/FM7c (FBal0003113), In(1)drdx1/FM7c (FBab0025048), 
drdx4/FM7c (FBal0082994)), were kindly provided by Dr. Seymour 
Benzer. Other genes and alleles referenced in this study are CG33968 
(lwf): FBgn0086221, drdlwf (lwf1): FBal0193421, CG33968CB6275-3 
(drdCB6275-3, lwfCB6275-3): FBal0193420, g: FBgn0001087, sd: 
FBgn0003345, RpL37a: FBgn0030616, CG10182: FBgn0039091, 
CG13325: FBgn0033792, CG33337: FBgn0053337, CG10183: 
FBgn0039093, CG16723: FBgn0039092, CG14204: FBgn0031032, 
CG14205: FBgn0031034, CG14219: FBgn0031033, CG5892: 
FBgn0038873, CG3106: FBgn0030148, CG5156: FBgn0031326, 
CG14343: FBgn0031325, CG11353: FBgn0035557, CG30471: 
FBgn0050471, CG12990: FBgn0030859, CG17707: FBgn0025835, 
CG32645: FBgn0052645, CG4576: FBgn0038366, CG9447: 
FBgn0033110 and CG11284: FBgn0030056.

Except where noted, all reagents were obtained from VWR (West 
Chester, PA).

Mutagenesis and mapping. Canton S males (3–4 days post-
eclosion) were treated overnight with 5 mM ethane methylsulfonate 
(EMS) in 1% sucrose35 and crossed with C(1)DX, y1 f1 (FBab0000080) 
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females. F1 male progeny were then crossed individually with C(1)
DX, y1 f1 (FBab0000080) females; F2 males from these individual 
lines were screened for survival on instant food prepared with 0.4 M 
NaCl. For any line showing >20% mortality after seven days, sub-
lines were established by mating four F2 males individually with C(1)
DX, y1 f1 (FBab0000080) females and the resulting F3 male progeny 
were re-screened. A total of 399 F1 lines were screened, and F2 sub-
lines from 74 of these were established and re-screened. Mapping 
of lwf was accomplished by meiotic recombination with y1 cv1 v1 
f1 car1 (FBst0001515) and t1 v1 m74f wy74i sd1 oss (FBst0001294) 
(Bloomington Drosophila Stock Center) and t1 wy2 g2 sd1 oss, which 
was created by recombination between the latter mapping stock 
and y2 wy2 g2 (FBst0000192) (Bloomington). The deficiencies and 
insertions tested for complementation were Df(1)g (FBab0000827), 
Df(1)RK2 (FBab0000674), Df(1)RK4 (FBab0000676), In(1)
AC2LABR (FBab0027023), Df(1)KA9 (FBab0000486), Df(1)
Exel6248 (FBab0037814), Df(1)Exel6251 (FBab0037817) and Df(1)
ED7294 (FBab0030905) (Bloomington), CG33968CB6275-3 (Szeged 
Drosophila Stock Center) and Df(1)CO1 (FBab0027061) and Df(1)
CO2 (FBab0027062) (from Dr. Howard Nash).

Defecation assay. Male flies were collected on the day of eclosion 
and placed in pairs in vials containing instant food prepared with 
0.5% Acid Blue 9. After 23 hours, the blue fecal spots on the side of 
vial were counted (day 1) and the flies were transferred to fresh vials 
of blue food. After another 23 hours, fecal spots were again counted 
(day 2).

Adult fly mass. Flies were collected on the day of eclosion, frozen 
on dry ice for three minutes, warmed to room temperature, and 
weighed in groups of 2–11. The average fly mass for each group of 
flies was then calculated by dividing the total mass by the number 
of flies. Large, newly eclosed flies were excluded. To reduce potential 
confounding effects of genetic background in comparing males, 
drdlwf males for this experiment were progeny of Canton S ♂ x drdlwf/
FM7a ♀.

Crop volume measurements. Flies collected on the day of eclo-
sion were placed on instant food containing 0.5% acid blue 9 
for 43–47 hours. Flies were dissected under mineral oil, the crop 
contents were pulled into a 0.25 uL capillary (Drummond Scientific, 
Broomall, PA), the length of the blue column was measured with an 
ocular micrometer, and the volume was calculated.

Ovarian morphology. Female flies were collected on the day of 
eclosion and placed in vials with Canton S males. The following day, 
flies were dissected under PBS and the numbers of egg chambers 
containing visible yolk deposition in each ovary were counted. To 
determine the effect of starvation on ovarian development, pupae 
were placed in vials containing 1% agar. Females were collected on 
the day of eclosion and paired with Canton S males in fresh 1% agar 
vials, and ovaries were dissected the following day as above.

Fertility testing. Females carrying various drd alleles were 
collected on the day of eclosion and crossed with Canton S males. 
Crosses were checked daily for seven days for the presence of larvae. 
At least three crosses were studied before a genotype was determined 
to be sterile.

Generation of imprecise excision alleles of CG33968CB6275-3. 
Homozygous CG33968CB6275-3 females were mated with y1 w1118; 
PBac{w+mC=Delta2-3.Exel}106 males (FBst0008200), and male 
progeny were mated individually with C(1)DX, y1 f1 (FBab0000080) 

females. Individual w- male progeny from these crosses were mated 
with C(1)DX, y1 f1 (FBab0000080) females; for any w- male that 
subsequently died within seven days of eclosion and one male that 
died later, its progeny were maintained as a potential deletion line. 
Twenty-eight lines representing at least 12 independent excision 
events were generated, two of which were characterized further as 
described in the results.

Molecular techniques. Drosophila genomic DNA was isolated 
as described from groups of flies36 or individual flies37 and ampli-
fied by PCR using standard techniques, primers purchased from 
Integrated DNA Technologies (Coralville, IA), and Platinum Taq 
polymerase (Invitrogen, Carlsbad, CA). PCR products were purified 
(Qiagen, Valencia, CA) and sequenced commercially (Agencourt 
Bioscience, Beverly, MA). Sequences were analyzed using the Vector 
NTI software suite (Invitrogen). For quantitative real-time RT-PCR, 
whole-fly RNA was isolated on the day after eclosion (Trizol Reagent, 
Invitrogen) and reverse transcribed (Superscript, Invitrogen or 
iScript, Bio-Rad, Hercules, CA). The resulting cDNA was ampli-
fied (iQ SYBR Green supermix and MyiQ thermocycler, BioRad) 
and the data were analyzed using MyiQ software with the Canton 
S levels defined as 1 (Bio-Rad) and normalized to the ribosomal 
gene rp49 (FBgn0002626). To avoid potential contamination of the 
signal from genomic DNA, both primer sets for real-time RT-PCR 
spanned introns.

Identification of the In(1)drdx1 breakpoints. Initial PCR analysis 
of genomic DNA prepared from In(1)drdx1 males showed a failure 
of multiple primer sets to amplify across the second half of exon 1 
of CG33968, suggesting that an inversion breakpoint lay in that 
region. To identify the breakpoint, inverse PCR was performed as 
described.36 Genomic DNA was digested with the blunt cutters 
StuI and ScaI and circularized with T4 DNA ligase, and PCR was 
performed with primers designed to sites within the beginning of 
intron 1. A single product was obtained and sequenced to reveal 
sequences from both CG33968 and CG11284, as described in the 
results. As a control, DNA from drd1 flies was subjected to the same 
procedure and gave only CG33968 sequences. Based on the hybrid 
sequence from In(1)drdx1, primers were designed that would amplify 
directly across the breakpoints. PCR was performed across both 
breakpoints of the inversion and gave the expected size products, and 
the products were sequenced to confirm the breakpoints.

Statistics and data analysis. Data were graphed and analyzed 
using either Origin 7.5 for Windows (OriginLab, Northampton, 
MA) or GraphPad Prism 4.03 for Windows (GraphPad Software, 
San Diego, CA, www.graphpad.com) software. All statistical analyses 
and calculations of median survival were performed with GraphPad 
Prism 4.03 software. For the crop volume, body mass and vitel-
logenesis data sets, Bartlett’s test indicated unequal variances of the 
data from different genotypes (p < 0.0001 for all three data sets), 
precluding the use of an ANOVA. Therefore pair-wise comparisons 
of genotypes were carried out using an unpaired t-test; when neces-
sary, Welch’s correction for unequal variances was utilized. Real-time 
PCR data were analyzed using a 1-way ANOVA and Tukey’s post-
hoc test. Survival curves were compared in a pair-wise fashion using 
a Mantel-Haenszel logrank test.
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