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Genetic and molecular results are here presented revealing 
that the dissonance (d&s) courtship song mutation is an 
allele of the no-on-transient-A (nonA) locus of Drosophila 
melanogaster. diss (now called nonAd’“) was originally iso- 
lated as a mutant with aberrant pulse song, although it was 
then noted to exhibit defects in responses to visual stimuli 
as well. The lack of transient spikes in the electroretinogram 
(ERG) and optomotor blindness associated with nonAdiSS are 
shown to be similar to the visual abnormalities caused by 
the original nonA mutations. nonAtiSS failed to complement 
either the ERG or optomotor defects associated with four 
other nonA mutations. However, all four of these nonA mu- 
tants-which were isolated on visual criteria alone-sang a 
normal courtship song. nonA d”“complemented at least three 
of the nonA mutations with regard to the singing phenotype, 
as assessed by a new method for temporal analysis of the 
male’s pulse song. Both visual and song abnormalities caused 
by nonA‘@== were rescued by P-element-mediated transfor- 
mation with overlapping 11 and 16 kilobase (kb) fragments 
of genomic DNA (originally cloned from the nonA locus by 
Jones and Rubin, 1990). Analysis of behavioral phenotypes 
in transformed flies carrying mutagenized versions of the 
11 kb genomic fragment (in a nonAd’*=genomic background) 
localized the rescuing DNA to a region containing an open 
reading frame that encodes a polypeptide (NONA) with sim- 
ilarity to a family of RNA-binding proteins. Immunohisto- 
chemical determination of NONA’s spatial and temporal ex- 
pression revealed that it is localized to the nuclei of cells in 
many neural and non-neural tissues, at all stages of the life 
cycle after very early in development. Genetic connections 
between the control of two quite different behaviors-re- 
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productive and visual-are discussed, along with prece- 
dences for generally expressed gene products playing roles 
in specific behaviors. 

The no-on-transient-A (no&) mutants are among many in Dro- 
sophila melanogasterwith defects in the functioning ofthe visual 
system (reviewed by CYTousa, 1990; Pak, 1991; Smith et al., 
199 1). The nonA visual phenotype involves multiple defects, as 
assayed electrophysiologically and behaviorally. nonA was first 
identified by Pak et al. (1970) and Hotta and Benzer (1970) in 
screens for phototaxis mutants and subsequently in a screen for 
flies deficient in optomotor responses (Heisenberg, 197 1). Kul- 
kami et al. (1988) isolated an additional nearby mutation, called 
dissonance (diss), by searching for (chemically induced) court- 
ship song mutants; this one turned out to exhibit visual defects 
as well. One purpose of the present study was to determine if 
diss is a nonA allele. 

The nonA mutants are defective in the electroretinogram (ERG) 
and in optomotor responses. Phototaxis is not severely impaired 
in the mutants; the nonAH mutant exhibits an approximately 
50% decrease in “slow phototaxis” (Heisenberg, 1972), and diss 
showed about the same level of deficiency in similar tests (Kul- 
kami et al., 1988). Pak et al. (1970) noted that nonA’s ERG was 
aberrant, lacking the light-on and light-offtransient spikes, while 
the sustained depolarization was normal (Fig. 1A). A variety of 
evidence indicates that these potentials arise from the lamina, 
the optic ganglion just proximal to the eye (Pak, 1975; Coombe, 
1986; Coombe and Heisenberg, 1986), whereas the maintained 
component is a summation of light-elicited generator potentials 
in the photoreceptors of the compound eye. Thus, the absence 
of ERG transient spikes in a mutant such as nonA implies either 
that transmission of the light signal to the neurons in the lamina 
is prevented or that excitation of these laminar cells does not 
occur. Hotta and Benzer (1970) determined, more specifically, 
that the noruP mutation’s ERG defect was due to a primary 
abnormality in the photoreceptors, yet this conclusion was based 
on analysis of such a small number of genetic mosaics that the 
results could not rule out a “focus” separable from the eye. 

Indeed, optomotor responses of nonA mutants suggest that 
they have a relatively central defect in their visual system. For 
Drosophila, the optomotor test is an assay of the fly’s tendency 
to follow movement in its environment, such as rotating stripes 
(G&z, 1964) and must reflect a synthesis of the input from at 
least two photoreceptors (Pak, 1975). Heisenberg (1972) char- 
acterized the hying and walking optomotor behavior of noruP; 
this was further refined by Heisenberg and Buchner (1977). 



A 
wild-type (+/Y) 

The Journal of Neuroscience, February 1992, 12(2) 391 

nonAdiss/Df(l)E150 

wild-type (+/Y) 

50 msec 

nonAdiss/Y 

nonAdiss/Df(l)E150 

These investigators showed that this mutant’s behavioral de- 
fects, mediocre phototaxis and a much reduced optomotor turn- 
ing response, are due to faulty input through photoreceptors 
Rl-6. Since the generator potentials of Rl-6 appear to be nor- 
mal in nonA mutants (e.g., Fig. lA, Table 2) visual pathways 
proximal to these photoreceptors would appear to be affected 
by such mutations. Examining further details of the optomotor 
responses of nonAH showed the mutant specifically not to react 
to front-to-back, or progressive, motion, while its reaction to 
regressive motion was intact (Heisenberg, 1972). Once more, it 
seems likely that this behavioral aberration is caused by defects 
in the structure or function of visual system elements postsyn- 
aptic to the photoreceptors. 

An additional mutant phenotype associated with nonA, but 
only with its diss allele, is aberrant courtship song. This singing 

Figure 1. Physiological and behavior- 
al defects of the nonAAsS mutant. A, 
ERGS from wild-type (Canton-S), 
nonAd’= j-/Y male and nonAdzSS 
f/Df(l)ElSO mutant flies (the latter two 
carrying the forked marker). Note the 
light-on and -off transient spikes pres- 
ent in the wild-type trace, which are 
lacking in those from the two mutant 
types. B, Pulse song trains from a wild- 
type, a nonMiss f/Y, and a nonAdsS 
f/Df(l)EISO male (the latter homozy- 
gous for tra). The wild-type and nonAdSs 
f/Y trains are shown beginning with 
the first pulse, whereas the nonAhss 
flDf()ElSO example is taken from ap- 
proximately 500 msec into a train; the 
wild-type song is uniform in polycy- 
clicity and amplitide, while the mutant 
songs increase in both of these param- 
eters as the trains proceed. 

behavior is performed when the male extends and vibrates one 
wing or the other while orienting toward the female (reviewed 
in Burnet and Connolly, 1974; Ewing, 1977). The wild-type 
song is comprised of sine song, a low-frequency hum, inter- 
spersed with bouts of pulse song, which consists of mono- to 
tricyclic signals of higher amplitude and intrapulse frequency 
than the hums (e.g., Cowling and Bumet, 1981; Kulkami and 
Hall, 1987; Wheeler et al., 1988; see also Fig. 1B). In wild-type 
D. melunoguster, the interpulse interval (IPI) is about 35 msec 
(e.g., Cowling and Bumet, 198 1; Wheeler et al., 1989). The diss 
allele of the nonA gene (Kulkami et al., 1988) is one of two 
single-gene mutations isolated by virtue of their effects on the 
courtship song of D. melanogaster (see also Kulkarni and Hall, 
1987). nonAdbs causes the pulse song to become variable within 
a train of pulses; the mutant song usually increases in poly- 



392 Rendahl et al. * The nonA*% Courtship Song-Visual Mutant 

Table 1. Chromosome aberrations 

Cytological 
Chromosomal aberration breakpoints References 
Simple duplication 

T(1;2)r+7Sc 
Deleted duplication 

14B13 to 15A9 Ganetzky and Wu, 1982; Schalet, 1986 

T(1;4) + Df(l)Slk21e 
Interstitial deletion 

14B5-18 to 15A5 Falk et al., 1984 

Df(l)ElSO 14B34 to 14E B. H. Judd, unpublished observations; S. Banga 
and J. B. Boyd, unpublished observations 

These aberrations were used in crosses performed to localize the nod d’xS mutation. The interstitial deletion, when 
heterozygous with any other X chromosome, causes a deleterious Minute phenotype, owing to the absence of a segment 
of the X chromosome in which A4(1)14C maps (see Lindsley and Zimm, 1990). The deleted duplication (involving a 
segment of the X chromosome translocated to chromosome 4, from which the indicated region was subsequently deleted) 
defines the proximal boundary (Fig. 2) of the no&-containing interval (owing to the duplication’s coverage of nonP*s; 
see Tables 2, 3). The simple duplication, involving a piece of the X chromosome translocated to chromosome 2, which 
also covers diss, defines the locus’s distal boundary [the leftmost breakpoint of this aberration (Fig. 2) indeed was 
molecularly mapped to a more distal site than that of the deleted duplication (Jones and Rubin, 1990)]. Thus, non,4 
would map within 14B13-18 (assuming that the distal breakpoint in the deleted duplication is nearer to 14B18 than to 
14BS). This is a mild discrepancy from the independent mapping of nonA, based on in situ hybridization of labeled 
DNA probes to polytene chromosomes, within the interval 14Cl-2 (Besser et al., 1990; Jones and Rubin, 1990), but 
the difference is probably due to the difficulty in resolving (either in breakpoint determinations or when reading the 
precise site of hybridization signals) the very faint chromosome bands in the proximal 14B/distal 14C region of the X 
chromosome. 

cyclicity and amplitude as a train of pulses proceeds (Kulkarni 
et al., 1988). The present report shows that the song phenotype 
produced by a fly carrying nonAdsS heterozygous with a deletion 
of the locus is even more extreme, with up to 100 cycles per 
pulse (CPP) (Fig. 1B). Although some song pulses produced by 
nonAdS males are superficially normal, the mutant exhibits ab- 
errations in several of the parameters that have been described 
for wild-type. For example, Fourier analysis revealed additional 
harmonic frequencies not present in wild-type pulses, and the 
IPIs in noruPS songs were distributed over an anomalously large 
range (Wheeler et al., 1989). 

Genetic mapping performed on the X-chromosomal nonA 
mutations revealed nonAH and nowP to be localized at 52 
map units (Pak et al., 1970; Heisenberg, 197 1, 1972). nonAp 
and nonAP60 were also mapped to this locus (W. L. Pak, personal 
communication); diss was as well and, in addition, to a distal 
region within cytological interval 14C of the X chromosome 
(Kulkami et al., 1988). This localization has been refined by 
applying an additional chromosome aberration and by reinter- 
pretation of cytological breakpoints in light of new molecular 
mapping data (cf. Jones and Rubin, 1990). We have also co- 
mapped the nonA and nonAdiss mutations to the narrowest pos- 
sible cytological interval (given the available aberrations), which 
spans 20 kilobases (kb) of X-chromosomal DNA (Jones and 
Rubin, 1990). In addition, we show that nonAdfs5 fails to com- 
plement defects associated with other nonA mutations in the 
ERG and optomotor tests. However, the latter, in combination 
with nonAhsS, were normal (or nearly so) with respect to court- 
ship song. Males hemizygous for nonA mutations other than 
diss also produced a normal song. 

Recently, the region including the nonA gene has been cloned 
in a chromosomal walk, the locus was molecularly delimited, 
by visual-response tests of P-element-mediated germline trans- 
formants, to an approximately 9 kb segment of the DNA within 
cytological region 14 of the X chromosome (Jones and Rubin, 
1990). We now show that the courtship and visual phenotypes 
of nonAdh* can be rescued by the same genomic DNA that res- 
cued the visual defects of noruP. Further dissection of this 9 
kb region was carried out by introducing mutagenized versions 
of the original genomic construct into flies carrying nonAd’Ss. 

Another set of investigators cloned the nonA gene (Besser et 
al., 1990), based on a very different biological perspective from 
that of Jones and Rubin (1990). At about the same time, both 
Besser et al. (1990) and we (see Rendahl and Hall, 199 1, from 
a conference that occurred in October, 1990) observed that two 
approximately 90 amino acid regions of the nonA gene are sim- 
ilar to a large family of proteins containing RNA-binding 
motifs. Details of these protein “domain homologies” are de- 
scribed in the present report. We also show that this gene’s 
expression is widespread throughout development, both tem- 
porally and spatially. The pleiotropic effects of nonA’s diss allele 
are discussed in the context of emerging results on the intrinsic 
nature and expression of the products encoded by this gene. 

Materials and Methods 
General. Plies were raised on a medium of cornmeal, agar, molasses, 
yeast, and the mold inhibitor Tegosept, at 25°C under -50% humidity 
and 12 hr light/l2 hr dark cycling conditions. 

Mapping and complementation tests. Crosses were carried out to gen- 
erate flies in which to test various chromosome aberrations with break- 
points near the nonMiss locus, for coverage of this mutation’s effects. 
Certain of the aberrations used nreviouslv (Kulkami et al.. 1988). ~1~s 
an additional one, were applied in the present study. The simpik^du- 
plication and the deleted one (Table 1) were tested for their behavioral 
effects in a nor~4~~~ haplo-X (male) genetic background, whereas the 
interstitial deletion (Table 1) was tested over nor~A~‘*~ in a diplo-X trans- 
former (XX; traltra) background (cf. Sturtevant, 1945). The XX ho- 
mozygous tra type is a “pseudomale,” which behaves essentially as does 
an XY (tru or tra+) fly (e.g., Kulkami and Hall, 1987). 

Kulkami et al. (1988) reported cytogenetic data that nominally defined 
the chromosomal region including dissonance as having a proximal 
boundary at 14C4-5 and its distal one at 14Cl-2. Certain of these 
chromosome aberrations (Table 1) were reapplied here, with more ex- 
tensive techniques for song analysis (see below) than were used by 
Kulkami et al. (1988). Also. the mauuina of nonAdhS was refined to a 
narrower cytological region ‘using an- iddytional aberration, in combi- 
nation with molecular breakpoint determinations (Table 1; cf. Jones 
and Rubin, 1990). 

Complementation tests were carried out between nowP and four 
mutations-nonAH2, nonApi4, noruP, and nonA”O-in order to ex- 
amine allelic relationships between the song and the visual mutants. 
Pseudomales heterozygous for two given mutations were assayed for 
electroretinogram, optomotor, and courtship song phenotypes. To rule 
out mere dominance associated with one of the variants in the double 
heterozygote, mutant-over-normal flies were tested and compared to 
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iion ofthe nonA gene by transformation 
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rescue with two genomic DNA frag- 
ments of the 14B-C region; these over- 
lap by 9 kb (dark hatched bars), as dem- 
onstrated by Jones and Rubin (1990). 
The positions of the two known nonA 
cDNA types “23” and “58” and their 

L nonA _--------- J intron-exon boundaries are also indi- 
cated (shaded barsk the RNAs corre- 
spending to the cDNAs are entirely en- 
coded within the area defined by 
transformation rescue (cf. Jones and 
Rubin, 1990). Type 23 is defined as en- 
coding the NONA form I polypeptide; 
58, form II (see text). The singleasterisk 
designates the approximate site of the 
“ 1 -STOP” in vitro mutation; the double 
asterisk, that of the “2-STOP” muta- 
tion (see Materials and Methods; see 
also Table 5). The restriction sites are 
abbreviated as follows: P, Pst I; R, EcoR 
I; S, Sal I; SI, Sac I; S2, Sac II; X, Xba I. 

0 = deleted DNA m = duplicated DNA 

= rescuing genomic DNA m = nonrescuing genomic DNA 

m = cDNA coding region = 3’ untranslated region cDNA 

cDNA 23, form I 

cDNA 58, form II 

wild-type males (see normal controls sections of Tables 2, 3); for these 
controls, the nonA+-bearing chromosomes were from a Canton-S (wild- 
type) stock or derived from a stock carrying the multiply inverted 
X-chromosomal balancer FM7a. Further complementation tests in- 
volved nor@” and mutations at two nearby vital loci; thus, diplo-X 
adults heterozygous for the song-visual mutation and either 1(1)9-21, 
l(l)ilSe, or I(l)il9eZ (the latter two being allelic to each other) were 
tested for singing behavior and optomotor response. 

Trunsgenicjlies. High-resolution localization of the dissonance allele 
was carried out by behaviorally testing germline transgenics. These had 
been generated by P-element transformation, using fragments of ge- 
nomic DNA cloned from the cytologically defined non4 region (Jones 
and Rubin, 1990). Such fragments were obtained in a chromosomal 
walk and span approximately 20 kilobases of proximal 14B/distal 14C 
on the X chromosome; the DNA fragments were transduced into various 
autosomal locations (Jones and Rubin, 1990). For the present study, 
these “inserts,” marked with ry+, were introduced into an “outcrossed” 
nor&m; ry’” male genetic background. This outcrossed line was created 
in an attempt to restore a robust mutant song phenotype to nonAdfis 
strains, in which the phenotypic defects were seen to be “weakening” 

(i.e., moving toward normality), after years of mass culturing. It was 
felt that a maximal discrimination between the songs of nomP versus 
nonA+ males would allow optimal separation of what might be subtly 
different phenotypes in flies containing the various insert types. There- 
fore, possible mutant-modifying element(s) on the X chromosome were 
removed by recombination of a nonA”ss-bearing X, to replace with 
normal alleles the garnet (g’) and scalloped (sd) markers that had been 
linked just distal to nonA (cf. Kulkami et al., 1988). The resulting flies 
(including restoration of homozygosity for ry’“) in fact demonstrated 
the severe song phenotype as originally observed in this mutant. 

Three genomic insert types were tested: an 11 kb Eco RI fragment, 
a 16 kb Xba ISac I fragment, and as a control, a 12 kb Sal I fragment 
distal to nonA (Fig. 2). Analyses of these transgenics were originally 
carried out by testing them for rescue of nonAH*, which resulted in 
restoration of ERG transients by the first two of them but not the third 
one (Jones and Rubin, 1990). For each construct type, we behaviorally 
assayed independent transformant lines (Tables 4, 5), to guard against 
effects of the position of insertion on the expression of the transduced 
DNA. 

Two engineered variants of the 11 kb Eco RI fragment, transformed 
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Figure 3. Cycles and intrapulse frequencies of Drosophila song signals. A, In this “tone pulse” from a nonA dZss male, the pulse boundaries are 
defined as the points where the pulse envelope, generated via a Butterworth filter (see Wheeler et al., 1988) reach 25% of the pulse’s maximum, 
or the value of the background noise if this is higher. Within the pulse, the number of crossings of the x-axis are counted and this number divided 
by two to calculate the cycle number (for a more detailed discussion, see Bernstein et al., 199 1). Thus, each cycle consists of a peak and a trough, 
as indicated by the solid and open diamonds, respectively, for the nor~4~~~~ pulse shown. This pulse has a CPP value of 4.5. Calibration, 5 msec.-E, 
In this fast Fourier transform of the oulse shown in A (cf. Wheeler et al.. 1988). the IPF or modal frequency value of the fast Fourier transform 
is indicated by the peak at 100% energy. The vertical axis represents the percentage energy level, and the-x-axis, the frequency value. The IPF value 
in this case is approximately 375 Hz. 

into the fly’s genome by Jones and Rubin (1990), were assessed here 
for coverage of nonA”% effects by performing ERG, optomotor, and 
courtship song analyses. These transformants were previously tested for 
the ability to rescue the ERG DhenOtvDe of nonAH (Jones and Rubin. 
1990). They had first isolated two different nonA cDNAs from an adult 
“head library,” having unique 33 and 35 amino acid sequences at their 
carboxy termini and coding for putative NONA proteins called form I 
and form II, respectively (see Results and Fig. 2). Conceptual translation 
of the complete open reading frame (ORF) of the form I cDNA predicts 
a protein of 700 amino acids. [Form II’s putative ORF is based on a 
cDNA incomplete at the 5’ end, lacking a translation start site (Jones 
and Rubin, 1990).] We used two in vitro-generated mutants that had 
been designed by Jones and Rubin (1990) to eliminate full-length trans- 
lation of the putative form I and form II proteins; these are called 
1 -STOP and 2-STOP, respectively. 

Song analysis. Individual pairs-of flies were placed in the recording 
chamber of an Insectavox (Gorczvca and Hall. 1987). The male’s court- 
ship song was recorded for 7.5110 min on’audid cassette tape and 
transferred to a Macintosh II computer’s hard disk. The signal was 
converted from analog to digital at 2000 Hz with a MacAudios 11 
digitizer. Pulse song locations were logged using LIFFSONG software, 
developed in our laboratory (Bernstein et al., 1991), and the digitized 
song and file of pulse time locations were transferred to a VAX 8650 
computer. Frequency spectra were computed using fast Fourier trans- 
forms. For a given pulse, the modal value of the primary frequency 
peak, which we call the intrapulse frequency (IPF), was obtained as in 
Fia. 3 (see also Wheeler et al.. 1988). The number of cycles in a aiven 
p&e (CPP), which previously’had been computed “by hand” (Kulkami 
et al., 1988), were determined automatically by LIFEBONG (Fig. 3). 

Analyses of temporally based changes within a given train of song 
pulses were carried out by considering the CPP and IPF values as a 
function of position in the train (cf. Bernstein et al., 199 1). Regression 
values were calculated for each of three individual flies, from trains 
containing 2 10 pulses; song records chosen for this treatment contained 
>300 pulses. In the regressions, pulse position was the independent 
variable; CPP and IFP were the dependent ones. Before analysis of 
trains, pulse positions were normalized for train lengths; these are highly 
variable in Drosophila singing behavior (e.g., Kulkami et al., 1988). 
Thus, CPP and IPF were each scored as functions of position on an 
x-axis scale of 0.0-1.0, which were made to correspond to the first and 
last pulses in a given train, respectively. [This differs from the previous 

method for obtaining dissonance-associated “polycyclicity slope” values 
in which each individual pulse was considered as one unit on the x-axis, 
with the result that the number of units varied with train length (Kul- 
kami et al., 1988).] Means + SEMs (the latter representing fly-to-fly 
variability within a genotype) were computed for the regression values. 

The Kruskal-Wallis test, useful for testing ranked samples of n > 2, 
was used to determine whether the genotypic groups came from identical 
or different populations, based on their means (Conover, 1980). x2 ap- 
proximations to the sampling distributions were obtained at p = 0.99. 
For a given song character-temporally based changes in CPP or IPF- 
multiple comparisons between pairs of populations (again at p = 0.99) 
were performed to determine whether groups were significantly different 
from mutant for that character (hence a “WT” decision for that geno- 
type; see Results and Tables 3, 5) significantly different from wild-type 
(“MUT” in Tables 3, 5) or different from neither (i.e., intermediate, 
“INT”). As a further assessment of a genotype’s song phenotype, one 
of us (S.H.B.) examined (on the CRT screen) three song traces per 
genotype, with no knowledge of those genotypes, and classified each 
record as wild-type, mutant, or indeterminable. For this, four 10 set 
intervals of a given fly’s song record, separated by about 100 set, were 
viewed on the CRT screen. A “WT” decision for that song (see also 
Results and Tables 3, 5) meant that all pulse trains observed looked 
like those produced by nonA+ males (e.g., there were l-3 CPP for es- 
sentially every pulse in the trains viewed), based on extensive prior 
examinations of dozens of normal song records. “MUT” meant that 
essentially all trains observed in that male’s record contained disso- 
nance-like pulses (with more than 3 CPP), this judgement being again 
backed up by previously examining the song traces from many mutant 
individuals. “Indeterminable” (see Table 3 notes) meant that the great 
majority of pulses examined in that male’s song record were wild-type- 
like, but about three to five of them (from among the 40 set of signals 
scanned) were like those produced by the nonAd’Is mutant (at least five 
or six cycles within such pulses). 

The use of the tra mutation was necessary to allow assays of male 
courtship song behavior in diplo-X flies (see above). Temporal analyses 
of the IPF and CPP parameters for traltra pseudomales who carried no 
nonA-associated variants on their X chromosomes indicated that the 
pulse songs of these flies are not appreciably different from those of the 
various nonA+-bearing controls (see below and Table 3). 

Walkingoptomotor tests. This behavior was quantified using methods 
described by Greenspan et al. (1980) and Kulkami et al. (1988) with 
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minor modifications. Individually stored flies, 3-8 d old, were dark- 
adapted for 4 hr in food vials and tested at room temperature for their 
turning behavior in a visual field. For this, an individual was placed 
under a 25-mm-diameter watch glass in the middle of a Plexiglas ro- 
tating drum (diameter, 15 cm; height, 22.5 cm), which had alternating 
black and white vertical stripes. Each black-white pair of stripes sub- 
tended 19” of arc, and the drum was rotated at 20 rpm. White fluorescent 
light (Sylvania, FC12TlO CW RS) illuminated the center of the drum 
during the tests. Behavior was scored by counting the number of times 
the fly ran across a quadrant line in the same direction as the rotating 
stripes versus the number of times it ran in the opposite direction (cf. 
Greenspan et al., 1980). Four adults were tested per genotype. A given 
fly was tested in three successive trials, each consisting of a 1 min 
clockwise run followed by a 1 min run in the counterclockwise direction. 
A per-trial mean of the percentage of total lines crossed in the same 
direction as that ofthe moving stripes was calculated for each individual; 
the intra-fly variability was such that the standard deviations were usu- 
ally in the range of 15-65% of the (individual f ly score) means. The 
intra-fly averages were used to compute a mean (i.e., a mean ofa mean), 
+SEM, for the four flies of that genetic constitution. 

Electroretinograms. ERGS (cf. Pak and Grabowski, 1978; Heisenberg 
and Wolf, 1984) were recorded extracellularly from the adult eye as 
follows. Each fly (3-8 d posteclosion) was anesthetized and immobilized 
on a glass slide with Elmer’s glue. The cornea was penetrated slightly 
by a recording electrode (glass, -30 MQ resistance) filled with 0.8% 
saline; a similar reference electrode was placed underneath the cuticle 
in the back of the head. The 3-8-d-old flies were then dark-adapted for 
3 mitt, and the retina was illuminated with a series of 3-set pulses of 
approximately 0.6 W/m2 of incandescent light, separated by 30 set dark 
recovery periods. Light-evoked voltage changes were amplified with a 
Grass P18 amplifier and recorded on a Gould 2400 chart recorder. Intra- 
f ly means were calculated (based on the responses elicited by the separate 
liaht oulses) for the amolitudes of the light-on and light-off transient 
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siikes, plus that of the maintained component (cf. Pakand Grabowski, 
1978); the standard deviations for these per-fly values were usually l- 
10% of the mean. A minimum of four animals expressing a given ge- 
notype was recorded, from which inter-fly means (of means), ?SEM, 
were computed. 

Kulkami et al. (1988) reported that the nonAdfss hemizygous males 
and homozygous females have an ERG with a twofold reduction in the 
amplitude of its transient spikes, when compared with that of wild- 
type. We have subsequently found that this mutant’s transient spikes 
were not only reduced but eliminated entirely. The small transients seen 
previously in this particular mutant (Kulkami et al., 1988) were an 
electrical artifact due to our shutter apparatus. Once this stimulus ar- 
tifact was removed by moving the shutter farther away from the re- 
cording apparatus, both transients disappeared in recordings of nonAd’$’ 
males and of females heterozygous for noruP and other nonA muta- 
tions. The corrected recording setup left the wild-type’s on- and off- 
transients robust (see Results and Fig. 1). 

Antibody generation. Mice were immunized with a protein produced 
bv fusine the 3’ end of the Escherichia coli troE gene to a Sal I fragment 
of the n&A cDNA type 23 (see Figs. 2,4) in thepATH vector (Myers 
et al., 1987). This Sal I fragment c&responds to nucleotides 4434-7204 
of the aenomic DNA (cf. Jones and Rubin. 1990). includina 864 nu- \ 
cleotides of the open reading frame within cDNA 23 (Jones and Rubin, 
1990). The procedure used to purify the fusion proteins was similar to 
methods previously described by Kleid et al. (198 1) and Rio et al. (1986). 
Approximately 20 pg of protein were injected subcutaneously into five 
female Balb-C mice, which were then boosted several times and bled 
at intervals of 1 month or more. 

Immunoglobulins were precipitated from antisera with 45% ammo- 
nium sulfate, resuspended, and passed over a column of HB 10 1 bacterial 
cell protein coupled to cyanogen bromide-activated sepharose (Phar- 
macia) to remove antibodies that reacted with general bacterial proteins. 
The eluate of this column was affinity purified by passage over a column 
of a fi-galactosidase-NONA fusion polypeptide [produced by cloning 
nucleotides of the same Sal I genomic fragment as noted above into the 
vector pUR291 (Ruther and Mtiller-Hill, 1983)], coupled to CNBr- 
activated sepharose. The column was washed with phosphate-buffered 
saline (PBS, pH 7.2), then PBS plus 0.5 M NaCI, and the antibody was 
eluted from the column with glycine HCl (pH 2.5). Fractions were 
collected, neutralized on ice with 1.0 M Tris base, and tested for im- 
munoreactivity with the NONA-TRPE fusion protein (using an ELISA, 
as in Hudson and Hay, 1980). Antibody-containing fractions were com- 

bined, BSA to 1 mg/ml was added, and dialysis of this material against 
an excess of 200 vol of PBS was carried out overnight at 4°C with several 
changes of the dialysis buffer. 

Immunochemistry. For Western analyses, 20 lly heads (per genotype) 
were homogenized in 80 ~1 of Laemmli buffer (2% SDS, 10% glycerol, 
100 mM dithiothreitol, 60 mM Tris, pH 6.8), heated at 100°C for 5 mitt, 
and centrifuged to remove debris; 20 ~1 of each homogenate were run 
on an 8% polyacrylamide-SDS denaturing gel and transferred to nitro- 
cellulose (Schleicher and Schuell), using the wet transfer method. The 
filters were oreincubated with PBS olus 2% instant nonfat milk for 30 
min at room temperature and incubated with the anti-NONA antibody 
at a dilution of lf200 for 1 hr. They were then washed three times for 
10 min in PBS olus 10% serum (Caooel) and 0.5% Tween-20 (Siama). 
The blots were incubated in goat anti-mouse IgG conjugated ~oHRP 
(Sigma) at a 1:200 dilution for 1 hr in PBS plus 10% serum and then 
washed as above; the reaction products were visualized by adding the 
substrate 0.5 mg/ml 3.3~diaminoazobenzadine (DAB; Sigma) in PBS 
plus 0.003% H,& 

.-_ 

Immunocytochemistry. Tissues of animals from different develop- 
mental staaes and of adults were stained at either a 1: 10.000 dilution 
of affinity-&uilied antibody for whole-mount embryos or’s 1:4000 di- 
lution for sectioned material. Embryos were dechorionated in 50% bleach 
for 3 min. rinsed in 0.2% saline. and fixed in 4% oaraformaldehvde- 
saturated heptane for 10 mitt; their vitelline membranes were removed 
by shaking vigorously in a mixture of 50% heptane and methanol. They 
were then washed in PBT IPBS. 0.2% BSA (Siama) and 0.1% Triton 
X- 100 (Boehringer Mannheim)],’ preincubated in PBT plus 3% normal 
goat serum (Cappel) for 1 hr at room temperature on a rotator, and 
incubated overnight at 4°C with primary antibody. Larvae, pupae, and 
adults were embedded (as whole animals) and frozen in OCT medium 
(Tissue Tek); sectioned at a thickness of 10 pm using an S.L.E.E. cryostat; 
fixed in 4% paraformaldehyde in PBS (pH 7.2); rinsed in PBS; prein- 
cubated in PBS plus 0.03% Triton X-100, 0.1% BSA, and 3% normal 
goat serum; and incubated overnight at 4°C with primary antibody. The 
embryos or sections were incubated with the secondary antibody, anti- 
mouse IgG conjugated to HRP, for approximately 2 hr at room tem- 
perature, and the reaction products were visualized with the substrate 
DAB plus 0.03% peroxide added. Slides were rinsed in PBS and allowed 
to air dry for about 5 mitt, coated with Crystal Mount (Biomeda), baked 
for 15 min at 8O”C, and finally mounted with DPX (Fluka). The spec- 
imens were viewed with Nomarski optics with a Zeiss Axiophot mi- 
croscope. 

Sequence analysis. Comparisons and manipulations of nonA’s infor- 
mational content (as reported in Jones and Rubin, 1990) were carried 
out using the Genetics Computer Group software (Devereux et al., 1984; 
Devereux, 1989). from the Universitv of Wisconsin Biotechnoloav Cen- 
ter. Homology searches were carriedbut with the FASTA program(using 
the method of Pearson and Lipman, 1988), and the BASIC LOCAL 
ALIGNMENT SEARCH TOOL (Altschul et al., 1990) program, to scan the 
NBRF and GenEMBL nucleic acid and predicted protein sequence data 
bases. The sequences were aligned with the aid of the “dynamic” al- 
gorithm of Smith and Smith (1990). 

Results 
Cytogenetic mapping of the two phenotypic defects exhibited 
by diss 
Behavioral and physiological tests of progeny from crosses in- 
volving nonAdhs and other genetic variants at or near this 
X-chromosomal gene localized the mutation to the “proximal 
14B” region of that chromosome. This genetic analysis also 
achieved a narrower localization for nonAdlss than previously 
reported (Kulkarni et al., 1988). The results presented here (Ta- 
ble 2) are in agreement with the cytogenetic localization of nonAH 
by Jones and Rubin (1990). These investigators, as well as Besser 
et al. (1990), also localized nonA by chromosomal in situ hy- 
bridization, concluding that it maps within 14Cl-2. We now 
show that T(1;4)+Df(l)81k21e (cf. Table 1) covered the effects 
of nonAd’” in ERG and optomotor tests (Tables 2, 3). The du- 
plication in T(1;2)r+75c (cf. Table 1) was reported to cover the 
effects of nonAdiss or nonAH in visual response tests (Kulkami 
et al., 1988; Jones and Rubin, 1990); this result has been con- 
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Table 2. Mapping and complementation analysis of visual defects 

ERG component amplitudes Optomotor 
Genotype On Sustained Off score 

Normal controls 
+/Y 4.6 + 0.7 12.2 k 0.9 8.3 zk 0.8 96 IL 2 
nonAVnonA+ 4.1 f  0.2 12.4 + 0.8 4.1 + 0.6 84 + 3 
g’ sd nonAdi=flnonA+ 1.8 k 0.4 8.1 + 0.8 2.7 + 0.5 88 t 3 
Df(l)El5OlnonA+ 4.1 * 0.2 4.9 k 0.5 2.8 * 0.5 88 k 3 

Chromosome aberrations 
Df(l)E1501nonAd~Ss 0.0 + 0.0 16.6 k 2.5 0.0 + 0.0 45 + 2 
nor&WY: T(1;2)r+‘jc 4.1 f  0.2 10.7 k 0.7 4.6 -t 0.4 88 + 3 
nonAdtSS f/Y; Df(l)Slk21e 5.9 k 0.4 11.3 + 1.0 5.4 + 1.2 89 k 3 

NonA mutants 
nonAH f/Y 0.0 I! 0.0 7.8 * 0.8 0.0 IL 0.0 53 t 3 
nonAPVY 1.2 + 0.2 9.3 * 0.5 0.0 -t 0.0 59 * 9 
nonA”VY 0.0 k 0.0 8.1 k 1.2 0.0 + 0.0 50 k 3 
nonA”V Y 0.0 k 0.0 7.1 + 0.9 0.0 t 0.0 49 f  3 
nonAdz3= f/ Y 0.0 + 0.0 9.5 k 0.7 0.0 t- 0.0 50 + 3 

Allelic complementation 
nonAH* f/g* sd nonAdlSS f  0.0 k 0.0 7.3 + 0.4 0.0 + 0.0 53 + 3 
nonApJ41nonAd’* f  0.0 * 0.0 14.6 k 1.2 0.0 k 0.0 52 t 2 
nonAP4VnonAd1** f  0.0 + 0.0 13.4 iz 0.5 0.0 + 0.0 53 + 1 
nonAp6VnonAdiss f  0.0 f  0.0 13.3 IL 0.9 0.0 + 0.0 49 + 2 

nonP+earing flies that also carried a given chromosome aberration had their ERGS recorded and optomotor responses 
assessed; the results are in the second section of the table. Complementation tests (fast section) were also performed, in 
which nonAd”l was heterozygous with a given nonA mutation that, by itself, leads only to visual defects (as shown in the 
third section). Controls for these complementation tests are in the first section of the table. The chromosome aberrations 
in the leftmost column are described in Table 1. In addition, FM7a (a B-bearing X chromosomal balancer) was the 
source of nonA+ in the normal controls tested for ERGS; for the optomotor tests, nonA+ was a Canton-S-derived X. 
nonA”= was linked to one or more X chromosome markers in each case (s’, sd, and/orforked). ERG values and optomotor 
scores were obtained as described in Materials and Methods. All the X-chromosomal heterozygous types (within all 
sections but the third one) were homozygous for the third-chromosomal tru mutation (compare Table 3); controls (not 
shown) showed that tra had no significant effects on the flies’ visually mediated responses, in a nonA+ genetic background. 
The rather variable amplitudes of the ERG maintained components are mostly the consequence of varying placcmcnts 
of recording electrodes and are unlikely to have biological (e.g., genotypic) significance. 

firmed (Table 3) using the new strategy for song analysis (see 
below). Therefore, the genetic factor causing non&% visually 
impaired phenotype maps within 14B 13-l 8 (see Table 1 notes), 
according to the breakpoint positions of the chromosome ab- 
errations just noted, which are the ones closest to the mutation 
(cf. Kulkarni et al., 1988; Jones and Rubin, 1990). This is a 
slightly more distal region than that concluded from in situ 
hybridizations, though there is probably no real discrepancy (see 
Table 1 notes). In any event, the molecularly determined dis- 
tance between these two closest breakpoints (in the 81k21e de- 
letion and in the Y+‘~< duplication) is 20 kb (Jones and Rubin, 
1990). 

Mapping the courtship song abnormalities caused by nonAd’s 
involved determinations of a tendency for the numbers of CPP 
to increase in “trains” of such song pulses (cf. Kulkarni et al., 
1988). In addition, a newly revealed element of this mutant’s 
singing behavior was analyzed in flies expressing the various 
no&-associated genotypes. This involves the fact that nonAdiss 
pulses exhibit markedly higher “carrier” IPFs as a train pro- 
ceeds, based on Fourier and regression analyses of these song 
signals and how they tend to change over the course of a typical 
bout of the mutant’s singing. In contrast, the IPFs of normal 
pulse trains tend to decrease for later pulses in a given song bout 
(Table 3). 

Decisions on the CPP and IPF phenotype influenced by a 

given genotype in the cytogenetic experiments (and others; see 
below) were made by statistical analyses of digitized song signals 
(see Materials and Methods); these computer-based decisions 
about the song records were augmented by others, stemming 
from blind observations of such data, with regard to the CPP 
“parameter” (see Materials and Methods). In this way, the two 
duplications noted above essentially covered the effects of 
nonAdiSS, though not unambiguously so (Table 3). Tentatively, 
however, the genetic etiology of the song and visual defects 
caused by this mutation map to the same 20 kb region of the 
X chromosome. 

All of the existing nod alleles are recessive (Pak, 1975; Kul- 
kami et al., 1988), and when hemizygous in a male or homo- 
zygous in diplo-X flies, all but one, nor~4~‘~, caused a similar 
lack of ERG transient spikes (Table 2). nonApf4 showed an ap- 
preciable, albeit significantly reduced, light-on transient, which 
was followed by no detectable light-off transient (Table 2). 
nonAdss, when heterozygous with any of the visual-only nonAs 
in a tra genetic background, also led to an absence of the on- 
and off-transient spikes, not a mere reduction in these ampli- 
tudes, as previously reported (Kulkami et al., 1988; see Mate- 
rials and Methods). nonAd~ss/Df(l)EISO (the latter variant being 
a nonA- deletion; Table 1) led to a similar phenotype (Fig. 1, 
Table 2). 

Although the pattern of interallelic complementation is 
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Table 3. Courtship songs influenced by diss and nearby genetic variants 

Genotype 

Normal controls 
+/Y 
+/+ 
nonAdzS f/nonA+ 
g2 sd nonAdtSS f/nonA+ 
Df(l)ElSOlnonA+ 

Chromosome aberrations 
nonAd’Ss f/Df(l)ElSO 
nonAd8Ssj T(1;2)r+‘jc 
nonAdzSSJ; Df(l)Slk21e 
nonAp” f/Df(l)ElSO 

nonAdtSs controls 
nonAdcss fl Y 

Phenotype 

(N) CPP score IPF score Computer Observer 

(13) 0.36 + 0.04 -19.32 + 7.18 WV VT) 
(10) 0.25 + 0.80 -5.34 f  2.25 WT 

0.33 + 0.24 - 13.29 f  7.80 WT 
0.21 + 0.07 -4.64 f  8.99 WT 

-0.07 k 0.04 -4.84 f  8.48 WT 

1.94 + 0.31 43.70 +- 12.74 MUT MUT 
-0.01 k 0.16 7.54 z+z 6.05 WT/INT WT 

0.43 k 0.23 6.21 1- 9.59 WT/INT INT 
0.71 + 0.31 12.51 k 12.64 WT/INT WT 

(10) 2.43 + 0.33 45.95 + 13.28 WJT) (MW 
nonAdzsS f/nonAd8Ss f (7) 1.79 + 0.41 43.35 2 8.07 MUT 

Visual nonA mutants 
nonAtizlY 0.32 f  0.18 -22.82 f  17.09 WT WT 
nonAPi4/ Y 0.01 f  0.09 - 12.53 f  4.78 WT WT 
n~nA~~~/ Y -0.01 k 0.03 -28.38 f  14.41 WT WT 
nonAp@/ Y -0.17 It 0.13 -21.70 f  10.30 WT WT 

Allelic complementation 
nonA’1z f/g2 sd nonAdiss f 0.30 + 0.05 -2.37 + 6.87 WT WT 
nonApi4/nonAdzSS f 0.80 f  0.22 3.85 t- 0.86 INT/WT INT 
nonAp49/nonAdzsS f 0.19 f  0.06 -7.03 f  11.18 WT WT 
nonApVnonAdzSS f 0.44 + 0.19 -12.41 + 22.84 WT INT 

Chromosome aberration-aided mapping and complementation tests were performed on males or (C-ultra) pseudomales 
carrying nonA”‘* and/or other nonA mutations. The four genotypic groups appearing in Table 2 are represented here as 
well, plus a new section (non.@= controls) involving diss mutants. For the normal controls, nonA+ was provided by an 
FM7a balancer (compare Table 2). The number of flies tested was three per genotype, unless otherwise indicated (A$ 
Song “scores” are given as the regression (slope) values for two parameters, reflecting changing patterns of CPP and IPF 
over the course ofpulse trains (song bouts). Complementation data for courtship songs of nonA and other genetic variants 
were analyzed by pairwise comparisons ,of ranked test groups (see Materials and Methods) against a wild-type (Canton- 
S) control (Normal controls, +/Y) and a mutant (nonA” control (songs from the 10 males in n~nA”~~ controls, n~nA”~ 
f/Y). For the two columns listing the phenotypic decisions, WT indicates wild-type-like and MUT indicates diss-mutant- 
like (the parenthetical indications of these two symbols designate the by-definition normal and mutant values, or song- 
trace appearances from the blind observations; see below). For the numerically and statistically based forms of these 
decisions (Computer phenotype), WT indicates that both the CPP and IPF regression scores were indistinguishable from 
normal, with MUT meaning that both scores were indistinguishable from the (straight) song mutant values; WT/INT 
indicates that the average CPP score for this genotypic group was statistically indistinguishable from normal, but the 
IPF score was intermediate, that is, between, and not statistically different from, either wild-type or mutant averages; 
INT/WT indicates that the CPP score was intermediate in this manner, with the IPF score being statistically indistin- 
guishable from normal. For the decisions based on viewing the song traces “blind to genotype” (Observer phenotype); 
WT indicates that all three of the traces examined for that genotype looked clearly normal; MUT indicates either that 
they all looked clearly diss-like or that two appeared to be mutant with the other “indeterminable” (see Materials and 
Methods), or (rarely) that one trace was mutant-like with the other two being indeterminable; INT means that one or 
two of the traces (for the genotype in question) were wild-typclike, with the remaining two or one being indeterminable. 
Note that the blind observer found no genotypes to contain all three traces of an indeterminable type, nor were any 
groups of three ever judged to contain a mixture of wild-type- and mutant-like traces; thus, the worst cases of ambiguity 
were mixtures of normal/indeterminable or mutant/indeterminable. 

straightforward for the visual phenotype, it is more complex for 
courtship song. Two of the four visual-only mutants-nonA1f2 
and nonAP@-clearly complemented nonAdcss for the song phe- 
notype (Table 3). Two ofthese complementation tests, involving 
the various nonA visual mutations that resulted in normal sing- 
ing when hemizygous in males (Table 3), led to song phenotypes 
with marginally mutant characteristics. This was more pro- 
nounced from the analyses performed, and blind observations 
made on the nonAd’SS/nonAp’4 songs (Table 3). nonApj4 also ex- 
hibiteh decreased expression of the gene product (see below). 

nonAdfss was not abnormal at this level of biochemical obser- 
vation (see below), but it exhibits the most widespread behav- 
ioral defects. For its courtship abnormality, this mutation led 

to similar regression values in the songs of hemizygous mutant 
males and in flies heterozygous for the diss allele and a deletion 
of the locus (Table 3), yet the severity of the phenotype caused 
by one dose of nonAdfSS in diplo-X flies was not fully revealed 
by the numerical analysis. First, consider the example of a song 
bout, with its extremely polycyclic pulses, recorded from a (dip- 
10-x; tru) pseudomale of this type shown (Fig. 1B). Moreover, 
two of the three such pseudomales analyzed contained wildly 
polycyclic pulses in their songs, with 4 and 22 individual trains 
containing between 12 and 100 cycles; the third pseudomale 
generated no such pulses. [Flies of this genotype were difficult 
to obtain for further observations, because of low viability (see 
also Kulkarni et al., 1988).] In contrast, the largest numbers of 



Table 4. Visual phenotypes of diss transformants 

ERG component amplitudes Optomotor 
Genotype On Sustained Off score 

Genomic constructs 
nonAdfss fl Y, R 11 A’ + 3.1 f 0.3 4.9 + 0.3 2.7 + 0.4 96 + 1 

nonAhs* f/r; Rl lB/+ 3.2 k 0.5 6.4 f 0.4 5.2 + 0.6 99 t 1 

nonAdfsSf/Y, XS16A/+ 0.0 ? 0.0 8.3 k 0.5 0.0 f 0.0 88 + 0 

nonAdlsSf/Y, XS16B/+ 5.5 k 0.6 8.3 f 0.8 1.5 Ii 0.7 95 k 2 

in vitro mutagenized constructs 
nonA~3sf/Y, l-STOP A/+ 0.0 k 0.0 13.6 k 0.7 0.0 + 0.0 55 + 3 

nonAd’lS f/Y; 1 -STOP B/+ 0.0 zk 0.0 8.4 k 1.0 0.0 k 0.0 5124 

nonAdlSs f/F 2-STOP A/+ 3.6 + 0.3 8.4 + 0.1 6.5 k 0.5 95 rf: 3 

n~nA”~~ f/r; 2-STOP B/+ 2.5 + 0.1 6.4 + 0.2 1.2 ? 0.3 98 + 0 

Transgenics involving transduced non,&locus (w-linked) DNA (as depicted in Fig. 2) and a n~ti~‘~~/-/Y; ryID6 genetic 
background, were tested for ERGS and optomotor behavior. Rl 1 and the XS16 designate genomic fragments that were 
previously shown to rescue ERG phenotypes in a nor~W mutant background (Jones and Rubin, 1990). Note that the 
only difference between XS16 lines A and B is the opposite orientation of the restriction fragments inserts relative to 
the rp marker in the plasmid used as the “transformation vehicle” (cf. Jones and Rubin, 1990). S 12 is a DNA fragment 
derived from a more distal genomic region (Fig. 2) than the sources of the R and XS fragments noted above. The in 
vitro--mutated constructs 1 -STOP and 2-STOP are variants of Rl 1 that each have stop codons, which were placed near 
the unique 35 and 33 amino acid termini of the putative proteins form I and II (Fig. 2), respectively. See Materials and 
Methods for urocedures and computational strategies concerning the visual response tests and analyses of data stemming 
from them. - 

cycles for a given pulse in the songs of all the 21 hemizygous 
nonAdfss (XY) males recorded for this study (see Tables 3, 5), 
after maximizing the mutant phenotype by outcrossing (see Ma- 
terials and Methods), was 12. 

Behavioral mutants in D. melanogaster, which are necessarily 
viable by virtue of their strategy of isolation, sometimes turn 
out to be mutated at essential genetic loci (e.g., Homyk et al., 
1985; Lipshitz and Kankel, 1985; Watanabe and Kankel, 1990). 
If this were the case for nonAdSS, certain of the independently 
induced lethal mutations mapping near this locus might fail to 
complement the song-visual mutation. In fact, the other court- 
ship song mutation in this species, cacophony (cat), is not com- 
plemented in heterozygotes involving several allelic lethal mu- 
tations mapping to the cat locus (Kulkami and Hall, 1987) yet 
the three lethals mapping nearest to nonAdfSJ led to normal sing- 
ing and optomotor behavior (data not shown), in tests of the 
pertinent heterozygous diplo-X flies (see Materials and Meth- 
ods). Such results are in agreement with those involving ERGS 
of the nonAH allele, in combination with two of these lethal 
mutations (Jones and Rubin, 1990). The two sets of findings 
indicate that nonA has not yet been mutated to lethality, or that 
it cannot cause such a phenotype when it has suffered a loss-of- 
function mutation (see Discussion). 

Rubin (1990), who demonstrated rescue of the nonAH allele by 
both genomic fragment types. In one line (XS16A) the ERG 
transients’ absences were not rescued, although the optomotor 
score was 88, closer to wild-type values (typically -95) than 
the mutant score (typically 50-60). Given that the other strain 
transformed with the Xba I-Sac I fragment gave a normal ERG 
and optomotor response, the incomplete rescue in XS 16A is 
likely to be a position effect of the insert location (see Discus- 
sion). 

Transformation rescue of courtship and visual defects 

For the courtship song phenotypes of transgenic males, the 
two genomic fragment types noted above gave clear rescue of 
the abnormal pulses in terms of the CPP character, in a nonAdfss 
background (Table 5). The carrier frequency (IPF) regression 
scores for these four genotypes were, however, classified as in- 
termediate or even mutant-like (with regard to fragment type 
XS16, line A). Nevertheless, the overall pattern of results (see 
Table 5, Phenotype) indicates this DNA also contains appre- 
ciable biological activity in terms of ameliorating nonAd’Ss’s ef- 
fects on courtship song. Moreover, the control strains (S12A 
and Sl2B), which had been transformed with a genomic frag- 
ment mapping more distally on the chromosome (Fig. 2) ex- 
hibited no rescue of the mutant song phenotypes (Table 5). This 
is consistent with the ERG analysis of these two transgenic lines 
(Jones and Rubin, 1990). In the main, these results (see Table 
5, Mutant controls and Genomic constructs) strengthen the con- 
clusion that the diss mutation is a nonA allele. 

Genomic DNA has been cloned from the proximal 14B/distal 
14C region of the X chromosome (Besser et al., 1990; Jones 
and Rubin, 1990; Surdej et al., 1990). Phenotypic rescue of 
nomP’s visually mutant phenotypes was readily observed (Ta- 
ble 4) in germline transgenics that had been previously generated 
by Jones and Rubin (1990). These transformed flies carry either 
of two constructs: an 11 kb Eco RI or a 16 kb Xba I-Sac I 
fragment ofgenomic DNA, which overlap by 9 kb (Fig. 2). Three 
of these four lines containing the genomic DNA inserts in a 
nonAhS genetic background displayed robust rescue of visual 
defects, giving wild-type ERG transients and optomotor scores 
(Table 4). This is in agreement with the results of Jones and 

Two deliberately altered constructs of the (otherwise) rescuing 
11 kb genomic fragment were assayed for their effects on be- 
havioral phenotypes in a nonAdfSS genetic background. 1 -STOP 
and 2-STOP refer to variants with translation-terminating co- 
dons inserted in the DNA near the mRNA splice sites that would 
produce the two different polypeptides encoded by transcripts 
corresponding to the two cDNA types depicted in Figure 2. 
1 -STOP, designed to eliminate only the putative form I protein, 
failed to rescue the ERG defect induced by the visual-only mu- 
tation nonAH2, whereas 2-STOP, which would produce a normal 
form I but no form II, restored this mutant’s missing on- and 
off-transients (Jones and Rubin, 1990). In principle, the two 
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Table 5. Song phenotypes of dim transformants 

Phenotype 

Genotype (iV) CPP score IPF score Computer 
Ob- 
server 

Mutant controls 
nor&l” fl Y 
nonAd’ss f/ Y, S 12A/ + 
nonA”sf f/Y, S12B/+ 

Genomic constructs 
nonAdzss f/Y, Rl IA/+ 

nonAdzSs f/Y, Rl lB/+ 
nonAdzsI f/Y, XS16A/+ 
nor&= f/E XSl6B/+ 

in vitro mutagenized constructs 
nonAd’sI fl Y, 1 -STOP A/+ 
nonAhSSfl Y, 1 -STOP B/+ 

nonAdS f/Y, 2-STOP A/+ 

nonAdgS f/Y, 2-STOP B/+ 

(4) 2.90 + 1.01 
3.16 + 0.62 
4.30 + 0.19 

-0.29 + 0.13 

0.12 f 0.13 

0.15 k 0.22 

0.05 -t 0.12 

0.82 ? 0.21 

2.71 k 0.92 

0.23 k 0.15 

0.10 t- 0.03 

86.44 + 51.19 

74.23 f 12.26 

132.01 zk 3.65 

5.93 k 1.79 

7.79 k 3.74 

23.19 k 10.72 

7.84 k 4.96 

38.81 + 16.17 

66.18 + 22.29 

5.52 + 4.95 

2.98 + 1.72 

(MU-U 
MUT 
MUT 

WT/lNT 
WT/INT 
WT/MUT 
WT/INT 

INT/MUT 
MUT 
WT/INT 
WT 

(MU-U 
MUT 
MUT 

WT 

WT 

WT 

WT 

INT 
MUT 
WT 
WT 

The same kinds of nonAd~ss-bearing transgenics as in Table 5, plus an additional type involving the “non-visual-rescuing” 
DNA fragment S12 (see Fig. 2), had their songs recorded and analyzed as in Table 3. The phenotypic classifications 
based on regression analyses (Computer phenotype) were as described in Table 3 notes. The (by-definition) wild-type 
values (WT) in that column were used for the present statistics. A new phenotypic category appears here in the Computer 
phenotype (WT/MUT) and indicates that the CPP regression score was indistinguishable from that of wild-type, with 
the IPF score being not significantly different from that of the diss mutant. The decisions made from viewings of song 
traces by a “blind” investigator (Observer phenotype) were categorized as described in Table 3 notes. 

different proteins (if they are real) could be generated in widely 
separate tissues, with their respective absences affecting visual 
and song phenotypes differently. However, no evidence in favor 
of such a model was obtained from tests of transformants in- 
volving n~nA~~~. 2-STOP robustly rescued ERG transient, op- 
tomotor, and the CPP-associated courtship song defects of this 
mutant, whereas 1 -STOP failed fully to rescue either the visual 
functions or the song mutant phenotype (Tables 4, 5). Thus, 
we suggest that the inferred nonA form I protein encoded by 
cDNA 23 is sufficient to supply all biological functions missing 
in the nonAdfSS mutant. The putative form II protein does not 
as yet provide a known function associated with this genetic 
locus. 

RNA and protein analysis 
The mRNAs detected from the nonA genomic region appear to 
be similar in size and abundance in the wild-type (Canton-S) 
and nonAdfss. Using a 0.6 kb Pst I-Sal I genomic fragment (cloned 
from nonA) as a probe, transcripts of approximately 4.0, 3.0, 
and 2.8 kb were previously detected on Northern blots in the 
heads of wild-type flies (Jones and Rubin, 1990). We observed 
the same-sized transcripts in RNA extracted separately from 
the heads and bodies of males and females expressing either 
nonAdlSS or the normal allele (data not shown). This 0.6 kb frag- 
ment also detected, for either genotype, smaller RNA species 
not seen with other probes from the nonA region; the 0.6 kb 
probe is believed to cross-react with nonA “repeated sequences,” 
that is, those present in other genes and transcripts (see Jones 
and Rubin, 1990). 

Figure 4A indicates the portion of cDNA 23 that was fused 
to the 5’ end of the E. coli trpE gene to produce the fusion 
protein used to immunize mice. Western blot experiments 
showed that the resulting polyclonal antibody binds to an 80 
kDa protein present in Drosophila head extracts (Fig. 4B). No 
immunoreactivity was observed in the flow-through from the 

affinity column, from which the NONA antibody had been de- 
pleted (see Materials and Methods). Preimmune serum was not 
available as a further control. 

A Western blot involving head extracts from male and female 
Canton-S (wild-type) and five nonA mutant alleles indicated that 
all produce a full-length protein. notizAp’” extracts, however, 
showed appreciable decrements in the levels of the protein in 
both sexes (Fig. 4B). 

Immunoprecipitation experiments were performed using la- 
beled NONA protein. An RNA copy of the ORF corresponding 
to cDNA 23 was generated (via the “SP6” system), and this 
product was in vitro translated using 35S-methionine. The anti- 
NONA antibody was then used to immunoprecipitate radio- 
labeled polypeptide. This led to antibody-mediated detection, 
on gels, of an 80 kDa protein and 44 kDa band (data not shown); 
the latter was also occasionally observed on the Western blots 
and could be a degradation product. 

Spatial expression of nonA-encoded products 
In situ hybridizations to whole-mounts of embryos were per- 
formed with digoxygenin-labeled antisense RNA probe, corre- 
sponding to a 1050 nucleotide Sal I fragment from cDNA 23 
(which does not contain sequence motifs that are believed to 
be cross-reactive with RNAs encoded by genes other than nonA). 
The whole-mounted preparations revealed a ubiquitous distri- 
bution of that gene’s transcript throughout the embryo (data not 
shown), a result that is consistent with the NONA protein lo- 
calization, whose description follows. 

A developmental profile of immunohistochemically deter- 
mined reactivity to the NONA antigen(s) showed this material 
to be present ubiquitously in the developing oocyte and the 
embryonic, larval, pupal, and adult stages (Fig. 5). Although the 
NONA protein appeared to be nuclear in the maturing oocyte, 
in the developing zygote this protein seemed to be localized to 
the cytoplasm until the cellular blastoderm stage (cf. Frasch and 
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TRP-E NONA 

B 
Figure 4. Production of anti-NONA 
antibody and its biochemical applica- 
tion. A, Schematic diagram of the fu- 
sion protein produced by the 5’ end of 
the E. coli trpE gene (hatched bar) and 
the 3’ Sal 1 fragment of the nonA cDNA 
23 (solid bar) in the pATH3 vector 
(shaded areas represent parts of the 
cDNA not included in the fusion con- 
struct). The TRP-E portion of the re- 
sulting protein should be approximate- 
ly 36 kDa, and that for NONA portion, 
approximately 60 kDA. B, A Western 
blot of Drosophila head extract from 
Canton-S (wild-type), nonAH2, nonAp’“, 
nomP, r~onA~~~, and nonAdfSS flies (five 
adults per lane); there is a single im- 
munoreactive protein band at approx- 
imately 80 kDa. Note that the nomP4 
allele shows a decrement of protein lev- 
els in both sexes (M, males; F, females) 
compared to the band intensities in the 
wild-type lanes and those of the other 
nonA mutants. This nonAP”-induced 
decrement has been reproduced in two 
additional experiments. 

Saumweber, 1989). The change from the cytoplasmic to nuclear 
localization of NONA is exemplified here by the staining ob- 
served approximately 12% into the animal’s embryonic devel- 
opment (Fig. 54) compared to that in a late third instar larva 
(Fig. 5B). Developmental Western analysis (see above) also 
showed nomf expression in the first and second larval instars 

MFMFMFM FMFMF 

----- 

116 

97 
66 

(data not shown), stages that were not examined in tissue sec- 
tions. 

Immunohistochemistry with frozen sections of male and fe- 
male adult flies revealed nuclear localization of the NONA an- 
tigen (see Fig. SD, especially its inset). Signals were seen in most 
cells of all tissues examined; we could not determine whether 

Figure 5. Immunohistochemically determined expression of the nonA gene product. A, Whole-mount of an early embryo (stage 5). B, Cross 
section through the anterior end of a late third instar larva, showing the brain (b) and ventral ganglion (vg). C, Horizontal section through an adult 
male head, incubated with the flow-through material from the fusion protein affinity column (see text); there is no apparent immunoreactivity. D, 
Horizontal section through the head of an adult female wild-type (Canton-S). This pattern of immunoreactivity is indistinguishable from that 
observed in the male fly; the nuclear nature of the signals is especially apparent in the photoreceptor cells of the eye (solid arrows), the lamina optic 
lobe (solid arrowhead), and the first optic chiasm (open arrow). ey, eye; la, lamina; me, medulla; Zc, lobula complex (lobula + lobula plate optic 
lobes). The inset in the upper right corner shows nickel chloridt+intensified staining of the photoreceptor cell nuclei (solid arrows) with the non- 
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G 

affinity-purified antibody. The latter was prepared according to the method of Kimmel et al. (1990). E, Horizontal section through an adult male 
nonApJ4 head with decreased overall staining, relative to the wild-type level. F, Horizontal section through an adult male wild-type (Canton-S) 
thorax. The solid arrow indicates nuclei of the cortical cells in the thoracic ganglia. Tl, prothoracic neuromere; T2, mesothoracic neuromere; TS, 
metathoracic neuromere; abd, abdominal neuromere (fused in the posterior thorax to the three other ganglia just noted, which are thoracic per se). 
G, High magnification of the cells of the imaginal gut and thoracic muscle, indicating the nuclear localization of this antigen. The large arrow 
indicates immunoreactivity in nuclei of the gut cells, and the smaller arrow, the elongated muscle nuclei. Scale bars: A, 50 pm; B, 25 pm; C-E, 80 
pm; F, 125 pm; G, 10 pm. 
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NONA immunoreactivity is present in all nuclei. The tissues 
in which the protein was detected included the photoreceptors 
and lamina of the visual system, the central brain, and the 
thoracic ganglia (Fig. 50,F). Non-neural tissue was also stained, 
for example, in nuclei of the gut (Fig. SG) and thoracic muscles. 
The follicle epithelium and the nurse cells of the female ovary, 
as well as the developing oocyte, also exhibited staining (not 
shown). The pattern of immunoreactivity in the male and female 
head and thoracic regions was apparently identical (data not 
shown). Staining appeared as if it might be more prominent in 
the nervous system, but this could be an artifact of neuronal 
cell sizes, which are relatively large. For example, the staining 
of muscle cell nuclei (dimensions, approximately 1 x 3 to 1.5 
x 4.5 pm; Miller, 1950) which are smaller than those of some 
ganglia (diameters, -4-5 pm; Miller, 1950), was readily ob- 
served only at high magnification (Fig. 5G). The lack of staining 
observed with flow-through from the affinity column used to 
purify the antibody (see Materials and Methods) (e.g., Fig. SC) 
suggests that the observed staining is due to immunoreactivity 
of the nonA gene product. 

Tissue staining of flies expressing the five mutant alleles, sec- 
tioned in the same block as a wild-type control and processed 
together, revealed no gross detectable differences in the spatial 
location of the NONA antigen. Immunoreactivity was present 
throughout the visual system and thoracic ganglia. Sections of 
nonApi4 adults, however, showed a generalized decrease in stain- 
ing levels (Fig. 5E), consistent with the Western experiments. 
This result is a further indication of the antibody’s specificity. 

Sequence homology to RNA-binding proteins 

As originally reported by Jones and Rubin (1990), the amino 
acid sequences corresponding to NONA’s form I and (putative) 
form II proteins contain glutamine-rich regions near their amino 
termini and a region of highly charged residues, features char- 
acteristic of “auxiliary” domains within nucleic acid-binding 
proteins (Bandziulis et al., 1989). We reexamined these two 
polypeptides for homology with nucleotide and protein sequences 
in the NBRF and Gen EMBL data bases. A 27% identity, over 
a region of 88 amino acids, was found to the Sex-lethal (SLX) 
gene product of Drosophila. This is a member of a group of 
proteins containing one or more RNA-binding domains termed 
ribonucleoprotein consensus sequences (RNP-CSs) by Bandziu- 
lis et al. (1989). The significance of the motif similarities in 
question was not recognized earlier, primarily because the most 
closely related sequence (i.e., SXL; see below) had not appeared 
in the data bases prior to the initial report of NONA’s sequence. 

The approximately 80-90 amino acid RNP-CS RNA-binding 
motif contains an octapeptide, RNP- 1 (Adam et al., 1986; Sachs 
et al., 1987) and an RNP-2 sextapeptide (cf. Dreyfuss et al., 
1988). Two regions, within each of the two (presumptive) forms 
of the NONA protein (Fig. 2) matched the consensus derived 
by Bandziulis et al. (1989), for a group of 30 gene product 
sequences containing one or multiple RNP motifs. The more 
conserved RNP-CS, located at NONA’s amino acid positions 
295-373 from the N-terminus (cf. Jones and Rubin, 1990) 
contains six out of six amino acids at the RNP-2 site and four 
out of eight amino acids identical at the RNP-1 site, with the 
proper approximately 30 amino acid spacing between the two 
motifs. NONA’s second RNP domain is located at amino acids 
374452. 

RNP- 1 is generally a more conserved motif, among the family 
of proteins under consideration, than is RNP-2 (Dreyfuss et al., 

1988; Bandziulis et al., 1989; see also Discussion). The family 
containing RNPs includes small nuclear ribonucleoproteins 
(snRNPs), heterogenous ribonucleoproteins (hnRNPs), and sev- 
eral proteins encoded by developmentally important Drosophila 
genes, such as embryonic lethal abnormal visual system (elav; 
Robinow et al., 1988) as well as the sex determination genes 
Sxl (Bell et al., 1988) and transformer-2 (tra-2; Amrein et al., 
1988; Goralski et al., 1989; reviewed in Baker, 1989). The degree 
of sequence homology observed between NONA and the three 
most homologous proteins of the large family is, in order from 
highest to lowest, SXL, the polyA-binding proteins (PABPs), 
and TRA-2. There is also a good match between any of the 
three Drosophila proteins-NONA, SXL, TRA-2-and the 
PABPs. 

Figure 6 shows the RNP sequence motifs found in the yeast 
PABP as well as the SXL, TRA-2, and NONA peptides of 
Drosophila, compared with the consensus for the larger family 
derived by Bandziulis et al. (1989). The RNP-1 and RNP-2 
repeats are indicated in boldface and the characteristic aromatic 
amino acids within them (Tyr, Phe) are underlined. These are 
believed to be involved in “ring stacking” interactions between 
protein and RNA (proposed by Kenan et al., 1991). Another 
notable feature of the NONA sequence is the presence of more 
than 50% of the conserved hydrophobic residues of the ap- 
proximately 80 amino acid RNP that are thought to contribute 
to the folding of the protein (Kenan et al., 199 1). Furthermore, 
the primary sequence of this portion of NONA is consistent 
with the secondary structural features of the U 1 snRNP protein 
A (Nagai et al., 1990; Kenan et al., 1991) another member of 
the RNA-binding family. 

A protein that binds single-stranded DNA as well as RNA 
was also revealed (from the data base search) to exhibit a sig- 
nificant level of sequence similarity to NONA (not shown in 
Fig. 6). This is a “helix-destabilizing” protein of Drosophila 
(Haynes et al., 1987); it is similar to NONA in the RNP domains 
and in a glycine-rich region as well (cf. Jones and Rubin, 1990). 

Discussion 
Pleiotropy of behavioral phenotypes and protein expression 
The diss allele of the nonA gene leads to behavioral pleiotropy. 
However, this mutant is not defective in a wide range of be- 
haviors but is specifically abnormal in the Drosophila male’s 
courtship song and in responses to visual stimuli. The same 
kind of particular pleiotropy is seen in certain olfactory mutants 
of Drosophila, which turned out-after their isolations on odor- 
response criteria alone- to be visual mutants as well (McKenna 
et al., 1989; Woodard et al., 1989). A further parallelism between 
olfactory neurogenetics and the diss/nonA connection is that the 
ota-I mutation was later shown to be an allele of a previously 
known “eye gene,” retinal-degeneration-B(Woodard et al., 199 1). 

That nonA is truly a “bifunctional” gene is predicated on the 
ability to demonstrate that the diss and nonA mutations define 
the same genetic unit. Indeed, these mutations fail to comple- 
ment one another for the visual phenotypes (Table 2), and rescue 
of the visual and song defects was effected by P-element trans- 
formation with the same DNA constructs (Fig. 2, Table 4). These 
results suggest strongly that the two kinds of genetic variants 
are in fact mutated either in the self-same gene or at two loci 
that are so closely related that they are essentially inextricable. 
Such a relationship could mean that there are two factors in 
very close proximity, whereby a “gross” genetic lesion (e.g., a 
small deletion) could remove or damage both of them. If that 



The Journal of Neuroscience, February 1992, 72(2) 403 

PAHP 1 

PABP 2 
PAHP 3 
PABP 4 
SXL 1 
SXL 2 
TRA-2 
NONA 1 
NONA 2 
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PARP 1 
PAHP 2 
PAHP 3 
PAHP 4 
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SXL 2 
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NONA 1 
NONA 2 
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RNP-2 
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IFIKNL-HPD 
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LIVNYL -PQD 
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were the case, nonAd’= should be markedly abnormal at the level 
of mRNA and protein expression, but this mutant expresses 
apparently normal levels of full-length mRNA (data not shown) 
and protein (Fig. 4). 

The results involving “transformation rescue” were not un- 
equivocal. For example, the Rl IA and B transgenic lines, 
involving the 11 kb Eco RI genomic fragment, restored visual 
function to a better degree than they did the song phenotype 
(Tables 4, 5). The XS 16B flies were somewhat closer to wild- 
type for both phenotypes, whereas line A carrying this 16 kb 
Xba I-Sac I DNA fragment effected only a partial rescue of 
vision and of singing (Tables 4, 5). These inconsistencies could 
have resulted from “position effects” associated with the par- 
ticular genomic locations of the transduced DNA insert in given 
transgenic lines, which can lead to lower than normal levels of 
the gene’s expression (cf. Hazelrigg et al., 1984; Baylies et al., 
1987; Jones and Rubin, 1990). Other locations might allow 
more normal levels of such expression. 

Another case concerns the in vitro-mutated l-STOP con- 
struct. In line A of this transgenic type, the lack of rescue of 
visual defects was clear (Table 4; cf. Jones and Rubin, 1990), 
but there was some rescue of aberrant singing (Table 5). This 
suggests that the truncated form I protein (Fig. 2) provides suf- 
ficient function to cover nonAdtSS’s song defect partially, but not 
its abnormal visual responses, and that the l-STOP B males 
that are not rescued for song (Table 5) suffer from a “loss-of- 
function” position effect. 

Other pertinent examples involving Drosophila transformants 
illustrate robust rescue of one phenotypic defect associated with 
a gene’s expression and less efficient rescue of a second (Gergen 
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Figure 6. Sequence similarities in- 
volving noti’s putative RNA binding 
motifs. The unique RNP-CS-like yeast 
peptides PABP 1, 2, 3, and 4; SXL 1 
and 2; TRA-2; and NONA 1 and 2 from 
Drosophila are shown, with the best es- 
timates of their relative positions de- 
termined by applying the-algorithm of 
Smith and Smith (1990). The boldface 
numbers indicate ‘the separate reions 
of these gene products that contain the 
motifs in question. Below each block of 
comparisons is the “consensus se- 
quence,” referring to the larger family 
of more than 30 proteins (Bandziulis et 
al., 1989). The RNP-1 and RNP-2 se- 
quence motifs are indicated in boldface. 
Within the NONA RNPs, conserved 
aromatic amino acids of RNP-1 and 
RNP-2 are underlined, and character- 
istic hydrophobic residues of the RNP 
domains (Kenan et al., 199 1) are marked 
by * or *, indicating the presence of 
hydrophobic amino acids in one NONA 
peptide or both. 

and Butler, 1988; Kania et al., 1990). This suggests that the 
piece of DNA rescuing one of the two phenotypes influenced 
by a locus is inherently inadequate; it might lack regulatory 
sequences more important for gene expression in a specific tissue 
(see, e.g., Pick et al., 1990). Thus, the RI 1 and XS16 genomic 
fragments could be missing “thoracic enhancers” (see below), 
causing relatively poor restoration of the biological activity nec- 
essary for wild-type song. Slightly larger genomic fragments, 
whose 5’ ends would extend farther distally (leftward in Fig. 2), 
might fully rescue both nontl-associated phenotypes. 

The courtship song phenotype was more severe in flies with 
one dose of the nonAzAd’= mutation in combination with a deletion 
of the locus (Fig. lB), suggesting that this allele is hypomorphic. 
nonAp14 behaves as if it could be more a severe underexpressor, 
because of its partial noncomplementation of the nonAd’ss-as- 
sociated song defect (Table 3). [Recall, however, that this allele 
leads to the least severe ERG phenotype (Table 2).] The reason 
that nonApJ4 males are closer to the wild-type in their singing 
behavior than are the diplo-X nonAd’ss/nonAp14 heterozygotes 
(Table 3) is almost certainly due to dosage compensation of 
expression levels for X-linked genes (reviewed in Jaffe and Laird, 
1986). Thus, one dose of the nonAp14 mutation in a haplo-X fly 
would lead to a higher level of gene product than the equivalent 
dose in a diplo-X genotype. These arguments also lead to the 
suggestion that nonAdiSS is, in terms of biological function, nearer 
to a null mutation than is non&“. The behavioral findings 
involving these two alleles are consistent with this supposition 
and with the decreased levels of NONA protein detected in 
nonApJ4 extracts (see below). Whereas nonAd’SS leads to appar- 
ently normal levels of gene products (see above), a mutated 
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protein whose presence is readily detectable (immunologically) 
may nevertheless be nonfunctional; examples are provided from 
Drosophila neurogenetics (e.g., Baker et al., 1990). 

The nonA-encoded mRNAs, and the polypeptide that we call 
NONA, exhibit widespread tissue distributions and expression 
at most stages of the life cycle. Thus, NONA is localized in the 
nuclei of many or all cells of the several developing and adult 
tissues we have examined. In early embryonic stages, however, 
the protein is found in the cytoplasm rather than the nucleus 
(Frash and Saumweber, 1989; present results). 

The nonA mRNA shows a uniform distribution in the cyto- 
plasm of early embryos (Besser et al., 1990; K. G. Rendahl and 
J. C. Hall, unpublished observations). However, there is a short 
time window during embryogenesis when the RNA localization 
seems restricted to the nervous system (R. Stanewsky and H. 
Saumweber, personal communication), though the protein is 
ubiquitous at this stage (Besser et al., 1990; present results). This 
neural specificity may indicate a critical time in development 
where expression is required in precursors of adult nervous 
system cells, especially in the visual system and thoracic ganglia 
(see below), given the behavioral defects seen in nonA mutants. 
However, it is not yet possible to make any link between the 
embryonic pattern of this gene’s mRNA expression and the 
adult behavioral phenotypes. 

The nonA locus belongs to an emerging category of “neuro- 
logical” genes, which, although their mutated forms lead to 
subtle behavioral defects, or no apparent defects, have broad 
mRNA and protein distributions. For example, the Drosophila 
amyloid precursor protein-like (Appl) gene product is expressed 
throughout the nervous system (and, it seems, only there) all 
the way from embryogenesis through adult stages (Luo et al., 
1990; Martin-Morris and White, 1990). Surprisingly, perhaps, 
Appl- mutant flies are fully viable (L. Luo and K. White, per- 
sonal communication), in contrast to the case of a very similarly 
expressed gene, elav, which was originally defined by embryonic 
lethal mutations (e.g., Robinow et al., 1988). 

Expression of genes in this category is not always limited to 
the nervous system. Examples include theperiod(per) and dunce 
(dnc) genes. per is required for the functioning of the biological 
clock underlying circadian rhythms (Konopka and Benzer, 197 1) 
and an ultradian rhythm associated with the male’s courtship 
song (e.g., Kyriacou et al., 1990). The per mRNA and protein 
are expressed in many cells of the nervous system, as well as in 
a host of non-neural tissues in embryos, larvae, pupae, and 
adults (reviewed by Hall and Kyriacou, 1990). Mosaic studies 
have indicated that “head expression” of per is involved in the 
control of circadian rhythms (Konopka et al., 1983) whereas 
the gene’s action in the thorax is connected to song-rhythm 
regulation (Hall, 1984). This again illustrates the relatively spe- 
cific phenotypic defects known to be caused by per mutations. 
In addition, it is notable that per- mutants are completely viable 
(reviewed by Hall and Kyriacou, 1990). The dnc gene encodes 
a CAMP phosphodiesterase (e.g., Chen et al., 1986), and mu- 
tations at this locus lead to defects in a variety of experience- 
dependent behaviors (reviewed in Quinn and Greenspan, 1984; 
Hall, 1986; Tully, 1987). The enzyme encoded by dnc is present 
in all body segments of the adult and many, if not all, stages of 
development (Shotwell, 1983), yet dnc mutants completely de- 
void of this gene (reviewed in Kiger and Salz, 1985) are fully 
viable; they do not learn (see above), exhibit one additional 
behavioral anomaly (Bellen and Kiger, 1987), and (as females) 
are sterile (e.g., Kiger and Salz, 1985). 

A solely “nonA-minus” genotype is not yet available (e.g., the 
deletion used in the present study is also missing nearby, vital 
genes). Also, none of the extant mutations at the locus lead to 
an absence of gene product (Fig. 4B). It is possible that a nonA- 
null mutation would be lethal. Alternatively, one or more of 
the extant nor&s might produce a totally inactive protein (cf. 
Baker et al., 1990). Such a nonA-null mutant-perhaps the diss 
allele (see above)-would be analogous to the cases of Appl-, 
per-, and dnc-, in that the loss-of-function variant, for a widely 
expressed gene product, exhibits a limited array of phenotypic 
abnormalities. Such defects are also relatively subtle ones, that 
is, not involving overt developmental and morphological 
changes. 

NONA as a putative RNA-binding protein 
NONA appears to be a member of a large family of proteins 
containing the RNP-1 and RNP-2 sequences, which are in- 
volved in RNA binding (as demonstrated directly in some in- 
stances, e.g., Merrill et al., 1988). The RNP class of proteins is 
highly variable in terms of its amino acid sequences and in the 
roles these factors play in RNA metabolism (Bandziulis et al., 
1989; Kenan et al., 1991). Thus, it is not possible now to make 
a specific proposal for NONA’s biochemical actions in its var- 
ious tissue locations. 

However, it is notable that the similarity of NONA RNP 
sequences to those in SXL (the Sex-lethal-encoded protein) of 
Drosophila is the strongest of this family (Fig. 6). SXL is in- 
volved in the splicing of mRNAs that are crucial to an early 
stage of genetically controlled sex determination (e.g., Bell et 
al., 1988; Inoue et al., 1990). Although there is also good sim- 
ilarity of NONA to the polyA-binding proteins (Fig. 6; see also 
Besser et al., 1990), the resemblance ofPABP sequences encoded 
by certain genes of human and yeast to each other is much 
closer. Thus, we believe that NONA is unlikely to be a PABP 
and suggest that it could help mediate splicing of particular 
mRNAs involved in the functioning of the fly’s nervous system, 
owing to NONA’s nuclear localization in neurons and the be- 
havioral/physiological phenotypes caused by nonA mutations. 

However, the work of H. Saumweber and colleagues suggests 
a more general function for the NONA protein. These inves- 
tigators have independently isolated the nonA gene (Besser et 
al., 1990); they also noted that nonA encodes a putative RNA- 
binding domain. Their method of isolation may shed light on 
the function of the gene: NONA in this study was identified by 
virtue of its presence in proteins extracted from polytene chro- 
mosomes of Drosophila larvae; such proteins were used to gen- 
erate antisera, one of which was used to isolate a NONA-en- 
coding cDNA, cloned from an expression library (Besser et al., 
1990). These investigators showed further that NONA is as- 
sociated (in situ) with approximately 200-300 loci in the tran- 
scriptionally active chromosome puffs of salivary glands taken 
from third instar larvae. In this regard, it is notable that the 
shift of the NONA protein from a cytoplasmic to a nuclear 
localization during embryogenesis occurs during gastrulation 
(Frasch and Saumweber, 1989), when zygotic transcription be- 
gins (Zalokar, 1976). 

Additional experiments involving NONA’s “binding” to lar- 
val salivary chromosome sites suggested that association of this 
protein with the genetic loci in question may not be through 
RNA-protein contacts (Saumweber et al., 1990). That NONA 
exhibits significant similarity to a protein that can bind to single- 
stranded DNA in vitro (Haynes et al., 1987) could mean that 
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this gene product binds to DNA as well as, or possibly instead 
of, RNA in vivo. 

Roles of a nucleic acid-binding protein in regulating behavior 

When considering the possible function of NONA as a “gene 
regulatory” substance, what might the pleiotropy of both nonA 
mutational effects and expression mean in regard to the function 
of this gene in behavior and physiology? 

The specificity of the behavioral defects observed in the nonAd’SS 
mutant could be explained by analogy to the other “behavioral 
genes” mentioned above. Thus, it is possible that nonA’s wide- 
spread expression is misleading in regard to the consequences 
of removing it or lowering its efficacy. A given abnormality in 
the gene product may, therefore, have impacts on only certain 
of the tissues where the protein is normally found, such as the 
optic lobes, which could be the focus of this (and other) nonA 
mutant’s ERG deficits (see introductory remarks), and the tho- 
racic ganglia, which are implicated in the control ofDrosophila’s 
courtship song (Hotta and Benzer, 1976; Schilcher and Hall, 
1979; Hall et al., 1990). NONA may be required only in par- 
ticular locations, such that only they are actually disrupted in 
the mutant. A further implication of this idea is that ubiquitous 
expression of the NONA protein could be functionally insig- 
nificant and may represent an evolutionary artifact, whereby 
Drosophila has not “downregulated” nonA in tissues where it 
is not needed. 

An alternative to this explanation is that the relevant neural 
ganglia in the fly’s head and thorax may be more sensitive to 
decrements in the amount or functioning of the protein. This 
notion is based on the distinct possibility that none of the nonA 
mutants are null variants (note that the strategies for their iso- 
lation demanded that they all be viable). Thus, in the mutants 
isolated so far, behavior and physiology could be “the first to 
go,” implying that mutations that further reduce such levels 
would cause more severe and general effects on behaviors, vi- 
ability, or both. An analogy is provided by temperature-sensi- 
tive Choline acetyltransferase (Cha*s) mutants in Drosophila. 
These exhibit a graded decrement in their physiology and be- 
havior: after relatively brief heat treatments of Chats mutants, 
the flies exhibited aberrant ERGS and courtship behavior; 
lengthier exposures to the restrictive temperature caused total 
paralysis and, ultimately, death (Greenspan, 1980). It is easy to 
imagine that a “generalized” function such as the neurotrans- 
mitter metabolizing enzyme in question, as well as factors con- 
trolling transcription or RNA processing, would be vital ones, 
hence lethal when “turned off’ totally or when unconditionally 
null (cf. Robinow et al., 1988; Cline, 1989; Ingham and Nakano, 
1990; Campos-Ortega and Jan, 199 1). 

Certain other genes of neurobiological interest in this organ- 
ism have been identified initially in biochemical experiments. 
For instance, there are the fasciclin genes, the studies of which 
started with monoclonal antibodies against embryonic neural 
antigens (e.g., Pate1 et al., 1987; Zinn et al., 1988). Spatial ex- 
pression of these substances during times of axonal outgrowth 
in the embryonic stage, and in many epidermal cells as well 
(Pate1 et al., 1987), could reasonably have led to the prediction 
that a null mutation in a fasciclin gene would be lethal, but this 
turned out not to be the case for fasI- variants (Elkins et al., 
1990). However, in combination with a Drosophila Abelson 
gene (abl) mutation (cf. Henkemeyer et al., 1987), which by 
itself does not noticeably disrupt embryonic neural develop- 
ment, fasZ- leads to gross anatomical abnormalities of the CNS 

in mid to late embryos (Elkins et al., 1990). By analogy, it could 
be that the putatively vital function encoded by nonA is com- 
pensated by some kind of genetic redundancy, whereby there 
could be one or more genes interacting with nonA+; only, then, 
in the relevant double mutant would nonAm be severely abnor- 
mal. 

We are thus left with a number of intriguing questions. How 
does one nonA mutation affect the song and visual phenotypes? 
Is the diss allele mutated in an especially important protein- 
coding or regulatory region that is required for both functions, 
whereas the other nonA mutations lead to defects in regions 
required only for vision? Would more extensive phenotypic 
defects result from loss-of-function mutations in the nonA gene? 
New mutations at this locus, isolated “over” one of the extant 
cases, could be genotypically null. It will not only be informative 
to ask about the overall phenotypic effects of such mutations; 
they could also be valuable tools for further experiments. For 
example, a functionally nod- mutant with no detectable pro- 
tein would be useful as a “genetic background” for assessing 
expression of transduced, nod-containing DNA fragments. 
Thus, does a transgenic line in which only optomotor responses, 
and not the ERG transients, were rescued (XS16A in Table 4) 
express the protein in only certain portions of the optic ganglia? 
Might the two lines involving the in vitro-mutated l-STOP 
construct differ in their gene product levels in the thoracic gan- 
glia, given the weak rescue of the singing defect, versus none at 
all (Table 5)? Even if nonA- mutations prove to be lethal, they 
can still be tested for their effects on behavior and physiology: 
mosaics could be generated that would each be part nonA+, part 
mutant; many of these genetically mixed individuals might sur- 
vive to adulthood. An analogy is provided by Acetylcholines- 
terase+l/Ace- mosaics; these were assessed, as adults, for defects 
in visual responses and courtship behavior (Greenspan et al., 
1980; Hall et al., 1980), though a uniformly Ace- genotype caus- 
es embryonic lethality (Hall and Kankel, 1976). 

Finally, it will be important to determine whether the NONA 
protein actually does bind to nucleic acids, especially within the 
nervous system. If this can be shown, it might eventually be 
possible to identify “downstream” genes or gene products (cf. 
Baker, 1989)-that is, targets of NONA’s actions-which could 
be involved in the control of visual, reproductive behavioral, 
and perhaps other phenotypes. We envisage that these further 
studies will reveal the nature of the NONA protein’s influence 
on neural functions, as mediated, perhaps, by its involvement 
in the regulation of gene expression. 
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