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The no-on-transient A (nonA) gene encodes a putative RNA-
binding protein, and mutations in this gene are known to
affect vision, male courtship song and viability in Drosophila
melanogaster. Here we have sequenced the coding region
of the nonA gene of Drosophila littoralis and compared it with
those of Drosophila virilis and D. melanogaster. All portions
of nonA appeared to be conserved between D. littoralis and
D. virilis, while the 5’ region of the gene of these two species
showed high divergence from that of a more distantly-related
species, D. melanogaster. The same was true for the glycine
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Introduction

The no-on-transient A (nonA) gene is one of the genes
whose mutant alleles have been found to affect behaviour
in Drosophila flies (see review by Yamamoto et al, 1997).
The gene was cloned and sequenced in Drosophila mel-
anogaster in 1990 simultaneously by two groups: Besser
et al (1990) and Jones and Rubin (1990). The extensive
sequence homology between the central domain of
NONA and of the human proteins PSF (PTB-associated
splicing factor; Patton et al, 1993), HeLa protein p54™™®
(nuclear RNA-binding protein; Dong et al, 1993) and the
product of nonO (an octamer-binding protein; Yang et al,
1993) strongly suggests conservation of function over a
period of divergence between human and fruit flies.
Consequently, Dong et al (1993) named the phylogen-
etically conserved central domain of the above-men-
tioned genes a DBHS domain (Drosophila behaviour and
human splicing).

nonA-mutations were first isolated in screens for
defects in phototactic behaviour in D. melanogaster (Hotta
and Benzer, 1970), the most severe effects of mutations
being optomotor blindness and the lack of transient
spikes in the electroretinogram. Kulkarni et al (1988) also
found some mutants to have disturbances in male court-
ship song, increasing the amplitude and polycyclicity of
the sound pulses as a train of pulses proceeds. Rendahl
et al (1996) found this mutation, called dissonance, to be
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repeat regions. No significant deviation from neutrality was
observed in the analysis of intraspecific nucleotide variation
in 5" or 3 region of the nonA gene in D. littoralis population.
Also, comparison of D. littoralis sequences with homologous
sequence of D. virilis suggests that the gene is evolving neu-
trally in D. virilis group. Divergence of the 5’ regions between
D. virilis group species and D. melanogaster could be a
result of positive selection, but this finding is obscured by
the long divergence time of the species groups.
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an allele of nonA (nonA%%) and showed it to be caused
by an amino acid replacement (from Arg to Cys) at site
548 in nonA of D. melanogaster. Rendahl et al (1996) also
demonstrated that novel point mutations introduced into
the first RNA recognition motif of nonA cause disturb-
ances in visual behaviour, male courtship song and the
viability of the flies.

The nonA gene of D. virilis has been sequenced by
Campesan et al (2001). They showed that the nonA genes
of D. virilis and D. melanogaster are diverged at the 5
region, but that the genes are highly conserved at the cen-
tral and 3’ region. Species divergence in 5" region could
reflect lowered functional constraint, or it might be a
consequence of positive selection affecting this gene
region. To find out whether this region shows divergence
also between more closely-related species, we have
sequenced the coding region of the nonA gene of another
D. virilis group species, D. littoralis, and compared it with
that of D. virilis and D. melanogaster. We have also tested
the neutrality of sequence evolution in 5" and 3’ regions
of the nonA gene by studying intraspecific nucleotide
variation on these regions in D. littoralis and by compar-
ing D. littoralis sequences with the D. wvirilis and D.
melanogaster sequences. Additional interest in this work
is due to the recent finding that nonA gene is located at
the proximal end of the X chromosome, where the gene
or genes causing major differences between the songs of
D. wirilis and D. littoralis are known to be located
(Paéllysaho et al, 2001). Thus it is a good candidate gene
for causing species differences in male courtship song in
the D. virilis group.
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Materials and methods

DNA extraction and PCR

Genomic DNA from D. littoralis strain 1007 (47°N 8°E,
Zirich, 1970) males was extracted using the standard
protocol of the Puregene DNA Isolation Kit (Gentra
Systems). An approximately 4.3 kb region from exon 2 to
exon 5 of the nonA locus was PCR-amplified using oli-
gonucleotide primers CACAACTTCAAGCGCAGGCC
CAA (forward) and CTAAAAACGACGTCGTCCCCATG
(reverse) designed from D. virilis nonA sequence
(GenBank accession number AJ298998). PCR was perfor-
med in 50 pl reactions using two units of DynazymeEXT
DNA polymerase (Finnzymes), 0.5uM of primers
(Pharmacia), 360 uM of each dNTP and 2 mM of MgCl,
(Finnzymes). The PCR profile was the following: first
denaturation at 94°C for 2 min, then denaturation at 94°C
for 30 s, annealing and extension at 68°C for 3 min and
30 s repeated for 30 times, and a final synthesis at 68°C
for 10 min. The sequence for the 5 region of the gene
was first analysed through cDNA synthesis and then
PCR amplified also from genomic DNA (see below; N-
terminal region in exon 1). The PCR products were
cloned using the TA Cloning Kit (Invitrogen) according
to instructions of the supplier.

Genomic DNA was also extracted from a single male
of D. virilis laboratory strain 1431 (53°N 1°W, England,
1982) and from six wild-caught D. littoralis males from
three sites in Finland (Sa: Savonlinna, 62°N, 29°E, Ku:
Kuopio, 63°N 27°E and Ou: Oulu, 65°N 25°E). The DNA
was PCR-amplified using oligonucleotide primers
GTTTCTGTACGGAGCTGGA CGGTTG (forward) and
GCCGCCACGATTGCGGTTG (reverse) for a 405bp
sequence in exon 1 (N-terminal), primers ACAACA
GATGCACC AAAAGCG (forward) and ACTCCTCATC
GGTAATGTCATTGG (reverse) for a 514 bp sequence in
exon 2 (N-terminal/Central domain), and primers
CGCGAATCTGATAATGAGCG (forward) and CTGTC
GCTGGTTATTTGCAC (reverse) for a 495 bp sequence in
exons 3 and 4 and intron 3 (C-terminal; see Figure 1). For
PCR amplification the reaction volume was 50 pl, con-
sisting of ~100 ng of genomic DNA, 1 uM of each primer
(Pharmacia), 200 uM of each ANTP (Finnzymes), 1.5 mM
of MgCl, (Finnzymes), 1x standard reaction buffer
(Finnzymes) and 2 U of DyNAzyme DNA polymerase
(Finnzymes). The amplification profile was 3 min at 94°C,
followed by 35 cycles of 30 s at 94°C, 30 s at 58-64°C,
30 s at 72°C, and finally one cycle of 10 min at 72°C. The
annealing temperatures for the studied regions were
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64°C, 58°C and 60°C, respectively. The resulting fragment
was purified from 1% agarose gel using the method of
Glenn and Glenn (1994).

RNA isolation and reverse transcriptase PCR (RT-PCR)
Isolation of the total RNA from adult D. littoralis 1007
males was performed according to manufacturer’s
instructions  with  TriPure®Isolation Reagent Kit
(Boehringer Mannheim). To determine the exact exon-
intron boundaries without having to sequence the long
intron sequences, various lengths of cDNAs of nonA were
made using Enhanced Avian RT-PCR Kit (Sigma). The
5'RACE System for Rapid Amplification of cDNA Ends,
Version 2.0 (GibcoBRL, Life Technologies) was used to
isolate the remaining 5 region of the D. littoralis nonA
cDNA with a forward Abridged Anchor primer and
reverse primers designed from the D. virilis sequence.
The amplification was carried out using the following
program: 94°C 2 min; 35 cycles of 94°C 30, 50°C 30s,
68°C 1 min, and a final extension at 68°C for 10 min.

Sequencing
A different sequencing strategy was used to obtain the
first D. littoralis sequence (cloning) from that used for the
population survey (direct sequencing of PCR products).
All cloned sequences were confirmed from at least 10
independent clones to eliminate errors caused by misin-
corporation of nucleotides by DNA polymerase. Discrep-
ancies arising were resolved also by direct sequencing of
additional PCR products amplified from genomic DNA.
The purified PCR products from the two 5" and one 3’
regions of the nonA gene from one D. virilis male (strain
1431) and wild-caught D. littoralis males were directly
sequenced. Sequencing of both DNA strands was perfor-
med with an Applied Biosystems model 377 DNA
sequencing system, using the ABI PRISM® BigDye™ Ter-
minator Cycle Sequencing Ready Reaction Kit (Perkin
Elmer). Approximately 50 ng of the PCR product was
added to 4 pl of dye terminator reaction mix and 6.4 pg
of sequencing primer (either forward or reverse used in
initial PCR) with 2 pl of x5 TE buffer in a final reaction
volume of 20 pl.

Computer analysis

DNA sequences were edited using Chromas version 1.43
(http:/ /trishul.sci.gu.edu.au/~conor/chromas.html) and
the sequences were aligned using ClustalX (Thompson
et al, 1997). The sequence analysis was made with Dnasis
(Hitachi Software Engineering Co), Seqweb program
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Figure 1 The schematic illustration of the nonA gene in D. littoralis. Introns are indicated by lines (not in scale) and exons by boxes. Gly1,
Gly2 and Gly3 are glycine repeat regions. The black lines below the gene structure show the three regions sequenced from 18 D. littoralis
males and one D. virilis male. The boundaries of amino terminal (N-term), central domain and carboxy terminal region (C-term) are marked

by stars.
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Figure 2 Variability in the analysed nonA gene regions in D. littoralis and D. virilis. Positions of the variable nucleotide sites are presented
relative to the sequenced region. Dots represent the same nucleotide as in the first sequence. Abbreviations: r = replacement substitution,
s = synonymous substitution, i = intron site, * = triplet incomplete, ou = Oulu, ku = Kuopio, sa = Savonlinna and vir = D. virilis (strain 1431).
Polymorphic sites among D. littoralis sequences are shown on the fourth lane and fixed differences between D. littoralis and D. virilis on

the fifth lane.

version 10.0 of the GCG packet (http://seqweb.csc.fi/
gcg-bin/seqweb.cgi) and CodonW, version 1.4.2 (http:
/ /bioweb.pasteur.fr/seqanal/interfaces /codonw.html).
The estimates for the nucleotide variation were calculated
using DnaSP  version 3.5 (http://www.bio.ub.es/
~julio/DnaSP.html), ProSeq (http://helios.bto.ed.ac.uk/
evolgen/filatov/proseq.html) and DNA Slider (http:
/ /udel.edu/~mcdonald).

The coding region of the nonA gene from D. littoralis
is deposited in GenBank (accession number AJ296178).
The previously published nonA sequences from D. virilis
(GenBank accession number AJ298998) and D. melanogas-
ter (GenBank accession number M33496) were also used
in this study. The 19 sequences listed in Figure 2 have
been submitted to GenBank and have accession numbers
AJ304304-369 for D. littoralis and AJ30470-72 for D.
virilis.

Results

The coding region of the D. littoralis nonA gene

The translated region of the nonA gene in D. littoralis is
2097 nucleotides long producing an open reading frame
with homology to that of the D. virilis and D. melanogaster
nonA genes. The structure of nonA gene (including the
promotor region) has been described in D. melanogaster
eg, by Besser et al (1990) and in D. virilis by Campesan
et al (2001). The exon-intron organisation was the same
in all three species (Figure 1), and the intron lengths were
also almost identical between D. littoralis and D. virilis.
The first and the second introns were about 2 kbp, the
third intron 79 bp and the fourth intron was 780 bp long.

Protein comparison

Sequence analysis of D. littoralis nonA predicts a protein
of 698 amino acids in comparison with 697 amino acids
of D. virilis NONA and 700 amino acids of D. melanogaster
NONA. As shown by Campesan et al (2001), the product
of D. virilis nonA gene can be divided into conserved and
non-conserved domains: N-terminal region, central
domain and C-terminal region. The N- and C-terminals
include stretches of repeated amino acids, the C-terminal
also being rich in charged amino acids. The conserved
central domain contains two tandemly repeated 80 amino
acid RNA-binding domains (RRMs) in exon two, both of
which contain RNP1 (eight amino acids) and RNP2 (six
amino acids) motifs. These consensus sequences contain
aromatic and basic residues, implicated in interactions
between proteins and single-stranded nucleic acids
(Kenan et al, 1991).

Excluding gaps, the overall amino acid identity
between D. littoralis and D. virilis was 97.7% (97.8% when
conservative substitutions are included, Table 1). The
respective percent identities between D. littoralis and D.
melanogaster and between D. virilis and D. melanogaster
were 77.8 and 77.6% (83.7 and 83.7% when conservative
substitutions are included). A closer look at identities and
similarities at different parts of the gene revealed that all
portions of the gene are conserved between D. virilis and
D. littoralis, while the N-termini of the NONA proteins
in these two species are highly diverged from that of D.
melanogaster. The central domain included only six amino
acid substitutions between D. littoralis and D. virilis and
28 substitutions between D. littoralis and D. melanogaster.
RNA-binding sites, which have been found to be highly
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Table 1 Comparison of nonA amino acid sequences of D. littoralis (lit), D. virilis (vir) and D. melanogaster (mel) overall and separately in
amino terminal (N-term), central domain (central) and carboxy terminal (C-term)

Percent identity®

Percent similarity®

QOverall N-term Central C-term Qverall N-term Central C-term
lit/vir 97.7 95.7 98.3 100.0 97.8 95.7 98.7 100.0
lit/mel 77.8 55.1 90.7 92.4 83.7 66.0 93.7 95.5
vir/mel 77.6 54.7 90.7 924 83.7 66.0 93.7 95.5

2To calculate the percent identity, amino acids opposite a gap in either species were ignored.
PPercent similarity is the sum of the percent identity and the percent of conservative substitutions between the listed species. Conservative
substitutions are based upon the biochemical similarity of the amino acids: D/E, K/R/H, N/Q, S/T,I/L/V, F/W/Y and A/G (Smith and

Smith, 1990).

conserved between species (Dong et al, 1993) accommo-
dated two amino acid substitutions in RNP2 of the
second RNA-binding motif between D. melanogaster and
the two D. virilis group species. The site of the dissonance
song mutation (site 548 in D. melanogaster; Rendahl et al,
1996) had Arg in all three species.

Changes in amino acid sequence can be the result of
either natural selection or neutral evolution. The ratio of
nonsynonymous (Ka) and synonymous (Ks) substitutions
provides a measure of the strength of selective forces act-
ing on amino acid level. High Ka/Ks ratio (>1) would
indicate strong adaptive selection favouring nonsynony-
mous substitutions, leading to low constraint on protein
sequence. As shown in Table 2, Ka/Ks ratios were low
in each species comparison, suggesting that nonA amino
acid sites are not targets of this kind of selection, but are
rather under strong constraint, at least in the D. wvirilis
group species.

In addition to amino acid substitutions, the species
may differ by insertions and deletions. In particular, the
repetitive areas of the developmental genes of Drosophila
are often characterised by these events (Colot ef al, 1988).
As shown in Table 3, all the three species had stretches
of repeated amino acid sequences in both terminals of the
NONA. Most of the stretches found in exons 1 (Gly 1), 2
(Gly 2 and a shorter repeat) and 3 (Gly 3) consisted of
perfect or imperfect glycine repeats. In addition, all spec-
ies had imperfect QA repeats in exon 2 corresponding to
the N-terminal region. Most repeats were shorter in D.
melanogaster than in the other two species. As is shown
in Table 3, the lengths of the repeats also varied a lot
within the species D. littoralis.

We calculated two measures for codon usage in nonA
of the three species: the codon bias index (CBI; Bennetzen
and Hall, 1982) and the effective number of codons (ENC;
Wright, 1990). In a gene with extreme codon bias CBI will
equal 1.0, while with random codon usage it will equal

Table 2 The ratio of nonsynonymous (Ka) to synonymous (Ks) sub-
stitutions per site in the nonA coding region between D. littoralis
(it), D. virilis (vir) and D. melanogaster (mel) overall and separately
5’, central and 3’ region

Owerall 5 region Central 3 region
lit/vir 0.064 0.086 0.052 0.029
lit/mel 0.115 0.196 0.039 0.094
vir/mel 0.120 0.198 0.040 0.076

Heredity

Table 3 Repeat length variation in the coding region of nonA gene
in D. littoralis (lit) populations from Oulu, Kuopio and Savonlinna
and the strain from Zurich, and the presence of the same repeats
in D. virilis (vir) and D. melanogaster (mel)

Species Gly 1 Gln-Ala®  Gly 2 Gly 3
lit (Ou) GoSGy (QA)5 Gaoor GsNL.Gio13VG3VG
Gio20
lit (Ku) GVG,, (QA)5 Gy GNLGy5VGVG
GVG,SGg
18-19
lit (Sa) GoSGg_o (QA)5 Gaooo  G3NGo_13VGVG
Giso
lit (Zurich) GoSGq (QA),¢ Gy G3NL,G,VG;VG
vir (1431) Gy (QA)* Goo G3NG;,VG
mel Gg° (QN), Gyo® G,

*Imperfect repeat, where Q can be replaced by H and A can be
replaced by L.

*Glycine repeat is interrupted by other amino acids.

‘Imperfect repeat, where Q can be replaced by H and A can be
replaced by L or N.

dImperfect repeat, where Q can be replaced by H and N can be
replaced by G, R or V.

Amino acid symbols: A= Alanine, G =Glycine, H = Histidine,
L=Leusine, N =Asparagine, Q=Glutamine, R = Arginine,
V = Valine; S = Serine.

0. ENC (ranges from 20 to 61) is negatively correlated to
the level of codon bias. McVean and Vieira (1999) have
studied codon bias in 50 orthologous genes in D. virilis
and D. melanogaster and found the average ENC in both
species to be very similar (45.52 and 43.36, respectively).
In the case of nonA, all three Drosophila species had low
CBI values (0.113 for D. littoralis, 0.112 for D. virilis and
0.140 for D. melanogaster), and higher than average ENC
(50.7 for D. wirilis and 52.5 for D. littoralis and D.
melanogaster) indicating relatively random use of codons.
In Gly repeats, GGT and GGC were the most frequently
used Gly codons in all three Drosophila species, G-ending
codons being almost absent in Gly repeat regions (except
for one GGG codon in Gly1 in D. littoralis). Gly codon
usage in repeat regions did not, however, differ signifi-
cantly from that in the rest of the gene (x*-test, data
not shown).

Intraspecific nucleotide variation in nonA gene of D.
littoralis

We analysed altogether ~1.3 kb from the nonA locus of
six males from each of the three Finnish D. littoralis popu-



lations (Ou, Ku and Sa). The regions examined included
sequences from 5 end (part of exons 1 and 2) and from
3" end (part of exons 3 and 4 and intron 3; see Figure 1).
The D. littoralis samples had, altogether, 22 polymorphic
sites including three amino acid variants in exon 1 at
nucleotide positions 131 (Ser/Leu), 206 (Gly/Val) and
229 (Gly/Ser). Only one polymorphic site (A/T
polymorphism) was present in intron 3 (see Figure 2) .

The imperfect GIn-Ala repeat (in exon 2) was
invariable in length among all D. littoralis samples, while
the lengths of the Gly repeats varied between individuals
(Table 3). The length of a perfect stretch of glycines in
exon 2 (Gly 2) varied between 20 and 22 amino acids.
Variation in Gly repeats 1 and 3 was even larger, these
repeats being often interrupted by Ser, Val or Asn. Eight
out of 18 (44%) of synonymous mutations were associa-
ted with the Gly regions representing about 19% of the
analysed sites.

Possible divergence between the three D. Iittoralis
samples from Oulu, Kuopio and Savonlinna was studied
by calculating F,, values for silent sites in 5" and 3" parts
of the gene. The significance of the F,, values was tested
by permutation tests (Hudson ef al, 1992). For the three
populations F,, for the 5" end was 0.0576 (P =0.1850 for
1000 permutations) and for 3’ end 0.0000 (P = 0.4560).
Consequently, the data for the three samples were com-
bined to study nucleotide variation in Finnish D. Ilit-
toralis population.

We calculated two measures of nucleotide diversity for
D. littoralis data: 7 is the observed average proportion of
nucleotide differences between sequences (Nei, 1987) and
0 is based on the number of segregating sites, being sensi-
tive to existence of deleterious alleles at low frequency
(Watterson, 1975). Insertion/deletion (indel) variation
was not included in the estimates of nucleotide varia-
bility. Only the 5" region had nonsynonymous mutations
(three; Table 4). The average variability at synonymous
sites in in this region was as small or even smaller than
at the 3’ end, and variation in intron sites was surpris-
ingly low. Tajima’s D statistics (Tajima, 1989) was
—0.99020, P >0.10 (two-tailed test, assuming beta
distribution) for the coding region in 5 region and
-0.5045, P > 0.10 for the coding region in 3’ region. Nega-
tive D values suggest that the population size may
recently have undergone drastic changes or that the
samples included some deleterious alleles at low fre-
quency. The nonsignificance of the D values shows, how-

Table 4 Nucleotide diversity in the nonA gene of D. littoralis

N-term, C-term, N-term, C-term, C-term,
nsyn nsyn syn syn intron
(577.04) (281.83) (184.96) (72.17) (79)
S 3 0 12 6 1
s 0.00112 0.0000 0.01392 0.02047 0.00662
0 0.00151 0.0000 0.0.886 0.02417 0.00368

The number of nonsynonymous, synonymous and intron sites ana-
lysed for N- and C-terminals are shown in brackets. S is the number
of segregating sites,  is the average number of differences per base
pair and 6 is Watterson’s estimator based on the number of segre-
gating sites (Watterson, 1975). Because of X-linkage, 6=3N,pu,
where N, is the effective population size and . is the mutation rate
per nucleotide site per generation.
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ever, that the expectation of selective neutrality of
mutations was not violated.

Recombination is known to affect the level of DNA
polymorphism in Drosophila (Begun and Aquadro, 1992).
Our nonA sequences showed evidence for a minimum of
five recombination events in the history of the population
samples, which shows that nonA gene, located close to
proximal end of the X chromosome in D. littoralis
(Paallysaho et al, 2001), experiences recombination. All
four possible gametic types were found in 21 out of 231
pairwise comparisons involving 22 polymorphic sites.
Significant linkage equilibrium was detected only once
(by x> method with sequential Bonferroni correction) in
36 pairwise comparisons involving nine informative
polymorphic sites. The distance between the linked
alleles was very short (6 bp). In our sample the recombi-
nation parameter R, which is based on the variance of
the average number of nucleotide differences between
pairs of sequences, was 0.0862. For an X-linked locus
R =3Nr (N is the population size and r is the recombi-
nation rate per sequence; Hudson, 1987).

The Swiss D. littoralis strain 1007, for which we
sequenced the whole coding region but no introns, dif-
fered from the Finnish D. [ittoralis samples by 1 fixed syn-
onymous substitution in a region sequenced for all
strains. The average divergence level, D (Nei, 1987), was
0.0248 for synonymous sites and 0.0011 for nonsynony-
mous sites.

Divergence between D. littoralis and D. virilis

The combined data from D. littoralis samples were used
for comparisons with a single nonA sequence from D.
virilis. Instead of using here the D. virilis sequence by
Campesan et al (2001), which reported only coding region
sites, we sequenced the relevant 5" and 3’ regions of nonA
from D. virilis strain 1431. Sequences of the two D. virilis
strains differed from each other in the coding region
examined by one synonymous base substitution. The D.
virilis 1431 sequence differed from D. [ittoralis sequences
in 62 sites. Fifteen of these sites were located in intron 3.
The average divergence level D (Nei, 1987) between the
D. littoralis and D. virilis nonA sequences was 0.1566 for
synonymous sites, 0.0137 for nonsynonymous sites and
0.2271 for the introns, ie synonymous sites are diverging
10 times faster than replacement sites, but slower than
intron sites. The standard error for the intron divergence
level is, however, rather high as it is based on only 68
sites (79 sites in D. littoralis and 68 sites in D. virilis).

We applied the McDonald-Kreitman test (McDonald
and Kreitman, 1991), which compares the number of sites
that are polymorphic within the species to those fixed
between the species for replacement vs. synonymous
sites excluding gaps, to the D. littoralis—D. virilis data.
Under neutrality, the ratios should be equal. There were
a total of 17 synonymous polymorphic sites and three
replacement polymorphic sites in D. littoralis sample, and
35 fixed synonymous subsititutions and 11 fixed replace-
ment substitutions between D. littoralis and D. virilis (a
region of 1312 bp). The ratios were nearly equal, consist-
ent with the neutral model (G =0.696, P =0.4041).

The ratio of polymorphisms to fixed differences across
the nonA sequence was studied with the DNA Slider pro-
gram (McDonald, 1998). Heterogeneity was measured by
the number of runs of polymorphic sites and fixed differ-
ences, where a run is a series of one or more sites of one
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kind preceded and followed by sites of the other kind.
We used here two test statistics: the number of runs,
which is most powerful for detecting patterns containing
several peaks of polymorphism, and the Kolmogorov—
Smirnov statistic, which is most powerful for detecting
patterns in which one end of the gene has high polymor-
phism and the other end has low polymorphism
(McDonald, 1996, 1998). Significance of these statistics
was tested by performing repeated Monte Carlo simula-
tions of a coalescent model using parameters estimated
from silent site variation in the data and an arbitrary
value for recombination (1000 simulations with five
recombination parameters: R =2, 4, 6, 8 and 10). The data
contained 29 runs showing no deviation from heterogen-
eity under a neutral model (the P values with different
recombination parameters varied from 0.5340 to 0.6225).
The Kolmogorov-Smirnov statistic was 0.04584. The P
values for this test with different recombination para-
meters were nonsignificant (0.3850 and 0.4420), which
suggests that there was no single change across a gene
from low to high polymorphism, ie the 5" region did not
show higher polymorphism than the 3" end.

Divergence between D. littoralis and D. melanogaster
The D. melanogaster sequence differed from the D. lit-
toralis sequences at 353 sites. The average divergence
level between these two species was 0.6266 for synony-
mous and 0.2686 for nonsynonymous sites. These num-
bers may, however, not be quite accurate because of poss-
ible saturation in the number of fixed synonymous
differences during the long diverge time between the
species.

Discussion

Comparison of gene sequences between distantly related
species has been a commonly used technique to identify
biologically functional regions in genes. D. virilis and D.
melanogaster, which have diverged 60 million years ago
(Beverley and Wilson, 1984), have been a very popular
species pair in such studies. For example, genes like
engrailed, hunchback, master mind and neuralized (see Zhou
and Boulianne, 1994) are highly (>80% amino acid
identity) conserved between the two species. The present
study showed very high (98%) conservation in nonA
amino acid sequence between two D. virilis group spec-
ies, D. littoralis and D. virilis (diverged 20 Mya; Spicer,
1991). The central domain and C-terminus of the NONA
were conserved (91-92%) also between the two D. virilis
group species and D. melanogaster, while the N-terminal
regions showed divergence (only 55% identity) between
the species groups.

Comparison of gene sequences of distantly related
species is not a very informative strategy when studying
the reasons for gene divergence or conservation, because
of the problems with sequence alignment and the poss-
ible saturation of sites for synonymous substitutions. One
way to overcome these problems is to study sequence
variation within the species and compare this variation
to fixed differences between closely and distantly related
species. We have used this strategy to find out whether
the divergence of the 5 sequence between D. melanogaster
and D. virilis group species is due to lowered functional
constraint, or whether it might be a consequence of posi-
tive selection affecting this region.

Heredity

nonA showed a high rate of synonymous substitutions
and weak codon bias in both terminals in D. littoralis,
which suggests that these regions are not affected by
selection for speed and accuracy of translation (see Aka-
shi, 1994). The average level of variability at synonymous
sites was 1.40% in the 5" region and 2.09% in the 3’ end,
variation in both regions being higher than the average
(0.70%) found earlier for X-linked genes in D. wvirilis
(Vieira and Charlesworth, 1999). In D. virilis, nonA is
located at the proximal end of the X chromosome, bands
15D/16A, and in D. littoralis it is even closer to the centro-
mere (Padllysaho et al, 2001). Our results on nonA suggest
that the finding of Vieira and Charlesworth (1999) of no
reduction in variation and no evidence for suppression
of recombination at the base of D. virilis X chromosome
is relevant also for D. littoralis. This is in contrast to D.
melanogaster, where the base of all chromosome arms is
a region of low recombination (Ashburner, 1989).

Comparison of nonA sequence polymorphism in D.
littoralis with fixed differences between this species and
D. wirilis supports the neutral mutation hypothesis
assuming purifying (negative) selection to be the most
prevalent type of selection affecting the gene. Also, the
fact that the ratio of polymorphisms to fixed differences
was fairly uniform across the gene suggests that the gene
is evolving neutrally in the D. wvirilis group species
(McDonald, 1998).

Both the 5 and 3’ regions of nonA gene had repeat
regions showing high variability in length, but not in pos-
ition, within and between the species. The presence of
repeated sequences coding for amino acid stretches and
their poor conservation between species are features
shared with many developmental genes of Drosophila (see
Colot et al, 1988). The repeat regions, and more generally
the nucleotide sequences that comprise the variable
regions of per protein, have been found to be hot spots for
events that lead to DNA (and therefore protein) changes
(Colot et al, 1988). The most obvious role of repeats could
be at the level of protein secondary structure (Newfeld
et al, 1993). Among the human proteins resembling
NONA by their structure PSF and p54™® are unusually
rich in GIn and Pro in their N-termini (Dong et al, 1993).
In addition, NONO has a repeat of 10 GIn in the same
place as the three Drosophila species have their last Gly
repeat, preceding the central domain (Yang et al, 1993).

Rendahl et al (1996) have suggested that nonA has a
role in mRNA processing in the central nervous system.
However, all mutants of this gene that show a deficient
song phenotype are also affected in vision (Stanewsky et
al, 1996), and the possibility that nonA mutant pheno-
types (like male song) are caused by nonspecific effects
such as generalised effects of protein stability cannot be
excluded (Rendahl et al, 1996). In the present study D.
virilis, D. littoralis and D. melanogaster did not have any
amino acid differences in RNP1 or at the site of dissonance
mutation, which shows that species differences in male
courtship song cannot be caused by point mutations at
these sites. The regions, which varied most profoundly
between D. littoralis males and between D. littoralis and
D. virilis corresponded to the Gly repeats located in N-
and C-terminals in NONA. Whether these repeats could
affect species-specificity of the male song characters, as
Thr-Gly repeat in per gene has been found to do in D.
melanogaster (Wheeler et al, 1991), remains to be studied.
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