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Summary. A 2.1-kb Sstl fragment including the 
rp49 gene and the 3' end of the 8-serendipity gene 
has been cloned and sequenced in Drosophila pseu- 
doobscura, rp49 maps at region 62 on the tip of 
chromosome II of this species. Both the coding and 
flanking regions have been aligned and compared 
with those of D. subobscura. There is no evidence 
for heterogeneity in the rate of silent substitution 
between the rp49 coding region and the rate of sub- 
stitutions in flanking regions, the overall silent di- 
vergence per site being 0.19. Noncoding regions 
also differ between both species by different inser- 
tions/deletions, some of which are related to re- 
peated sequences. The rp49 region of D. pseudoob- 
scura shows a strong codon bias similar to those of 
D. subobscura and D. melanogaster. Comparison 
of the rates of silent (Ks) and nonsilent (Ka) substi- 
tutions of the rp49 gene and other genes completely 
sequenced in D. pseudoobscura and D. melano- 
gaster confirms previous results indicating that rp49 
is evolving slowly both at silent and nonsilent sites. 
According to the data for the rp49 region, D. pseu- 
doobscura and D. subobscura lineages would have 
diverged some 9 Myr ago, if one assumes a diver- 
gence time of 30 Myr for the melanogaster and ob- 
scura groups. 
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Introduction 

Comparison of the rp49 coding region (which codes 
for a ribosomal protein) between Drosophila subob- 
scura and D. melanogaster has shown a low rate of 
amino acid replacements, an indication of strong 
purifying selection acting against amino acid re- 
placements (Aguad6 1988). A high level of con- 
straint at the protein level could be expected for a 
structural protein like rp49, with many putative in- 
teractions not only with other ribosomal proteins 
and RNAs but also with other components of the 
translation apparatus. On the other hand, the rp49 
coding region has also revealed a low rate of silent 
or synonymous nucleotide substitutions when dif- 
ferent coding regions were compared between spe- 
cies of the melanogaster and obscura groups (Sharp 
and Li 1989). These authors found a correlation be- 
tween silent site divergence in coding regions and 
codon bias in synonymous codon usage, in the 
sense that regions which exhibited strong codon 
bias seemed to be evolving at a lower rate. There- 
fore the rp49 coding region would seem to be highly 
constrained to evolve not only at nonsilent sites but 
also at silent sites. 

Estimates of nucleotide divergence for the rp49 
region, as well as for most other regions, are based 
on the sequence of only one species from the me- 
lanogaster and the obscura groups. General asser- 
tions about rates of divergence at silent and nonsi- 
lent sites should be based on sequences from more 
than one species in each group. In the present 
study, the region including the rp49 gene ofD. pseu- 
doobscura has been cloned and sequenced, and its 
sequence has been compared to those of D. mela- 
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nogaster (O'Connell and Rosbash 1984; Cadic- 
Jacquier and Rosbash, personal communication) 
and D. subobscura (Aguad6 1988). Comparison of 
the rp49 noncoding regions between the more re- 
lated species, D. pseudoobscura and D. subob- 
scura, has allowed study of how molecular evolu- 
tion has operated in these noncoding regions. 
Moreover, estimates of the rate of nucleotide sub- 
stitutions in the rp49 coding regions in the three 
pairwise species comparisons have allowed confir- 
mation of low rates of silent and nonsilent diver- 
gence for the rp49 region and a rough estimate of 
the time of divergence between D. pseudoobscura 
and D. subobscura. 

Material and Methods 

The AH162 D. pseudoobscura genome library (Schaeffer et al. 
1987) was screened according to Benton and Davis (1977). A 
0.8-kb Ddel fragment that includes the rp49 coding region of D. 
subobscura (Aguad6 1988) was used as probe. Three positive 
phages, hDpseudo rp49-1, hDpseudo rp49-2, and hDpseudo 
rp49-3, were identified and their DNA was purified (Maniatis et 
al. 1982). After digestion with several restriction enzymes and 
analysis by Southern blot (using a 1.6-kb AvaI-EcoRl fragment 
from D. subobscura as probe), a 2.1-kb Sstl fragment of one of 
the positives, hDpseudo rp49-1, was subcloned into M13MP18 
(Yanisch-Perron et al. 1985). A set of nested deletions of each of 
two recombinant clones which had the insert in opposite orien- 
tations (MP18-6 and MPI8-12) was obtained according to Heni- 
koff (1984). Subclones with decreasing lengths were sequenced 
by the "dideoxy" method (Sanger et al. 1977; Biggin et al. 1983) 
using modified T7 DNA polymerase (Tabor and Richardson 
1987). Both strands (clones MP18-6 and MP18-12) were com- 
pletely sequenced and on average each nucleotide was se- 
quenced 7.5 times. 

Sequences were aligned using the IBI/Pustell sequence anal- 
ysis programs placing insertions and deletions to minimize the 
number of differences. 

Cytological location of the rp49 region in D. pseudoobscura 
was determined by in situ hybridization using as probe the 2. l-kb 
SstI fragment labeled with biotin (Langer-Safer et al. 1982). The 
pUC38 clone of D. subobscura (Aguad6 1988) was used as a 
control. 

Results 

The complete sequence of a 2.1-kb SstI fragment 
including the rp49 region of D. pseudoobscura is 
presented in Fig. 1. The reported sequence includes 
the 5' flanking region (1,364 bp), the rp49 coding 
region with two exons (93 and 309 bp long) and one 
intron (72 bp), the 3' intergenic region (236 bp), and 
the last 45 bp of the ~ gene included in the seren- 
dipity complex (Vincent et al. 1985). Comparison 
with consensus sequences as well as with the se- 
quence of this region in D. subobscura and D. me- 
lanogaster has allowed identification of putative 
signal sequences in D. pseudoobscura (Fig. 1). 

There is ambiguity in the location of the putative 
CAAT box (position 1,287-1,293) and putative tran- 
scription initiation site (position 1,362-1,368) due to 
differences with the other sequences. 

The region sequenced in D. subobscura (Aguad6 
1988) can be completely aligned with that of D. 
pseudoobscura. However,  only coding regions 
(rp49 and g-sry) can be aligned between D. melano- 
gaster and any of these species, since flanking re- 
gions have accumulated a high number of nucle- 
otide substitutions and insertions/deletions. 

The 5' flanking region of D. pseudoobscura, like 
that of D. subobscura, shows different repeated 
short motifs between positions 581 and 621 (TGG, 
CTT, GTT). Likewise, the rp49 intron of D. pseu- 
doobscura presents the motif TAGTG repeated al- 
most invariantly four times (positions, 1,504-1,508 
and 1,519-1,533), while in D. subobscura the re- 
peated motif is AATGG (position 1,509-1,524) 
(Fig. 1). 

The D. pseudoobscura and D. subobscura se- 
quences differ by 28 insertions/deletions, all located 
in flanking regions or in the intron, their size vary- 
ing between 1 and 38 bp. Of the 21 length differ- 
ences between species longer than 1 bp, seven are 
related to repeated sequences, i.e., length differ- 
ences starting at positions 607,675,771,805, 1,019, 
1,347 and 2,141 (Fig. 1). 

The rate of substitutions in the different noncod- 
ing regions and the rate of silent substitutions in the 
rp49 coding region when comparing D. pseudoob- 
scura and D. subobscura are summarized in Table 
1. The number of silent sites in the rp49 coding 
region has been estimated according to Li et al. 
(1985). These rates do not differ significantly in the 
different regions (×2 = 1.94, 3 dr, P > 0.3) (Table 1). 

The rp49 coding region in D. pseudoobscura has 
been compared with both that of D. subobscura 
(Aguad6 1988) and that ofD. melanogaster (O'Con- 
nell and Rosbash 1984; Cadic-Jacquier and Ros- 
bash, personal communication). Nucleotide diver- 
gence for the rp49 coding region has been estimated 
separately for silent (Ks) and nonsilent (Ka) nucle- 
otide substitutions according to Li et al. (1985) (Ta- 
ble 2). 

The rp49 coding region ofD. pseudoobscura, like 
those of D. subobscura and D. melanogaster, 
shows a strong codon bias. Both the general ×2 (×2 
= 93.48, 39 df, P < 0.001) and the "scaled" ×2 
proposed by Shields et al. (1988) to take into ac- 
count the number of codons (×2sc = 0.72) indicate a 
strong codon bias or unequal use of synonymous 
codons. D. pseudoobscura also shows a high G + C 
content at the third position (0.72), an indication (as 
suggested by these authors) of strong codon bias. In 
order to test whether the three species show a sim- 
ilar codon bias for the rp49 region, base composi- 



* * * * * * 

1 GAGCTCCCTGTATCCATGATGGGCCACTACATATCTGCATAGGGATTCAAATATCGCGTT 

* * * * * 

61 TCATTATTTGCTATATTATTGTTTATATATTTCGAGTGCTGCGGCTCTCACCTGAAAGCA 

* * * * * * 

121 TTTGAGGTATTGGAGAAATGTTGATGGAATTTCGAGTCCGCCAGCAGCGTTTGCACGCGT 

* * * * * * 

181 TCAAAGGGCAGGAGAATGGATTCAGCACTACCCGCCACTACGCCGGCAATCACCTTGGCA 

* * * * * * 

241 CCGTAGTCATTCAGGCGATAGTCTTCCACCAGATATCTCCTCGTGCCATCA3LACACTCCA 

* * * ~ * * 

301 AACATTATGGACAACGAAATGGTTTTCTGTGCCAATGGAGGCAGCATTCCTCGGTACAGA 

* * * * * 

361 AAGCTAAGCCCCTCATGCCGCAGCTGACCGAAGGCAGATTTGATGGGCACGCCATGAAGC 

* * * * * 

421 ATTTGCCGAAAGATCATTTTGTAGATGGGATATGTGGCGGAAATGTTGACAAACGCTGCT 

* * G A * *C * 

481 CCGCATCCGCAGGCGAACTCCTCCCACTGGAAGGCGCCAAAGAAGCGCTCTGTGAAGATG 

* G CCGA * GA* G CC T TG * AGG * 

541 CTCGCATGGCTAGA---TGATACACCCAGCTTTAGTGCTGTGGGTGGTGGTGCTCTTCTT 

GCTGTT G * T G * G T * C * 

601 GTTGTT ...... GTTTTTGTTGCGTATGCATTCTGTGCCTCGGAGTCATCATCGTCTTTC 

* CTGTAG A * A * T * T * 

661 ATGTTGCTACTGTAG ...... TGGCTGGTGCGATAATGTGTGCAATTGTCACCTCGCTAC 

*T C *GAC " * A G TAG- * ..... A* 

721 CATTGTTTACAGTGGTAACTCCGCACACCTAACACTCGGCGTGTGATTTGTTTGTTTTGA 

A A ATT * * GAACC* * ...... G G-- * 

781 TTTTTTACTAAATTATATAATAAA ..... GAACCACGGTATTACAACTAGGAATGCAACG 

-- CAGACGGA * .............. GG * C * 

841 TGCTATCGAATTGTCT ..... GTATATCGTTTGATAGTTTTAGAATCGATATATCGATAC 

G ACA C *T A T* C C CC*CTA A TAA T A C T 

901 AAGATTAAATG TAATAAAC TAG TTG TAGAG TGG TTTTAAGGG TTGTAAAC AA TATAATTG 

GT A GC * GTG A* T* C C* G T * T CC CT 

961 AAATTTTAATTGTAACATGGCATTTTAAAAGATGTACCTC TTACAAGAATTGG TAAAA - - 

AAA G * G * A A TAAC G * G AA 

1021 ---TTATTGTTTACCACTATCGATAGCCAGAA--GACAACTCTGGTCGAG-CTGTCAAAA 

C * * * * * 
1081 TGTAGTGCGGCCAACTTCACATCCCTTTTCTCTCTTTTTGACGTGCTCTTTACAATTAGC 

* C * * T * TC * C T A* 

i141 GGTTCGTTTTTGCTATTAAATCTGAATATTTCCTAAGCATCCGAGTAACATGTTGGCTCT 

AC C A * *CAT * A T T * G 

1201 TTCTAAGCTAAATAAATGCAGTAACAGTGAAGCAAGACACTGGCGCAGTAATTAAATCTA 

AG C* TT * ¢ * ~ * * GGTGG* 

1261 TATTTCCATGGCATCCTCAAGAAAATGTCAACCAAACTTTGTTGACATTTTCTCA --CA 

C GA * C * AATCTACAA G* GTG * * 

1321 GGAAGACAC~ATAAAT~AAATCGCG ........ ATATTCAATCAAGATAC TGATGAGTG 

C C A A 

T T T * A  G* * * * * 

1381 GTCTCAACTATCAAATTCCAGCTCCAAAATGACGATTCGCCCAGCGTACCGGCCCAAGAT 

MetThrIleArgProAlaTyrArgProLysIl 

G G G C A T C 

* * *C * C * * 

1441 CATCAAGAAGCGCACCAAGCACTTCATCCGTCACCAGTCGGATCGTTATGCCAAGTTGTC 

e~LysLysArgThrLysHisPheIleArgHisGlnSerAspArgTyrAlaLysLeuSe 

A - GG GG*A G A GC T T C ......... * * 

1501 GGTTAGTAATATAAAATATAGTGTAGTTTAGTGAAAGATAAACCATATACTAATCATGGT 

r 

C G C CG 

T TC * * A A 

1561 CTTTAT-GTT-GTAGCACAAATGGCGCAAGCCTAAGGGTATTGACAACAGAGTGCGTCGT 

HisLysTrpArgLysProLysGlyIleAspAsnArgValA~qArg 

C A G T C  C A G  C C 

* * T ~ C * G C* * 

1621 CGCTTCAAGGGCCAATACTTGATGCCCAACATCGGTTACGGCTCCAACAAGCGTACCCGT 

ArgpheLysGlyGlnTyrLeLtMetProAsnIleGlyTyrGlySerAsnLysArgThrArg 

C c A  c c c 
* * * * * T 

1681 CATATGCTGCCCACTGGCTTCAAGAAATTCCTGGTGCACAATGTGCGAGAGCTGGAGGTC 

HisMetLeuProThrGlyPheLysLysFheLeuValHisAsnValArgGluLeuGluVal 

245 

C G T CG G C G C 

C * A* * C* * * 

1741 CTGCTTATGCAGAACCGCGTCTACTGCGGTGAGATCGCTCACGCCGTC TCCTCAAAGAAG 

LeuLeuMetG inAsnArg~TyrCys i~I uI~l A1 aHisA~Va 1 Set Ser LysLys 

G T G G C C C C C T 

• G * * * G * T * 

1801 CGCAAGGAAATCGTCGAACGCGCCAAGCAGCTGTCGATCCG TCTAAC GAATCCCAACGGA 

ArgLysGluI i eValGl uArgAlaLysGlnLeuSer I_/9_I ArgLeuThrAsn ProAsnGly 

C 

• * G* * T * 

1861 C GTC TGCGTTC TCAAGAGAACGAGTAACCTTAAGATTGAAATGCTCTTTGTCGAGTT - AT 

ArgLeuArgSerGlnG i uAsnGIu 

A CC * * G C * C T 

1921 T G T ~ C G  T G G T C G ~ T T T G ~ C G T T ~ G  T G , ~ T C G ~ K A G  TTGTTATA 

AT G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C G TA A A * 

1981 CCTTCAATATTAATATGTTC CACAGAATC TAGAAAATCGAATATC TCTTCGAGATCATTG 

T .................. TC TC * AATTATACGATGAATTA * 

2041 GTTTTTGATTTTAATAACATGAGTTTATTATGTTA - - AG TTG ................ CA 

TG GTGGGTAAGG * T G - AAAGTAAAAATGA * 

2101 CAAAAAA ......... GGGAATATTACTAAAGTACAAG TC ............ AAAGT~ 

GAC G A C G T G 

G * A * G C * A A ~[ 

2161 TTTTAGAACGACG~CGTGATCAAAT~GTAAGTGGTGCTCGAGCTC 

Fig. 1. Nucleotide sequence of the rp49 gene region from D. 
pseudoobscura. The putative TATA box (AATAAATA) and 
polyadenylation signal (AATACA) are boxed. A palindromic 
motif found in the 5' flanking region is indicated by arrows. The 
nucleotide substitutions with the sequence o fD .  subobscura are 
shown immediately above the sequence from position 513 to the 
end. On the top line of the rp49 coding region (positions 1,409- 
1,501 and 1,576-1,884), the nucleotide substitutions with respect 
to the sequence of D. melanogaster are also shown. Dashes (-) 
indicate missing nucleotides. Upside-down exclamation marks 
(i) indicate nucleotides not compared at the end of the sequence. 
The amino acid sequence of ribosomal protein 49 is presented 
below the nucleotide sequence. Amino acid replacements be- 
tween D. subobscara and D. melanogaster are underlined and 
those between D. pseudoobscura and D. melanogaster are bold 
printed. The nucleotides that in the complementary strand cor- 
respond to the polyadenylation signal and stop codons of the 
~-sry gene are underlined, The bold-printed nucleotides corre- 
spond to the reverse and complementary sequence of the 3' end 
of the 8-sty gene coding region. On the top line of  this coding 
region (position 2161 to the end) the nucleotide substitutions with 
respect to the sequence of D. melanogaster are also shown. The 
C-terminal end of the protein in D, pseadoobscura has the amino 
acid sequence G L U - L E U - G L U - H I S - H I S - L E U - G L N - P H E -  
ASP-HIS-ASP-VAL-VAL-LEU-LYS-COOH. 

tion at the third position of exons (excluding Met, 
Trp, and stop codons) has been compared (X 2 = 
0.61, 6 d/; P > 0.3). 

In situ hybridization reveals that the rp49 single 

copy gene is located in the more distal region (62) of 
chromosome II of D. pseudoobscura as described 
in the photographic map of Kastritsis and Crum- 
packer (1966). 
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Table 1. Rate of silent nucleotide substitutions in the rp49 cod- 
ing region and rate of substitutions in noncoding regions between 
D. pseudoobscura and D. subobscura estimated according to 
Jukes and Cantor (1969): standard errors are given in parenthe- 
ses (Kimura and Otha 1972) 

No. sites No. Corrected 
Region compared substitutions substitution rate 

5' flanking 
region 822 140 0.1932 (0.0170) 

Coding region 
Exons 89 14 0.1765 (0.0488) 
Intron 60 14 0.2795 (0.0793) 

lntergenic 
region 170 27 0.1785 (0.0356) 

Total 1,141 195 0.1939 (0.0144) 

Table 2. Rate of silent (K~) and nonsilent (Ka) substitutions per 
site in the rp49 coding region estimated according to Li et al. 
(1985): standard errors are given in parentheses 

Species compared Ks Ka 

D. pseudoobscura/ 
D. subobscura 0.1769 (0.0506) 0.0032 (0.0032) 

D. subobscura/ 
D. melanogaster 0.5611 (0.1047) 0.0273 (0.0095) 

D. pseudoobscura/ 
D. rnelanogaster 0.6415 (0.1220) 0.0239 (0.0089) 

Discussion 

Comparison of two closely related species, D. pseu- 
doobscura and D. subobscura, offers the possibility 
to align noncoding regions and study mechanisms 
involved in its divergence. The sequences of D. 
pseudoobscura and D. subobscura present seven 
length differences associated with repeats. This re- 
sult seems to indicate that slipped strand mispairing 
(Levinson and Gutman 1987), a mechanism that 
might be generating length variants within D. sub- 
obscura (Rozas and Aguad6 1990), might also have 
caused or be causing length differences between D. 
subobscura and D. pseudoobscura. 

The present sequence of D. pseudoobscura en- 
larges the sample of genes completely sequenced in 
both D. pseudoobscura and D. melanogaster (Table 
3). Comparison of Ks and K~ rates among these 
genes allows one to establish whether a given region 
is more or less strongly constrained to vary at non- 
silent and/or silent sites. Nonsilent divergence is 
lowest for the rp49 region, confirming the important 
role of purifying selection in the evolution of this 
gene; only the hsp82 region that has only been par- 
tially sequenced in D. pseudoobseura (Blackman 
and Meselson 1986) shows an even lower nonsilent 
divergence (K a = 0.0182, SE = 0.0046). Estimated 

Table 3. Rate of silent (Ks) and nonsilent (Ka) substitutions per 
site estimated according to Li et al. (1985) in different genes 
completely sequenced in D. pseudoobscura and D. melano- 
gaster: standard errors are given in parentheses 

No. codons 
Genes a compared Ks Ka 

rp49 ~ 133 0.6415 (0.1220) 0.0239 (0.0089) 
Adh 2 253 0.6211 (0.0819) 0.0520 (0.0097) 
Gld 3 611 1.0708 (0.0983) 0.0565 (0.0066) 
Amy 4 493 0.4025 (0.0423) 0.0678 (0.0080) 
Xdh 5 1334 1.1866 (0.0704) 0.0709 (0.0050) 
UO 6 344 0.8670 (0.0988) 0.0814 (0.0105) 
Gart 7 1352 1.2133 (0.0697) 0.0890 (0.0057) 
bicoid 8 478 1.0150 (0.1005) 0.1395 (0.0121) 
p c p  9 183 1.0522 (0.1758) 0.1616 (0.0216) 
Est ~° 541 1.4120 (0.1422) 0.1778 (0.0131) 

a Data sources: ~O'Connell and Rosbash (1984), Cadic-Jacquier 
and Rosbash (personal communication), present work; 2Kreit- 
man (1983); Schaeffer and Aquadro (1987); 3Krasney et al. 
(1990); 4Brown et al. (1990); 5Riley (1989); 6Friedman et al (1992); 
7Henikoff and Eghtedarzadeh (1987), Henikoff et al. (1983, 
1986), Henikoff and Furlong (1983); 8Seeger and Kaufman 
(1990); 9Henikoff and Eghtedarzadeh (1987), Henikoff et al. 
(1986); ~°Brady et al. (1990). 

silent divergences for the Amy, Adh, and rp49 re- 
gions (as well as for the hsp82 region - - K  s = 
0.6120, SE = 0.0726-)  are low as compared to the 
other genes (Table 3); as pointed out by Sharp and 
Li (1989) and by Brown et al. (1990), these four 
genes also exhibit a high codon bias that might be 
slowing down their evolution at silent sites. The 
rp49 region would not only be subject to purifying 
selection against amino acid replacement substitu- 
tions but to selection pressure for the use of certain 
codons within synonymous class. 

If the rate of silent substitutions at the coding 
region of rp49 was reduced by purifying selection, 
one would expect this rate to be lower than the rate 
of substitutions in flanking regions. The lack of ev- 
idence for any difference in these rates (Table 1) 
might reflect the existence of constraints to vary in 
flanking regions due to the presence of transcription 
signals. In addition to the putative general se- 
quences of eukaryotic promoters in the 5' flanking 
region of rp49 there is a palindromic sequence and a 
stretch of 69 nucleotides completely conserved (po- 
sition 1,083-1,151) (Fig. 1) that might be contribut- 
ing to this constraint. 

Although estimates of nucleotide divergence for 
the rp49 coding region are based on a relatively low 
number of codons, they have been used to obtain a 
rough estimate of the time of divergence between 
D. pseudoobscura and D. subobscura, assuming a 
constant rate per unit of time. Given the close rela- 
tionship between these two species, silent-site sub- 
stitution rates have been used for this purpose, as 
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they are higher and not so affected by estimation 
errors (Nei 1987). Although the rp49 region shows a 
strong codon bias, the three species being com- 
pared do not differ significantly in their codon bias 
(See Results.) According to the rate of silent sub- 
stitutions in the rp49 coding region the split between 
the melanogaster and obscura groups would be 3.4 
times older than the split between D. pseudoob- 
scura and D. subobscura. At least two different di- 
vergence times have been proposed for the melano- 
gaster/obscura split: 30 Myr (Throckmorton 1975; 
Moriyama 1987) and 46 Myr (Beverley and Wilson 
1984). According to the data for the rp49 region, D. 
pseudoobscura and D. subobscura lineages would 
have diverged some 9 or 14 Myr ago. Only when 
better estimates of divergence time between mela- 
nogaster and obscura groups and when a large col- 
lection of genomic regions sequenced in both spe- 
cies are available for comparison will more accurate 
estimates of the time of split between D. pseudoob- 
scura and D. subobscura be obtained. 
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