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ABSTRACT
We have analyzed nucleotide polymorphism within a 5.3-kb region encompassing the functional Est-6 gene

and the �Est-6 putative pseudogene in 28 strains of Drosophila melanogaster and one of D. simulans. Two
divergent sequence types were detected, which are not perfectly associated with Est-6 allozyme variation.
The level of variation (�) is very close in the 5�-flanking region (0.0059) and Est-6 gene (0.0057), but
significantly higher in the intergenic region (0.0141) and putative pseudogene (0.0122). The variation
in the 3�-flanking region is intermediate (0.0083). These observations may reflect different levels of purifying
selection in the different regions. Strong linkage disequilibrium occurs within the region studied, with
the largest values revealed in the putative pseudogene and 3�-flanking region. Moreover, recombination
is restricted within �Est-6. Gene conversion is detected both within and (to a lesser extent) between Est-6 and
�Est-6. The data indicate that �Est-6 exhibits some characteristics that are typical of nonfunctional genes,
while other characteristics are typically attributed to functional genes; the same situation has been observed
in other pseudogenes (including Drosophila). The results of structural entropy analysis demonstrate
higher structural ordering in Est-6 than in �Est-6, in accordance with expectations if �Est-6 is indeed a
pseudogene. Taking into account that the function of �Est-6 is not known (but could exist) and following
the terminology of J. Brosius and S. J. Gould, we suggest that the term “potogene” may be appropriate for
�Est-6, indicating that it is a potential gene that may have acquired some distinctive but unknown function.

THE �-esterase gene cluster is on the left arm of chro- indications suggesting that Est-P might be in fact a pseu-
dogene and named it �Est-6. Dumancic et al. (1997)mosome 3 of Drosophila melanogaster, at 68F7–69A1

in the cytogenetic map (but see Procunier et al. 1991). showed that some alleles of the Est-P produce a catalyti-
cally active esterase corresponding to the previouslyThe cluster is composed of two tandemly duplicated

genes, originally named Est-6 and Est-P (Collet et al. identified EST-7 isozyme (Healy et al. 1991) and re-
named the gene correspondingly Est-7.1990). The coding regions of these genes are 1686 and

1691 bp long, respectively, and consist of two exons Our earlier investigation of �Est-6 (Balakirev and
(1387 and 248 bp) and a small (51 bp in Est-6 and 56 Ayala 1996) was limited to 10 lines of D. melanogaster
bp in Est-P) intron (Oakeshott et al. 1987). The Est-6 and 2.8 kb. We now increase the sample size to 28 lines
gene is well characterized (reviewed by Richmond et al. and extend the analysis by comparing the nucleotide
1990; Oakeshott et al. 1993). The gene encodes the variability in the �Est-6 putative pseudogene and Est-6
major �-carboxylesterase (EST-6) that is transferred by gene in a random sample of D. melanogaster derived from
D. melanogaster males to females in the seminal fluid a natural population of California. The full sequence now
during copulation (Richmond et al. 1980) and affects analyzed is 5394 bp long and includes the 5�-flanking
the female’s consequent behavior and mating proclivity region, complete Est-6 gene, intergenic region, �Est-6 pu-
(Gromko et al. 1984). Less information is available for tative pseudogene, and 3�-flanking region. The data for
Est-P. Collet et al. (1990) first described Est-P and con- the 5�-flanking region and Est-6 gene (1686 bp) are
cluded that it was a functional gene, on the basis of from Balakirev et al. (2002).
several lines of evidence: transcriptional activity, intact
splicing sites, no premature termination codons, and
presence of initiation and termination codons. However, MATERIALS AND METHODS
Balakirev and Ayala (1996) found premature stop

Drosophila strains: The 28 D. melanogaster strains were de-codons within the Est-P coding region and some other
rived from a random sample of wild flies collected by F. J.
Ayala (October 1991) in El Rio Vineyard, Acampo, California.
The strains were made fully homozygous for the third chromo-
some by crosses with balancer stocks, as described by Seager1Corresponding author: Department of Ecology and Evolutionary Biol-
and Ayala (1982). The strains were named in accordance withogy, 321 Steinhaus Hall, University of California, Irvine, CA 92697-

2525. E-mail: fjayala@uci.edu the esterase-6 (the letter before the hyphen) and superoxide
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dismutase (the letter after the number) electrophoretic alleles F��(qn) � ��(qn)�*�(qn), (2)
they carry, ultra slow (US), slow (S), and fast (F) (Figure 1).

where the asterisk denotes complex conjugation. The zerothDNA extraction, amplification, and sequencing: Total geno-
harmonics depending only on the nucleotide composition domic DNA was extracted using the tissue protocol of the QIAamp
not contain structural information and are discarded below.tissue kit (QIAGEN, Valencia, CA). The D. melanogaster Est-6
Due to the symmetry propertysequence (GenBank accession nos. M33780 and M33781; Col-

let et al. 1990) was used for designing PCR and sequencing F��(qn) � F��(2� � qn), (3)
primers. The primers used for the PCR amplification reactions

the spectra for structure factors can be restricted to their leftwere 5�-gattttgcttcgagtgataatgg-3� (forward primer) and 5�-
halves from n � 1 toagactacgtgcacagtgtggtggg-3� (reverse primer). The PCR reac-

tions were carried out in final volumes of 50 	l using TaKaRa N � [M/2], (4)Ex Taq in accordance with the manufacturer’s description
(Takara Biotechnology, Berkeley, CA). The reaction mixtures where the brackets denote the integer part of the quotient.
were subjected to 30 cycles of denaturation, annealing, and The structure factors will always be normalized with respect
extension: 95
 for 30 sec, 63
 for 30 sec, and 72
 for 2.0 min to mean spectral values,
(for the first cycle and progressively adding 3 sec at 72
 for

f ��(qn) � F��(qn)/F��; F�� � N�(M � N�)/M(M � 1),every subsequent cycle); with a final 7-min extension period
(5)at 72
. The PCR reactions were purified with the Wizard PCR

preps DNA purification system (Promega, Madison, WI), di- where N� is the total number of nucleotides of type � in a
rectly sequenced by the dideoxy chain-termination technique sequence of length M. The structural regularity of the nucleo-
using Dye Terminator chemistry, and separated with the ABI tides of type � in a sequence of length M is assessed with the
PRISM 377 automated DNA sequencer (Perkin-Elmer, Nor- spectral structural entropy
walk, CT). For each line, the sequences of both strands were
determined, using 12 overlapping internal primers spaced, on S� � � �

M�1

n�1

f��(qn)ln f��(qn). (6)average, 350 nucleotides. (See GenBank accession nos. AF147095–
AF147102, AF150809–AF150815, AF217624–AF217645, and

The value of spectral entropy for a counterpart random se-AF526538–AF526558 for the �Est-6 sequences.) At least two
quence having the same nucleotide composition is the highestindependent PCR amplifications were sequenced for each
and the corresponding mean characteristics averaged over anpolymorphic site in all D. melanogaster strains to prevent possi-
ensemble of various random realizations are given byble PCR or sequencing errors.

DNA sequence analysis: The sequences were assembled us- �S��random � �0.422785 . . . (M � 1);
ing the program SeqMan (Lasergene, DNASTAR, 1994–1997).
The computer programs DnaSP, version 3.4 (Rozas and Rozas �(�S�)2�random � 0.579736 . . . (M � 1). (7)
1999) and PROSEQ, version 2.4 (Filatov and Charlesworth

Using the values (7) as the reference characteristics, it is conve-1999) were used to analyze the data by means of the “sliding
nient to introduce the relative spectral structural entropywindow” method (Hudson and Kaplan 1988) and for most

intraspecific analyses. Departures from neutral expectations S�,rel � (�S��random � S�)/|�S��random| (8)
were investigated using Kelly’s (1997) and Wall’s (1999)

as well as the relative normalized deviationsneutrality tests incorporating recombination. The permuta-
tion approach of Hudson et al. (1992) was used to estimate

r� � (�S��random � S�)/�(�S�)2�1/2
random . (9)the significance of sequence differences between haplotype

families. The coalescent simulations (Hudson 1990) were per- The value of S�,rel serves for the comparison of structural regu-
formed with the PROSEQ program to estimate the probabili- larity for the different sequences (generally, also of different
ties of the observed values of Kelly’s ZnS and Wall’s B and Q lengths); the higher the value of S�,rel, the higher the structural
statistics and confidence intervals for the nucleotide diversity regularity of a sequence, while r� serves for the assessment of
values. The method of Sawyer (1989, 1999) was used to ana- the statistical significance of observed deviations. Assuming a
lyze intra- and intergenic conversion events. Gaussian distribution for r in the case of random deviations,

Entropy analysis: If �Est-6 is in fact a pseudogene or nones- the probability of finding values of r exceeding some threshold
sential gene, one could expect lower structural regularity and r0 is given by
higher structural divergence in this putative pseudogene than
in its functional paralogous gene, Est-6. These features can be Pr(r � r0) �

1

√2� �
∞

r0

e�r 2/2 dr. (10)
quantitatively assessed with the proper structural analysis of
the relevant sequences. Our approach is based on spectral

The value Pr � 0.05 corresponds to that of r0 � 1.64.methods previously developed (Chechetkin and Turygin
The level of structural divergence may be quantitatively esti-1994, 1996; Chechetkin et al. 1994; Chechetkin and Lobzin

mated with deviations1996, 1998; for a review and further references, see Lobzin
and Chechetkin 2000).

� � 1 � k��(1|2), (11)
First, we begin with the necessary definitions. The Fourier

harmonics corresponding to the nucleotides of type � (where where the cross correlation coefficients are determined as
� is A, C, G, or T) in a sequence of length M are defined as

k��(1|2) � �N
n�1(F (1)

��(qn) � F (1)
��)(F (2)

��(qn) � F (2)
��)

N�(F (1)
��)�(F (2)

��)
, (12)

��(qn) � M�1/2 �
M

m�1

�m,�e�iqnm, qn � 2�n/M, n � 0,1, . . . , M � 1,

(1)
�2(F��) � N �1 �

N

n�1

(F��(qn) � F��)2 . (13)
where �m,� indicates the positions occupied by the nucleotides
of type �, �m,� � 1 if the nucleotide of type � occupies the mth The structure factor harmonics F��(qn) , the mean spectral
site, and 0 otherwise. The amplitudes of Fourier harmonics (or values F�� , and number N are defined in Equations 2, 4, and

5, while the superscripts 1 and 2 refer to a pair of comparedstructure factors) are expressed as
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Figure 1.—DNA polymorphism in the putative pseudogene �Est-6. The numbers above the top sequence represent the
segregating sites and the start of a deletion or insertion. Nucleotides are numbered from the Est-P start codon (position 3052
in Collet et al. 1990). Eleven premature stop codons are due to single-nucleotide polymorphisms G/A (site 1068, strains F-357F,
F-274F, F-517F, F-517S, and F-1461S) and T/G (site 1388, strains S-501S, S-510S, and S-5F), as well as to a 9-bp insertion of
ACATTTGAT (position 1379–1387, strains S-501S, S-510S, and S-5F); these sites and nucleotides are marked by boldface type.
The S, US, and F letters before the strain numbers refer to the EST-6 allozymes slow, ultra-slow, and fast. (The S and F after
the numbers refer to the allozyme polymorphism at the Sod locus and have been previously used to tag these lines.) � denotes
a 3-bp deletion of CAG (position 232–234, strain F-775F); † denotes the absence of a deletion; � denotes an insertion of
ACATTTGAT (position 1379–1387, strains S-501S, S-510S, and S-5F); ‡ denotes the absence of an insertion.

sequences. The definition (12) assumes equal lengths for the polymorphic sites. We previously found 13 replacements
compared sequences 1 and 2 corresponding to the patterns and 23 synonymous polymorphic sites in the Est-6 cod-
of the same gene in two different strains of D. melanogaster.

ing region (Balakirev et al. 2002). The ratio of replace-In the presence of insertions/deletions and unequal lengths
ment to synonymous polymorphic sites is 0.565 for thein the compared sequences, the shorter sequence is supple-

mented by void sites up to the length of the longer one (Mar- Est-6 gene and more than twice that, 1.242, for the
ple 1987). For n different sequences there are n(n � 1)/2 putative pseudogene. We detected 11 premature stop
pairwise cross correlation coefficients. In our case n � 28 and codons (all TGA) within the coding region of the puta-the number of cross correlation coefficients is equal to 378.

tive pseudogene. The stop codons are generated byThe higher values of deviations � correspond to the higher
single mutations (positions 1068 and 1388) as well asstructural divergence between compared sequences.
by the insertion ACATTTGAT (Figure 1). The mdg-3
retrotransposon insertion (5.2 kb) was detected within

RESULTS the intron of �Est-6 in the S-438S D. melanogaster strain
(data not shown). Game and Oakeshott (1990) de-Nucleotide polymorphism and recombination: Figure
tected the same insertion previously in strain 12I-11.21 shows a total of 92 polymorphic sites in a sample of
of D. melanogaster, which carried a null allele of �Est-6.28 sequences of the �Est-6 putative pseudogene: 62 sites

Table 1 shows estimates of nucleotide diversity forin exon I (1 site involves a 3-bp deletion), 2 sites in the
the putative pseudogene as well as for the Est-6 gene andintron, 12 sites in exon II, and 16 sites in the 3�-flanking
the flanking regions. The � value for the full sequence isregion. Two indel polymorphisms occur. A 3-bp deletion
0.0084, which is within the range of values observed inoccurs in the F-775F strain and a 9-bp insertion occurs
other high-recombination gene regions in D. melanogas-in the S-510S, S-501S, and S-5F strains (Figure 1). For
ter (Moriyama and Powell 1996). The � value is verythe �Est-6 coding region we detected 41 replacements

(1 site involves a 9-bp insertion) and 33 synonymous similar in the 5�-flanking (0.0059) and Est-6 regions
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TABLE 1

Nucleotide diversity and divergence of Est-6, �Est-6, and flanking regions, in 28 strains of D. melanogaster

Est-6 �Est-6
5�-flanking Intergenic 3�-flanking Full

region Syn Nsyn Total region Syn Nsyn Total region sequence

N 1183 1686 193 1700 632 5394
S 26 (8) 37 (12) 14 (7) 76 (14) 16 (3) 171 (44)
� 0.0059 0.0152 0.0026 0.0057 0.0141 0.0268 0.0078 0.0122 0.0083 0.0084
� 0.0060 0.0156 0.0027 0.0056 0.0186 0.0224 0.0080 0.0114 0.0065 0.0081
Nhap 13 15 6 12 6 23
k 6.608 9.542 2.714 20.534 5.262 44.661
K 0.0807 0.1469 0.0215 0.0495 0.0716 0.1393 0.0311 0.0546 0.0417 0.0572
ZnS 0.2093 0.2036 0.2458 0.4221 0.4297 0.2477
LDFisher 0.2646 0.2703 0.2418 0.5596 0.5750 0.3313

N is the number of sites. S is the number of polymorphic sites (the number of singleton polymorphic sites is in parentheses).
� is the average number of nucleotide differences per site among all pairs of sequences (Nei 1987, p. 256). � is the average
number of segregating nucleotide sites among all sequences based on the expected distribution of neutral variants in a panmictic
population at equilibrium (Watterson 1975). Nhap is the number of haplotypes. k is the average number of nucleotide differences.
K is the average proportion of nucleotide differences between D. melanogaster and D. simulans, corrected according to Jukes and
Cantor (1969). ZnS is a statistic of Kelly’s (1997) test. LDFisher is the proportion of significant linkage disequilibrium revealed
by Fisher’s exact test using all polymorphic sites. Syn, synonymous; Nsyn, nonsynonymous. The segregating sites associated with
indels are excluded from the �, �, and K calculations.

(0.0057), but significantly higher in the intergenic re- region (5394 bp) analyzed. The minimum number of
recombination events is six for the Est-6 gene but threegion (0.0141) and putative pseudogene (0.0122), and

intermediate in the 3�-flanking region (0.0083). The for the putative pseudogene. There is a large difference
(3300 times) in the value of the recombination estima-level of synonymous variation is 0.0152 in the Est-6 cod-

ing region but 0.0268 (1.76 times higher) in the putative tor C (Hudson 1987) obtained for the Est-6 gene and
the putative pseudogene (Table 2). The same tendencypseudogene. The difference is more pronounced for non-

synonymous variation, which is 0.0026 in the Est-6 gene (but much less pronounced) is obtained using the per-
mutation-based method of McVean et al. (2002) andand 0.0078 (3.0 times higher) in the putative pseudogene.

This could indicate different degrees of selective con- also the method of Hey and Wakeley (1997) based on
the number of pairs of sites with incongruent genealogi-straint in the Est-6 gene and the putative pseudogene.

The level of silent polymorphism in the 3�-flanking re- cal histories (Table 2).
Thus, there is two times more total nucleotide variabil-gion is 0.0083, but 0.0268 (3.2 times higher) in the

putative pseudogene. These differences could again indi- ity in the putative pseudogene (Table 1) but the recom-
bination rate is at least two times higher in the Est-6cate differences in selective constraints. The level of silent

divergence between D. melanogaster and D. simulans is simi- gene (Table 2). The association in �Est-6 of a high
level of nucleotide variation with low recombination islar for the Est-6 gene (0.1469) and the putative pseu-

dogene (0.1393), but lower in the 5�-flanking (0.0807) contrary to the well-documented positive relationship
between within-species DNA variation and recombina-and 3�-flanking (0.0417) regions.

The method of Hudson and Kaplan (1985) reveals tion rates (e.g., Begun and Aquadro 1992).
Haplotype structure: Previously, Odgers et al. (1995)a minimum of 15 recombination events in the whole

TABLE 2

Recombination estimates

C � �

Rm Per gene Per site C/� Per gene Per site �/� Per gene Per site �/�

Full sequence 15 1.0 0.0002 0.0247 40.828 0.0076 0.9383 9.619 0.0018 0.2222
Est-6 6 3.3 0.0020 0.3571 25.144 0.0149 2.6607 10.020 0.0059 1.0351
�Est-6 3 0.001 0.0000 — 9.834 0.0058 0.5088 2.605 0.0015 0.1316

C, �, and � are estimates of the population recombination rate 4Ner (Ne is the effective population size and r is the recombination
rate per nucleotide site per generation) obtained by the methods of Hudson (1987), Hey and Wakeley (1997), and McVean
et al. (2002), respectively. Rm is the minimum number of recombination events (Hudson and Kaplan 1985).
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Figure 2.—Neighbor-joining tree of the �Est-6
haplotypes of D. melanogaster based on Kimura’s
two-parameter distance. The numbers at the nodes
are percentages of bootstrap probability values
based on 10,000 replications.

and Balakirev et al. (1999, 2002) described two groups (� � 0.0096 � 0.0042). The permutation test of Hud-
son et al. (1992) is highly significant for the F and Sof haplotypes for both the 5�-flanking and Est-6 coding

regions in D. melanogaster. There are also two groups of haplotypes, K*st � 0.3438 (P � 0.001).
Gene conversion: The method of Sawyer (1989,haplotypes in the putative pseudogene region (Figures

1 and 2) that are labeled S or F according to the Est-6 1999) detects gene conversion events within both the
Est-6 gene (5 regions in 10 sequences, P � 0.0097) andhaplotype with which they are associated. Note, how-

ever, that lines F-531F, F-611F, and F-96S belong to the �Est-6 (13 regions in all 28 sequences, P � 0.0000). The
numbers of significant fragments are 14 for the Est-6fast allozyme group of the Est-6 gene (Balakirev et al.

2002) but they are in the slow allozyme group in the gene (fragment length from 314 to 1183 bp, average
662 bp) and 85 for �Est-6 (fragment length from 154neighbor-joining tree of the putative pseudogene se-

quences (Figure 2). The average number of nucleotide to 1052 bp, average 669 bp). Gene conversion events
between Est-6 and �Est-6 are detected only in the proteindifferences (K) between the two haplotypes (excluding

3�-flanking region) is 20.534. The S group includes most alignment (involving a single region between amino
acids 41 and 55, P � 0.0102). The number of significanthaplotypes (22 out of 28), which are 3.69 times less

variable (� � 0.0026 � 0.0006) than the six F haplotypes fragment pairs showing intergenic conversion, which
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Linkage disequilibrium: We have calculated the P value
of Fisher’s exact test in all pairwise comparisons of infor-
mative polymorphic sites. The numbers (and percent-
ages) of pairwise comparisons that are significant are,
for the whole region, 4235 out of 7626 (55.53%, 2.62%
with the Bonferroni correction); for the Est-6 gene, 151
out of 300 (50.33%, 18.33% with the correction); for
the putative pseudogene, 1486 out of 1830 (81.20%,
14.81% with the correction); for the 3�-flanking region,
66 out of 78 (84.62%, 57.69% with the correction); and
between Est-6 and �Est-6, 927 of 1525 (60.79%, but none
with the Bonferroni correction). The significant interlo-
cus linkage disequilibria are caused by six divergent
haplotypes, F-517S, F-517F, F-1461S, F-274F, F-357F, and

Figure 3.—Sliding-window plots of nucleotide diversity (�) F-775F, which have unique polymorphisms in both Est-6
in Est-6 (thin line) and �Est-6 (thick line). Window sizes are and �Est-6.
100 nucleotides with 1-nucleotide increments. Tests of neutrality: In a previous study (Balakirev

et al. 2002) we detected significant deviations from neu-
trality in the 5�-flanking and Est-6 coding regions, using

involve 23 Est-6 and 6 �Est-6 sequences, is 138. Taken Kelly’s ZnS (1997) and Wall’s (1999) B and Q tests, based
together, these results show that gene conversion has on linkage disequilibrium between segregating sites;
played an important role in the evolution of the �-esterase both tests were significant with the population recombi-
gene cluster. nation rate �0.010 (Kelly’s test) or without recombina-

Sliding-window analysis: Figure 3 shows the distribu- tion (Wall’s test). For �Est-6, Kelly’s ZnS and Wall’s B
tion of polymorphism along the Est-6 (thin line) and and Q values are even higher (ZnS � 0.422; B � 0.432;
�Est-6 (thick line) sequences. There is a distinct peak Q � 0.520) than those for the Est-6 gene and significant
in the Est-6 sequences at 750–950, which includes the by coalescent simulations with the population recombi-
F/S replacement site (position 772). We detected this nation rate �0.005 (ZnS statistic) or without recombina-
peak previously (Balakirev et al. 1999, 2002) in our tion (B and Q statistics).
data, and also in data of Hasson and Eanes (1996) and Entropy analysis: We use this new type of analysis
Cooke and Oakeshott (1989), and suggested that it when seeking to ascertain the functionality of �Est-6.
may reflect the effect of balancing selection (Strobeck We have calculated the relevant characteristics for the
1983; Hudson and Kaplan 1988). There are four (ap- exon-intron-exon sequences of Est-6 and �Est-6 before
proximately equal) strong peaks in the �Est-6 sequences splicing and for exon-exon sequences after splicing. The
at 50–200, 400–600, 850–1050, and 1300–1650. The pu- examples of spectra for structure factor harmonics (see
tative pseudogene peaks are more acute than the Est-6 materials and methods, Equation 5) are illustrated
gene peaks, have a regular distribution along the sequence in Figures 4 and 5, where the period p is related to the
(with an interval of 200–300 bp), and are not centered ordinal number of structure factor harmonic n as p �
around the replacement polymorphisms (Figure 1). M/n. The high peaks at p � 3 (n � 561 for Est-6 and

We measure heterogeneity in the distribution of poly- n � 563 for �Est-6) are a distinctive feature of protein-
morphic sites along the �Est-6 sequence and discordance coding regions (Fickett and Tung 1992) and are inher-
between � (within-melanogaster polymorphism) and K ent to both genes and pseudogenes (Holste et al. 2000).
(melanogaster-simulans divergence) by means of Goss The characteristics for the structural entropy averaged
and Lewontin’s (1996) and McDonald’s (1996, 1998) over the 28 lines of D. melanogaster are presented in Table
statistics and assess their significance by Monte Carlo 3. The values of integral spectral structural entropy per
simulations of the coalescent model incorporating re- harmonic summed over all four types of nucleotides,
combination (McDonald 1996, 1998). On the basis of S/(M � 1), are equal to �1.808 (r � 3.16) for Est-6,
10,000 simulations, with the recombination parameters �1.821 (r � 3.45) for spliced Est-6, �1.718 (r � 0.73)
varying from 1 to 64, the tests are not significant: Goss for �Est-6, and �1.736 (r � 1.20) for spliced �Est-6. The
and Lewontin’s (1996) interval length variance (VIL) values obtained for �Est-6 are not significantly different
is 0.000164, P � 0.05, and modified interval length vari- from random sequence, while the entropy of the Est-6
ance (QIL) is 0.000767, P � 0.05; McDonald’s (1998) gene is significantly higher than expected for random
maximum sliding G statistic is 6.9202, P � 0.05; the sequence (Table 3). These results demonstrate higher
Kolmogorov-Smirnov statistic is 0.043733, P � 0.05. The structural ordering in Est-6 than in �Est-6, in accordance
tests are significant for the Est-6 gene including the with expectations if �Est-6 is indeed a pseudogene.
promoter region, but not for the Est-6 coding region (Note the generally higher values of r, indicating higher

structural ordering in the spliced genes, with the excep-alone (Balakirev et al. 2002).
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Figure 4.—The normalized structure factor
spectra (see materials and methods, Equations
1–5) for the unspliced Est-6 gene. The high peaks
at n � 561 correspond to three-periodicity (p � 3),
which is a fundamental feature of protein-coding
regions.

tion of a few cases due to structural coupling between in Drosophila has indications of some functional con-
exons and intron.) straint, including lower than expected levels of intraspe-

The mean values of deviations � averaged over the cific variability and interspecific divergence, significant
set of 378 pairwise cross correlation coefficients corre- heterogeneity of nucleotide variability and divergence
sponding to each gene are summarized in Table 4, while along the sequences, higher rate of substitution at syn-
the examples of their distributions are presented in onymous nucleotide positions, conservation of impor-
Figures 6 and 7. The values �� in the last column in tant functional regions, transcriptional activity, and co-
Table 4 are obtained by additional averaging of � over don bias (Jeffs and Ashburner 1991; Currie and
four types of nucleotides. The insertions/deletions are Sullivan 1994; Jeffs et al. 1994; Sullivan et al. 1994;
present only in �Est-6 and produce the main contribu- Pritchard and Schaeffer 1997; Ramos-Onsins and
tion to deviations �. Comparison of structural diver- Aguadé 1998). Two Adh Drosophila genes originally
gence in �Est-6 was also performed upon equalizing the identified as pseudogenes (Fisher and Maniatis 1985;
lengths of the sequences by removing insertions/dele- Jeffs and Ashburner 1991) were later considered to
tions. As seen in Table 4, even after equalizing, the struc- be novel functional genes (Long and Langley 1993;
tural divergence remains distinctly higher in �Est-6 than Begun 1997).
in Est-6, as expected if �Est-6 is not a functional gene. The unusual patterns of pseudogene evolution sug-
Besides that, it is worth noting the correlation between gesting some functional constraints have also been re-
the deviations � and the heights of peaks for f�� at p � vealed in other organisms. Moreover, it was shown that
3 (see Equation 5 as well as Figures 4 and 5): the higher a small number of detrimental alterations is a common
the peaks at p � 3 the smaller � and the narrower their feature of pseudogenes; there are many examples of
distributions (see Figures 6 and 7 as well as Table 4). extremely conserved pseudogene sequences exhibiting

90% and higher homology with functional counterparts
(for a review, see Vanin 1985; Wilde 1986; Mighell et

DISCUSSION al. 2000). The extent of similarity between a pseudogene
and its functional counterpart could be sharply nonuni-Pseudogenes in Drosophila and other organisms: Rel-
form along the sequence (e.g., Sudo et al. 1990; Mat-ative to what is known in other organisms, especially
ters and Goodenough 1992; John et al. 1996).vertebrates (Mighell et al. 2000), pseudogenes are not

By definition, pseudogenes should be transcription-common in Drosophila (Powell 1997). Moreover, se-
quence evolution in many of the pseudogenes detected ally and translationally silent; however, nonfunctional
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Figure 5.—The normalized structure factor
spectra (see materials and methods, Equations
1–5) for the unspliced �Est-6 putative pseudogene.
The high peaks at n � 563 correspond to three-
periodicity (p � 3), which is a fundamental fea-
ture of protein-coding regions.

(or functional only in some cases) transcripts of many tive pseudogene has been detected in one D. melanogas-
ter strain studied here (S-438S) and also in strain 12I-pseudogenes have been described (e.g., Fotaki and

Iatrou 1988; Sorge et al. 1990; Nguyen et al. 1991; 11.2 analyzed by Game and Oakeshott (1990).
Recombination is not a random process; recombina-Zhou et al. 1992; Cristiano et al. 1993; Bard et al. 1995;

Fürbab and Vanselow 1995; for a review and further tion hotspots caused by specific initiating sequences are
reported for many gene systems. The unprecedentedreference, see Vanin 1985; Wilde 1986; Mighell et al.

2000). In some cases, the translation activity was shown evolutionary stability of simple repeats promoting recomb-
ination in the expressed mammalian MHC-DRB genesin vivo (McCarrey and Thomas 1987; Bristow et al.

1993) and in vitro (Misra-Press et al. 1994). Sorge et was detected in some specific genome locations (review
in Schwaiger and Epplen 1995). But in mammalianal. (1990) also detected considerable subject-to-subject

variation in the relative amounts of transcripts derived DRB pseudogenes, the simple repeat stretch seems grad-
ually to reduce its characteristic pattern in the evolution-from gene and pseudogene that could be due to poly-

morphisms in the promoter regions of the pseudogene ary course (Larhammar et al. 1985; Riess et al. 1990;
Schwaiger and Epplen 1995). Bliskovskii et al. (1993)or to polymorphisms affecting stability of pseudogene-

derived mRNA. This situation is reminiscent of the �Est-6 described the structure of the human son processed
pseudogene, which has a 96% homology with the sonputative pseudogene, for which stop codons were de-

tected only in some lines of D. melanogaster. functional gene. Despite the high sequence homology,
the son pseudogene lacks five monomers of the perfectPattern of recombination: Disruption of homologous

sequences by insertion or nucleotide polymorphisms tandem repeat area, which, it has been suggested, are as-
sociated with the initiation of recombination processescan significantly reduce recombination frequencies. Even

individual nucleotide substitutions have been shown to (Jeffreys et al. 1985).
In several yeast and maize genes, the sequence signalsaffect recombination (e.g., Selva et al. 1995; Lukacsovich

and Waldman 1999). In comparison with recombina- initiating recombination often occur within the promoter
but not within the gene itself (White et al. 1993; Fan ettion between alleles lacking large insertion polymor-

phisms, recombination within the maize a1 gene (Xu al. 1995; Xu et al. 1995). The promoter of the �Est-6
putative pseudogene is limited to 193 bp consisting ofet al. 1995) is inhibited when one allele with a transposon

insertion is paired with a second allele lacking an inser- the intergenic region between Est-6 and �Est-6. It might
be that the obvious reduction in recombination couldtion. In this respect, we note that the insertion of the

mdg-3 retrotransposon within the intron of the �Est-6 puta- be connected with the promoter truncation of �Est-6.
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TABLE 3 vertebrate immune response (e.g., Reynaud et al. 1987;
Knight 1992; Vargas-Madrazo et al. 1995; Sayegh etThe characteristics for the structural entropy averaged over
al. 1999). The immunoglobulin gene diversity is gener-28 lines of Drosophila melanogaster
ated by somatic gene conversion events in which se-
quences derived from pseudogenes are integrated intoNucleotides
functional germ-line genes. Gene conversion events

Parameters A G T C have been also reported in several bacterial pathogens
Est-6 as a mechanism for generating antigenic variation (of

S�/(M � 1) �0.458 �0.468 �0.437 �0.445 sequence diversity in the expressed genes; e.g., Thon et
S�,rel 0.083 0.108 0.034 0.053 al. 1989; Zhang et al. 1997; Noormohammadi et al.
r� 1.88 2.46 0.78 1.20 2000; Brayton et al. 2001). It has been suggested that

human olfactory receptor (OR) pseudogenes might beSpliced Est-6
important for the generation and maintenance of diver-S�/(M � 1) �0.446 �0.475 �0.452 �0.448
sity (Glusman et al. 2000). While OR pseudogenes haveS�,rel 0.054 0.124 0.069 0.060

r� 1.22 2.77 1.55 1.35 lost coding function, they are apparently under new
evolutionary constraints; OR pseudogenes adopt non-

�Est-6 coding functions as CpG islands (Glusman et al. 2000),
S�/(M � 1) �0.433 �0.429 �0.407 �0.448 enhancers (Buettner et al. 1998), and matrix attach-
S�,rel 0.024 0.015 �0.036 0.061

ment regions (Gimelbrant and McClintock 1997).r� 0.56 0.34 �0.83 1.38
While pseudogenes are generally defined as nonfunc-
tional, the above examples serve to challenge this char-Spliced �Est-6

S�/(M � 1) �0.446 �0.452 �0.415 �0.423 acterization.
S�,rel 0.055 0.069 �0.017 �0.001 Conclusions: We have detected some contrasting char-
r� 1.24 1.55 �0.39 �0.008 acteristics of nucleotide variation in the Est-6 gene and

the �Est-6 putative pseudogene. The level of the total
nucleotide variation is 2.1 times higher in �Est-6 than
in Est-6. The population recombination rate is at leastThe sequences promoting recombination could also be
2.6 times lower in �Est-6 than in Est-6. As a consequence,eroded within �Est-6 due to stochastic accumulation of
linkage disequilibrium is more pronounced in �Est-6mutations as in the case of HLA-DRB (Larhammar et
than in Est-6. The haplotype structure of �Est-6 is dimor-al. 1985; Riess et al. 1990; Schwaiger and Epplen 1995)
phic. However, the divergent sequences of �Est-6 areand son (Bliskovskii et al. 1993) pseudogenes.
not perfectly associated with Est-6 allozyme variation.Pseudogene function: A possible role for pseudogenes
Some of the detected features of �Est-6 indicate that itin development as a source of the intracellular inhibitors
could be a pseudogene: 11 premature stop codons outwas suggested by McCarrey and Riggs (1986). It has
of 28 strains are hardly compatible with functionalitybeen also suggested that pseudogenes may have regula-
of the encoded protein. The level of nonsynonymoustory roles for the genes from which they have been
variation is 3.0 times higher in �Est-6 than in Est-6. Thederived (Fotaki and Iatrou 1988; Inouye 1988; Zhou
results of the structural entropy analysis reveal a loweret al. 1992; Troyanovsky and Leube 1994). Healy et al.
structural regularity and a higher structural divergence(1996) have shown that 3� sequences within the �Est-6
for �Est-6, in accordance with the expectations providedtranscription unit contain elements that modulate the
it is a pseudogene or nonfunctional gene. On the otherexpression of Est-6.
hand, it has been shown that the gene is expressedA functional role has been proposed and, in some cases

clearly brought out, for pseudogenes in the diversity of (Collet et al. 1990) and some alleles of �Est-6 produce

TABLE 4

The mean divergences of cross correlations �� within 28 lines of Drosophila melanogaster

Nucleotides

Genes A G T C ��

Est-6 0.008 0.008 0.020 0.018 0.014
Spliced Est-6 0.008 0.009 0.019 0.018 0.013
�Est-6 0.114 0.097 0.106 0.101 0.105
Spliced �Est-6 0.101 0.085 0.095 0.097 0.095
Equalized �Est-6 0.033 0.026 0.027 0.034 0.030
Equalized spliced �Est-6 0.032 0.024 0.028 0.032 0.029
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tion. A pseudogene may lose some specific function but
retain or acquire another, which may not be simply
recognizable. There are many examples of functional
or “active” pseudogenes, a statement that would amount
to a genetic oxymoron, if pseudogenes are defined as
nonfunctional. Taking into account that the function
of �Est-6 is not known (but could exist and may be
discovered in the future), we suggest that the term poto-
gene be used for �Est-6, following the terminology of
Brosius and Gould (1992), reflecting that the status
of this gene is not certain at present. These authors
pointed out that the products of gene duplication, in-
cluding those that become pseudogenes, may eventually
acquire distinctive functions, and thus might be called
potogenes to call attention to their potentiality for becom-
ing new genes or acquiring new functions. The distinc-
tive features of �Est-6, including its pattern of popula-
tion variation, suggest that it may already have some
functional role (for instance, as a reservoir of sequences,
which can recombine with the expressed Est-6 gene),
but its designation as a potogene would imply that the

Figure 6.—Histograms for deviations � (see materials function is not known and far from confirmed, although
and methods, Equations 11–13) for Est-6 in 28 lines of D. the potentiality exists.
melanogaster. Higher values of � correspond to higher struc-
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