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Chapter 4

Computational Methods of Identification of Pseudogenes
Based on Functionality: Entropy and GC Content

Evgeniy S. Balakirev, Vladimir R. Chechetkin, Vasily V. Lobzin,
and Francisco J. Ayala

Abstract

Spectral entropy and GC content analyses reveal comprehensive structural features of DNA sequences.
To illustrate the significance of these features, we analyze the f-esterase gene cluster, including the Est-6
gene and the yEsz-6 putative pseudogene, in seven species of the Drosophila melanogaster subgroup. The
spectral entropies show distinctly lower structural ordering for yEsz-6 than for Esz-6 in all species studied.
However, entropy accumulation is not a completely random process for either gene and it shows to be
nucleotide dependent. Furthermore, GC content in synonymous positions is uniformly higher in Esz- 6 than
in y Est- 6, in agreement with the reduced GC content generally observed in pseudogenes and nonfunctional
sequences. The observed differences in entropy and GC content reflect an evolutionary shift associated with
the process of pseudogenization and subsequent functional divergence of yEst-6 and Est- 6 after the duplica-
tion event. The data obtained show the relevance and significance of entropy and GC content analyses for
pseudogene identification and for the comparative study of gene—pseudogene evolution.

Key words Pseudogenes, Entropy, GC content, Drosophila melanogaster subgroup, B-esterase gene
cluster, Est-6, yEst-6

1 Introduction

Identification of pseudogenes and distinguishing them from func-
tional genes is an important but difficult problem. To resolve the
issue, a number of computational approaches are available, all rooted
in an initial homology-based search to identify putative pseudogene
sequences [1-18]. These approaches have greatly enhanced our
capability to identify pseudogenes. However, they have multiple
limitations: they display inconsistency in a number of detected
pseudogenes [19] and they underestimate the total pseudogene
number [20]. Furthermore, they fail in differentiating paralogous
genes from duplicated pseudogenes, as well as in identifying “cryptic”
pseudogenes (pseudogenes that do not show any clear disruptive
features, such as internal stop codons or not-in-frame indels [21]),
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1.1 Entropy

because they limit their analysis to sequence-level homology
[22, 23]. There is also increasing evidence showing pseudogenes
that are functional in spite of carrying disruptive mutations
(reviewed in refs. 24-28), which further complicates the problem of
distinguishing between genes and pseudogenes.

Here, we describe entropy and GC-content analyses and apply
them to characterize the functional gene Est-6 and its putative
pseudogene y Est-6 in seven species of the Drosophila melanogaster
subgroup. We show that both features (entropy and GC content)
are useful for pseudogene identification and for the comparative
study of gene—pseudogene evolution.

Tandem repeats and scattered DNA repeats play important roles in
the structural organization of chromatin and in the regulatory
mechanisms [29]. Repeats modified by quasi-random mutations
and insertions/deletions also play important roles in protein-coding
fragments attributed to a fraction of “unique DNA” in genomic
sequences (for a review see, e.g., refs. 30, 31). Such periodicities
emerge because the coding concordant with B-DNA double helix
pitch, with quasi-repeated package of nucleosomes, with coopera-
tive binding with regulatory proteins, etc., exhibit evolutionary
preference. Another highly reproducible feature is related to peri-
odicities of period p=3 in the protein-coding regions ([30-33],
and refevences therein). The typical scenario may be as follows: (1)
take a stretch of any tandem repeats, e.g., TTA|TTA|TTA ...; (2)
replace randomly some nucleotides in this stretch (generally, ran-
dom insertions/deletions should also be taken into account). The
resulting stretch can be defined as a sequence with hidden period-
icities. The frequency of random replacements may be biased in the
different sites of a repeat. For instance, if the random replacements
occur only in the first and second positions, this would yield the
patterns NNA|NNA|NNA..., where N is any nucleotide. The
period p=3 has proved to be typical of both genes and pseudo-
genes [ 34, 35].

Spectral methods for analysis of DNA sequences are commonly
used to reveal hidden periodicities, to study the correlations between
different sequences, and to investigate long-range correlations (for
a general veview of methods and further refevences, see ret. 30). The
use of the Fourier transform allows one to obtain statistical criteria
that possess a self-averaging property beginning from relatively
short sequences (>100-200 bp). Within the framework of such a
technique we can study both the separate elements of mosaic struc-
ture and the coupling between the elements. The strategy is to
compare the observed characteristics of real sequences with those of
random sequences with the same nucleotide composition. This
comparison is important for revealing segmentation effects, as well
as the effects of compositional variations arising in evolution and as
a consequence of the differences in the environmental conditions
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for different organisms. In this way one can obtain convenient and
universal criteria for structural regularity. Such criteria do not
depend on nucleotide composition, thereby allowing to compare
the structural characteristics of DNA sequences with different
nucleotide compositions. Thus, spectral analysis allows, in principle,
to reveal all the structural features of the analyzed DNA sequence.

GC content is (G+C)/(A+T+G+C), where G is the number of
guanines, C is the number of cytosine, A is the number of adenines,
and T is the number of thymines. GC content is a fundamental
property of DNA sequences and there is a considerable amount of
research related to mean genomic GC content demonstrating that
this property is the result of many factors interacting in a highly
complex manner [36]. It has been suggested to consider GC con-
tent as a relatively stable characteristic (or parameter) of human
genomes, like fundamental mathematical, physical, or chemical con-
stants [37]. GC content explains the intrinsic nucleosome-forming
preferences and may have significant influence on chromatin struc-
ture in eukaryotic genomes [38]. In prokaryotes, the GC content
remains fairly constant within species, but varies widely across micro-
bial species, which may be viewed as a response to environmental
adaptation [39—41]. The considerable variation in GC content
cannot be explained by neutral processes, implying a role for natural
selection [42, 43]. Increase of GC content creates CpG islands asso-
ciated with gene regulation [44]. The gain and loss of CpG may be
a fundamental characteristic of the human-specific genotype. The
CpG dinucleotide is vital for regulation and it not only conveys
genomic data but also enables epigenomic variation [45]. Thus, the
comparative analysis of the GC-content may reveal much informa-
tion about features of gene and pseudogene evolution.

The B-esterase gene cluster is located on the left arm of chromo-
some 3 of D. melanogaster, at 68F7-69A1 in the cytogenetic map.
The cluster comprises two tandemly duplicated genes, first
described as Est-6 and Est-P [46], with coding regions separated
by only 193 bp. The coding regions are 1,686 and 1,691 bp long,
respectively, and consist of two exons (1,387 and 248 bp) and a
small (51 bp in Est-6 and 56 bp in EstP) intron [47].

The Est-6 gene is well characterized (7eviews in refs. 48-50). The
gene encodes the major B-carboxylesterase (EST-6) that is transferred
by D. melanogaster males to females in the seminal fluid during copu-
lation [51] and affects the female’s consequent behavior and mating
proclivity [52]. Less information is available for Esz-P. Based on sev-
eral lines of evidence (transcriptional activity, intact splicing sites, no
premature termination codons, presence of initiation and termina-
tion codons) it was concluded that Esz-P is a functional gene [46].
Some alleles of the Est-P produce a catalytically active esterase [53]
corresponding to the previously identified EST-7 isozyme [54].
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However, molecular population analysis detected premature stop
codons within the Est-P coding region and some other indications
suggesting that Est-P might be in fact a pseudogene, which was
labeled wEst-6 [21, 35, 55, 56]. The p-esterase gene cluster in other
Drosophila species also includes two (or three, in D. pseudoobscura
and related species) closely linked genes [49, 50, 57-60].

Previously, we have investigated nucleotide variability of the
Est-6 gene and yEst-6 in a D. melanogaster sample from a natural
population of California [21, 35, 61-63], and also in three popula-
tions of East Africa (Zimbabwe), Europe (Spain), and South
America (Venezuela) [55, 56, 64]. We have detected different pat-
terns of nucleotide variation in Esz-6 and y Est-6 indicating differ-
ent evolutionary trends in these two genes and suggesting that
y Est-6 could represent a putative pseudogene.

Here we describe the entropy and GC content analyses to
characterize the functional gene Est-6 and putative pseudogene
y Est-6 in seven species of the D. melanogaster subgroup. We show
that both approaches are useful for pseudogene identification and
for comparative studies of gene—pseudogene evolution.

2 Materials and Methods

2.1 Drosophila
Strains and Species

2.2 DNA Extraction,
Amplification,
and Sequencing

2.3 DNA Sequence
Analysis

The D. melanogaster strains have been previously described
[55, 62, 64]. Strains of Drosophila simulans, Drosophila sechellin,
Drosophila manritiana, Drosophila evecta, Drosophila teissieri, and
Drosophila orena were obtained from the Drosophila Species Stock
Center (Bowling Green, Ohio).

The procedures for Est-6 and yEst-6 amplification, cloning, and
sequencing were described earlier [35, 61, 62]. For each line, the
sequences of both strands were determined, using 24 overlapping
internal primers spaced, on average, by 350 nucleotides. At least
two independent PCR amplifications were sequenced in both
directions to prevent possible PCR or sequencing errors. The data
for seven species of D. melanggaster subgroup are from Balakirev
et al. [65]; see also GenBank accessions AY695919 (D. simulans),
AY695920 (D. sechellin), AY695921 (D. maunritiana), AY695922
(D. tesssiers), AY695923 (D. erecta), and AY695924 (D. orena).
The population data for D. melanogaster are from Balakirev and
Ayala [55, 56, 64]; see GenBank accessions AF147095-147102;
AF150809-AF150815; AF217624-AF217645; AF526538-
AF526559;  AY247664-AY247713;  AY247987-AY248036;
AY368077-AY368109; AY369088-AY369115.

The esterase sequences were assembled using the program SeqMan
(Lasergene, DNASTAR, Inc., 1994-1997). Multiple alignment was
carried out manually and using the program CLUSTAL W [66].
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Model-based phylogeny reconstructions were performed with the
MEGA, version 5 [67] using the neighbor-joining (NJ) and maxi-
mum-likelihood (ML) methods. GC content was computed using
the DnaSP program, version 5.10.01 [68] and PROSEQ, version
2.9 [69]. The Wilcoxon and Mann-Whitney tests were used to
evaluate the significance of pairwise differences in GC content.

2.4 Spectral Spectral entropy characterizes the structural regularity of a nucleotide
Structural Entropy sequence. In our case it allows one to assess the comparative rates and
positional distribution of mutations, as well as their influence on the
regularity of the nucleotide sequences for Est-6 and y Est- 6. Therefore,
it allows one to shed additional light on gene function. For the conve-
nience of the reader, below we reproduce the main definitions (for
details and further veferences see refs. 30, 70-72).
Fourier harmonics corresponding to nucleotides of type o (a is
A, C, G, or T) in a sequence of length M are calculated as

172 —14,,M
Por (qn):M ! zlpm,ae In s Gp =2nn/M, n=0,1,...,M—1. (1)
m:

Here p,,, indicates the position occupied by the nucleotide of
type o; p,.«=1 if the nucleotide of type o occupies the m-th site,
and 0 otherwise. The amplitudes of Fourier harmonics (or struc-
ture factors) are expressed as

Em (qﬂ) = pa (qn )P; (%1 )’ (2)

where the asterisk denotes complex conjugation. The zeroth har-
monics, depending only on the nucleotide composition, do not
contain structural information and will be discarded below. The
structure factors will always be normalized with respect to the
mean spectral values, which are determined by the exact sum rules,

foa(2,)=Fu(4,)/ Eus E,=N,(M-N,)/M(M-1), (3)

where N, is the total number of nucleotides of type o in a sequence
of length M. Correct judgment on the significance of hidden peri-
odicities revealed by Fourier analysis needs application of proper
statistical criteria. Random sequences of the same nucleotide com-
position serve as a reference for assessing the observed regularities
in a given DNA sequence.

The spectral entropy provides the quantitative measure of
order/disorder in DNA sequence and is defined by the sum

M-1

S, == fou(2,)0 £, (4,) (4)

n=1
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<8, > em —0.422785.. (M ~1); <(AS,)" >

o ~ random =

over the spectrum. Its values are strictly negative. The value of
spectral entropy for a counterpart random sequence having the
same nucleotide composition is the highest and the corresponding
mean characteristics averaged over the ensemble of various random
realizations are given by [73, 74]

wndom = 0.579736...(M —1). (5)

The order in a DNA sequence can be related to hidden peri-
odic patterns. The lower (or more negative) values of spectral
entropy indicate the higher ordering of DNA sequence or the
more pronounced periodic patterns in comparison with random
sequences of the same nucleotide composition. Otherwise, the
higher (or closer to zero) values of spectral entropy indicate the
higher frequency of point random mutations or the stronger vari-
ability in the corresponding stretches. Therefore, spectral entropy
provides a useful tool for the quantitative comparison of structural
ordering in stretches with different genetic functions [ 35, 65,73, 75].
In what follows, the values of spectral structural entropy will always
be normalized per harmonic, i.e., S=5/(M-1). We will use the
sums Sy+ 8¢ and Sg+ S¢ remaining invariant on the direct and
complementary strands. The total entropy is determined by the
sum over entropies for particular nucleotides,

S

total

=8, +85.+8; +S. (6)

3 Results

3.1 Entropy Analysis

We present here examples of the entropy characteristics and GC
content analysis of the p-esterase gene cluster in seven species belong-
ing to the D. melanogaster subgroup. These seven species belong to
three complexes: (1) the melanggaster complex, composed by
D. melanogaster, D. simulans, D. mawnritiana, and D. sechellin;
(2) the yakuba complex, composed by D. teissieri (D. yakuba and
D. santomen are the two other species in this complex); and (3)
a complex represented by D. erecta and D. orena [76-79]. The phy-
logenetic relationships of the Est-6 and yEst-6 in the seven species
are presented in Fig. 1. Alternative tree reconstruction methods
implemented in the MEGA version 5 [67] yield identical topologies
(data not shown). The tree in Fig. 1 is consistent with those derived
from other genes as well as using entire genomes [80-84].

Here we present the results of a comparative analysis of DNA
sequences related to the functional gene Est-6 and the putative
pseudogene yEst-6 in four populations of Drosophila melanogaster
(Zimbabwe, Spain, California, and Venezuela). The total number
of sequence pairs is 79. A similar analysis was also performed for six
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Fig. 1 Maximum likelihood tree of the p-esterase genes based on Kimura
2-parameter + gamma model of substitution. The tree is constructed using the
coding (exon |+exon Il) sequence for each gene. Numbers at the nodes are
bootstrap percent support values based on 1,000 replications in Maximum likeli-
hood analysis. The sequences of the esterase-B (AB679281) and esterase-S
(XM002056666) of D. virilis are used as an outgroup. MEL= D. melanogaster,
SIM=D. simulans, SEC=D. sechellia, MAU= D. mauritiana, TEl=D. teissieri,
ORE=D. orena, and ERE=D. erecta. See the text for GenBank accession num-
bers and species abbreviations. 6= Est-6; yw6=\Est-6

other species of the Drosophila melanggaster subgroup: D. simulans,
D. sechellin, D. mawritiana, D. erecta, D. teissieri, and D. orena
(one pair of sequences per each species). All sequences were aligned,
introns and indels were removed, so that the length of the remain-
ing sequences was M=1,608 nt.

The comparative characteristics for Est-6 and yEst-6 in
populations of D. melanogaster are presented in Fig. 2. The diver-
gence between the two sets of data for gene and pseudogene
proved to be statistically significant by Fisher criterion based on the
ratio of intra- and intergroup scattering [85], Pr<10-3. The high-
est divergence was observed for the sum of entropies S+ Sc and
for GC content (Figs. 2b, d). The difference in the sum of entro-
pies Sg+ S¢ corresponding to Est-6 and y Est-6 correlates with the
difference in GC content (Fig. 3). The corresponding Pearson cor-
relation coefficient between these differences is k=-0.324
(Pr=0.004). The counterpart correlations between differences in
Sa+ Srand that in AT content appear to be insignificant.
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Fig. 2 Distribution of spectral entropies per harmonic and GC content for £st-6 and yEst-6 over four geographic
populations of D. melanogaster (California, Zimbabwe, Spain and Venezuela). The spectral entropies are
defined by Egs. 4 and 6 and should be compared with random counterparts defined by Eq. 5

The higher (closer to zero) entropy for yEst-6 relative to Est-6
can be attributed to the higher accumulation of mutations in the
pseudogene relative to the functional gene. In order to assess the
relative mutation accumulation, we performed a simulation by intro-
ducing random point mutations into a sequence for Est-6. Two sce-
narios were considered: in the first one, multiple random mutations
in a given site were permitted, whereas in the second scenario, mul-
tiple mutations in the same site were excluded (scenarios I and II,
respectively). In both scenarios the mutations in Est-6 were intro-
duced up to equalizing total entropies for Est-6 and yEst-6. The
number of realizations in simulations for the each pair of sequences
was 300. The corresponding results are shown in Fig. 4. The mean
values of mutations averaged over populations were 313 and 256,
with the mean scattering 231 and 149 in scenario I and II, respec-
tively. The mean value of scattering, N, averaged over 300 realiza-
tions can be approximately related to the corresponding mean value
of mutations, N, as N, ~0.5N, +4.4N"* (scenario I, Fig. 4a)
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Fig. 3 Scatter diagram for the difference in the sum of entropies S;+S;
corresponding to the gene Est-6 and the pseudogene Est-6, in relation to GC
content. The line corresponds to the best linear fit and denotes a decreasing trend
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Fig. 4 (a) The relationship between mean number of mutations and mean
scattering averaged over 300 realizations in scenario | with multiple mutations
permitted at the same site. (b) The relationship between mean numbers of muta-
tions averaged over 300 realizations in scenarios | and Il with permitted and
excluded multiple mutations at the same site. In both scenarios, the mutations in
Est-6 were introduced up to equalizing total entropies for Est-6 and yEst-6. The
lines correspond to the best linear fit and denote the trend
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3.2 GG Content
Analysis
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Fig. 5 Scatter diagram for the mean number of mutations averaged over 300
realizations in scenario | with permitted multiple mutations at the same site in
reference to the difference in GC content between Est-6 and yEst-6. The line
corresponds to the best linear fit and denotes the trend

and N, @9,3Ni{2 (scenario II, data not shown). The approxima-
tion of scattering was chosen by analogy with Poisson distribution.
The mean values of mutations in the two scenarios are approximately
related as N~ 0.8 N, (Fig. 4b). The mean number of mutations
in both scenarios proved to be correlated with the difference in GC
content related to Est-6 and yEst-6 (Fig. 5). The corresponding
Pearson correlation coefficient is 2=0.230 (Pr=0.04).

In Table 1 the values of the relative spectral structural entropy

(<S8, >
I<S, >

S

random o )

, (7)

o,rel
random

as well as the relative normalized deviations

(< Sa >rand()m _Sa) (8)
< (AS[Z )2 >1/2

random

obeying approximately Gaussian statistics for random sequences
are presented for seven species of the D. melanogaster subgroup.
These data also prove the higher structural ordering in Est-6 rela-
tive to yEst-6, indicating a higher incidence of mutations and a
stronger variability in the sequences corresponding to w Est-6.
Further details for similar analyses in seven species of the D. mela-
nogaster subgroup may be found in Balakirev et al. [65].

Table 2 and Fig. 6 show the distribution of GC content (GCc).
The average GC:AT ratios for all and coding positions are not sig-
nificantly different between Est-6 and yEst-6 (P>0.05, Fisher’s
exact test), but the ratio is significantly different for the third codon
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Table 1
Relative normalized deviations for structural entropy, r, . and r,

Nucleotides

A G T C Total
Est-6
MEL -0.21 2.66 0.36 1.37 2.09
SIM -0.48 2.70 -0.12 0.83 1.46
SEC -0.11 3.56 0.56 0.21 2.11
MAU  -0.23 2.42 -0.18 1.14 1.58
TEI 1.16 3.24 1.00 1.04 3.22
ORE 1.86 2.82 1.66 0.75 3.55
ERE 2.57 3.28 1.67 1.44 4.48

Average 0.65+0.46 2.95+0.16 0.71£0.29 097+0.16 2.64+0.43

y Est-6

MEL -1.10 0.33 -0.13 -1.40 1.15
SIM -0.08 0.94 0.43 -1.35 0.02
SEC -0.38 0.78 0.44 -1.69 0.43
MAU  -0.00 -0.71 -0.11 -1.59 1.21
TEI 1.53 0.41 1.38 -2.03 0.64
ORE 1.23 1.54 -0.45 -0.07 1.13
ERE 1.21 2.27 0.16 -0.60 1.53

Average 0.34+0.37 0.79:0.36 0.25+0.22 -1.25+0.26 0.87+0.20

The threshold normalized deviation 7,=1.64 corresponds to probability Pr=0.05 for
the random counterparts. Species abbreviations as in Fig. 1

position (P=0.0143, Fisher’s exact test). Total GCc is significantly
lower in Est-6 than in Est-6 (46.6 % vs. 49.7 %; Wilcoxon test
P=0.0156; Mann-Whitney test P=0.006), mostly due to GC3,
the third codon position (46.0 % vs. 55.1 %; Wilcoxon P=0.0156;
Mann-Whitney P=0.006). For coding positions the difference in
GCc between y Est-6 and Est-6is not significant (47.0 % vs. 46.9 %;
Wilcoxon P=0.6875; Mann-Whitney P=0.9015). Thus, the most
pronounced difference in base composition between Est-6 and
yEst-61s GC content at the third codon position (GC3).

The dispersion of the GC values between exon I and exon 11 is
lower for yEst-6 than for Est-6 (Table 2 and Fig. 6). GC content
varies narrowly in the yEst-6 exons (40.2-48.1 %) but more
broadly in Est-6 (36.1-58.5 %). Exon I has significantly higher GC
content than exon II for both genes (47.7 and 51.9 % vs. 40.6 and
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Table 2
GC content (%) and overall GC to AT ratio of the Est-6 and yEst-6 genes in seven species
of the D. melanogaster subgroup

Gene and Exon Exon Total Total Exon Exon Total Total Exon Exon Total Total
species IGC IIGC GC GC:AT 1GC3 IIGC3 GC3 GC3:AT3 1GCc IlGCc GCc GCc:ATc

6MEL 504 378 485 0942 552 354 521 1.088 48.0 39.0 46.6 0.873
6 SIM 519 37.8 49.8 0992 59.2 36.6 55.7 1257 48.3 384 46.8 0.880
6 SEC 519 37.0 49.7 0988 585 329 54.6 1.203 48.7 39.0 472 0.894
O6MAU 519 370 49.7 0988 59.6 34.1 55.7 1257 48.1 384 46.6 0.873
6 TEI 52.6 40.2 50.7 1.028 61.1 415 58.1 1.387 483 39.6 47.0 0.887
6 ORE 52.0 34.1 49.3 0972 572 341 53.6 1.155 494 341 47.1 0.890
6 ERE 524 37.0 50.0 1.000 58.9 37.8 55.7 1.257 49.1 36.6 472 0.894
Average 51.9 37.3 49.7 0988 585 36.1 551 1227 48.6 379 46.9 0.883
w6 MEL 46.7 39.8 45.6 0.838 45.5 36.6 44.1 0.789 472 415 464 0.866
w6 SIM 47.8 40.2 46.6 0.873 464 36.6 449 03815 485 42.1 475 0.905
y6SEC 479 402 46.7 0876 47.0 39.0 45.8 0.845 48.3 409 472 0.894
w6 MAU 47.6 40.7 46.5 0.869 46.8 40.2 45.8 0.845 48.0 409 469 0.883
wOoTEI 48.7 419 477 0912 49.0 439 482 0.931 48.6 409 474 0.901
w6 ORE 47.8 41.1 46.7 0.876 46.8 439 464 0.866 482 39.6 46.9 0.883
w6 ERE 47.7 402 46.5 0869 475 415 46.5 0.869 47.8 39.6 46,5 0.869
Average 47.7 40.6 46.6 0873 47.0 40.2 46.0 0.852 48.1 40.8 47.0 0.887

GC3 represents GC content at the third codon position. GCc represents GC content at the coding positions. For other
comments se¢ Fig. 1

Est-6 Y Est-6

ExonI ExonIl Total ExonI Exon II Total
B GC W GC3 [ GCc

Fig. 6 Percent of GC content in Est-6 and yEst-6 in seven species of the D. melanogaster subgroup
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37.3 %; Wilcoxon P=0.0156; Mann-Whitney P=0.006). For Est-6
there is pronounced difference between GC3 (58.5 %) and GCc
(48.6 %) in exon I (Wilcoxon P=0.0156; Mann—-Whitney P=0.006);
for y Est- 6 the difference is much less pronounced: 47.0 % vs. 48.1 %.
For exon 1I there is no difference between GC3 and GCc for either
Est-6 (Wilcoxon P=0.2187; Mann—-Whitney P=0.1649) or yEst-6
(Wilcoxon P=0.8125; Mann-Whitney P=0.9015). Thus, GC con-
tent has different evolutionary patterns in exon I and II.

For the Est-6 gene, GC3 does not correlate between exon I and
exon II (Pearson correlation coeflicient »=0.5410, P=0.2099;
Spearman correlation coefficient 750=0.4680, P=0.2512). However,
there is marginally significant correlation for yEst-6 (r=0.7515,
P=0.0515; 750=0.725, P=0.0758). The same pattern is detected for
the total GC content: there is no correlation between exon I and II
for the Est-6 gene (7=0.1055, P=0.8219; 750=0.0, P=1.0) but there
is marginally significant correlation for y Est-6 (»=0.8057, P=0.0287;
7h0=0.580, P=0.1556). For Est-6 there is no correlation between
the sequence length and GC3 content (7=0.1925, P=0.3396) as
well as AT content (Spearman nonparametric correlation 7bo=0.2335,
P=0.6142). However, for yEst-6 both interrelationships are signifi-
cant (7=0.7566, P=0.0245; 750=0.8367, P=0.0189).

The scaled chi-square (Sy?, [86]) measures departure from equal use
of synonymous codons, estimated by a y? statistic scaled by dividing
it by the number of codons analyzed; the higher the values, the higher
the bias, and 0 indicates a perfectly uniform codon usage. The Sy?
values are 0.180 and 0.138 for Est-6 and y Est- 6, respectively, indicat-
ing that codon bias is higher for Est-6 (Wilcoxon P<0.0001; Mann—
Whitney P<0.0001). The Sy? values are very similar for exon I
(0.223) and exon II (0.234) of Est-06, but there is noticeable differ-
ence between exon I (0.138) and exon II (0.229) in yEst-6.

The effective number of codons (ENC, [87]) ranges from 20,
which means that the bias is at a maximum so that only one codon
is used from each synonymous codon group, to 61, which means
no bias (all synonymous codons are equally used in each codon
group). For the full gene, ENC is 53.12 for Est-6, but is 56.16 for
Wy Est-6 (Wilcoxon P<0.0001; Mann-Whitney P<0.0001). Codon
bias is higher for exon II than for exon I in both genes. For exon
I, ENC is 51.80 and 56.51 and for exon II ENC is 48.35 and
50.16, for Est-6 and  Est- 6, respectively.

The codon bias index (CBI, [88]) is a measure of deviation
from uniform use that achieves values between 0 and 1 for random
use and maximum bias, respectively. CBI is higher for Est-6 (aver-
age 0.2765) than for wyEst-6 (average 0.2490) (Wilcoxon
P<0.0001; Mann-Whitney P<0.0001), and higher for exon II
than for exon I. The CBI values are 0.285 and 0.250 for the full
length of Est-6 and vy Est- 6, respectively; for Est-6 the CBI values
are 0.471 for exon II, but 0.322 for exon I; for yEst-6, CBI is
0.459 for exon II and 0.263 for exon 1.
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4 Concluding Remarks

Two different approaches, entropy and GC content analyses, reveal
significantly different patterns of evolution in the functional gene
Est-6 and in the putative pseudogene y Est-6 in seven species of the
D. melanogaster subgroup. GC content was suggested previously
as a useful parameter to characterize the human genome [37].
Here we have shown that entropy could be an additional useful
and powerful parameter to distinguish functional genes from puta-
tive pseudogenes and to investigate gene—pseudogene evolution.

Significantly higher values of entropy for yEst- 6 than for Est-6
are observed in all seven species of the D. melanogaster subgroup.
The significantly lower structural ordering (regularity) of yEst-6in
comparison with Est-6is compatible with the suggestion that y Est-
6 might be a pseudogene.

An interesting feature of the entropy in Est-6 and yEst-6 is its
being nucleotide-dependent: the entropy values for nucleotides A
and T are similar for Est-6 and y Est- 6, but for G and C the entropy
values are lower for Est-6, which indicates that entropy increase is
not a purely random process. There are also significant correlations
between intraspecific variability and interspecific divergence in
entropy data for both genes. These observations are consistent
with other yEst-6 characteristics that combine features of func-
tional and nonfunctional genes [24, 25, 35, 55, 56, 63, 65].
Furthermore, the entropy nucleotide-dependent characteristics of
Est-6 and Est- 6 are related to their position within codons. In all
seven species, the main difference is in the GC content of the third
codon positions, which is significantly higher in Est-6 than in yEst-6.
There are few differences between Est-6 and yEst-6 in AT overall
content and in GC content at the first and second codon positions.
Interestingly, for Est-6 there are noticeable differences in the aver-
age values of the GC content between the third position (GC3)
and the overall coding (GCc) positions, while these differences do
not exist for yEst-6 (Table 2).

Besides the high GC content at the third codon position,
codon bias indices are higher for Est-6 than for yEst-6, and there is
a clear difference in codon bias between exon I and exon II in both
genes. Codon usage bias in Drosophila species is well established
[86] and has been attributed both to mutational biases within
selectively neutral sequences and to selection to improve transla-
tional efficiency [89-93]. The higher values of codon bias for Est-6
than for yEst-6 probably indicate higher level of selection to
improve translational efficiency in Est-6; relaxed translational selec-
tion in yEst-6 would lead to increased AT content.

A similar trend in GC content has been observed in compara-
tive investigations of pseudogenes and their functional homologs of
Drosophila [86,94-98]. A comprehensive survey of Caenorbabditis
elegans, Saccharomyces, D. melanogaster, and human pseudogenes
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shows that the nucleotide composition of pseudogenes is invariably
intermediate between genes and intergenic regions [99], while
Drosophiln pseudogenes have nearly the same composition as inter-
genic DNA. In D. melanogaster, GC content is uniformly higher at
silent sites in coding regions than in the putatively neutrally evolv-
ing introns [100].

There is evidence of a general positive correlation between
GC3 content and functionality [101, 102]. GC-rich genes tend to
be of a greater transcriptional and mitogenic significance than
AT-rich genes [101]. Moreover, third-base GC retention also
identifies critical amino acids within individual proteins, as indi-
cated by nonrandom patterns of codon variation between homolo-
gous genes [101, 102]. Sequence analysis of human receptor
tyrosine kinase genes confirms that functionally important trans-
membrane hydrophobic amino acids are specified by codons
containing GC third bases significantly more often than in trans-
membrane neutral amino acids. Amino acids encoded by GC third
bases thus appear more tightly linked to cell function and survival
than are those encoded by AT third bases. The same pattern
appears in tumor-associated genes undergoing either loss-of-
function mutation or rearrangements. As in gene—pseudogene
comparisons, genes undergoing loss-of-function mutation tend to
be GC-poor, whereas those involved in rearrangements tend to be
GC-rich. Moreover, actively transcribed genes use more often C
and G at synonymous sites than low-expressed genes [86, 103].
The overall data on pseudogenes and nonfunctional sequences
support the hypothesis that sites under low functional constraints
tend to increase AT content (see however ref. 104). This AT bias has
been observed for eukaryotic pseudogenes [105, 106] and thor-
oughly investigated at the genomic level [99, 107, 108].

In summary, by comparing the entropy and GC content of the
functional gene Est-6 and of the putative pseudogene yEst-6 in
seven species of the D. melanogaster subgroup we were able to
define a number of gene- and pseudogene-specific features:

1. The structural entropy analysis reveals significantly lower struc-
tural regularity and higher structural divergence for yEst-6
than for Est-6, as expected if WyEst-6 is a pseudogene or non-
functional gene. The accumulation of structural entropy is not
however completely random but it is nucleotide-dependent
and related to the GC content of the genes.

2. Total GC content is significantly lower in y Esz- 6 than in Est-6,
mostly due to GC3, the third codon position.

3. The dispersion of the GC values between functional regions
(exon I and exon II) is lower for y Est- 6 than for Est-6. For Est-
6 there is pronounced difference between GC3 and GCc in
exon I; for yEst-6 the difference is much less pronounced.
Furthermore, the GC distribution in different codon positions
is more uniform in the pseudogene that in the functional gene.
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4. There is correlation in GC content between exon I and exon II
for the putative pseudogene yEst-6 but not for the functional
gene Est-6. Analogously, there is correlation between GC con-
tent and the length of sequence for the pseudogene but not for
the functional gene.

5. Codon bias is significantly higher for the functional gene Est-6
than for the pseudogene y Est-6.

Thus, we demonstrate that both entropy and GC content anal-
yses are effective approaches for the identification of pseudogenes
and for distinguishing them from functional genes. The observed
differences in entropy and GC content may reflect an evolutionary
shift associated with yEst-6 pseudogenization and consequent
functional divergence of yEst-6 and Est-6. The evidence is incon-
sistent with the hypothesis that y Es¢-6 is a neutrally evolving, non-
functional pseudogene, but it is also inconsistent with the
hypothesis that yEst-6 functions as a duplicate of Est-6, or even
that it is a fully functional gene. We conclude that yEst-6 exhibits
features of both functional and nonfunctional genes [24, 25, 35,
55,56, 63, 65]. Consequently, a sharp division between genes and
pseudogenes may not be appropriate in this and other contexts.
A pseudogene may lose some specific function(s) but retain other(s)
or acquire new one(s). There are many examples of functional or
“active” pseudogenes (see references above). The term “poto-
gene” may be appropriate for y Est- 6, following Brosius and Gould
[109], who have pointed out that the products of a gene duplica-
tion, including those that become pseudogenes, may eventually
acquire distinctive functions, and thus might be called potogenes
to call attention to their potentiality for becoming new genes or
acquire new functions [24, 25, 35, 55, 56]. The data on yEst-6 are
in accordance with a general picture observed for many other pseu-
dogenes, including almost all known pseudogenes in Drosophila
[24, 25, 35, 56], while opposed to the traditional view that defines
pseudogenes as sequences of genomic DNA that are nonfunctional
(“junk” DNA) and consequently free of selection. Our results help
to understand why eukaryote genomes contain many pseudogenes
that appear to have avoided full degeneration. Furthermore, our
data show that intergenic epistatic selection may play an important
role in the evolution of the f-esterase gene cluster, preserving y Est-6
from degenerative destruction and reflecting its functional interac-
tion with Est-6. The B-esterase gene cluster of D. melanogaster may
represent an example of a functionally interacting complex (“inter-
gene”) in which two components (Est-6 and Est-6) or more are
required to perform the final function. Hence, the example pro-
vided by Est-6 and yEst-6 as well as by many other genes (reviewed
in ref. 24) indicate that pseudogenes are an important part of the
genome representing a repertoire of sequences often involved in
the function of their parental sequences, jointly representing indi-
visible functionally interacting entities (“intergenic complexes”
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Contrasting characteristics of Est-6 and yEst-6 which could be used as an approximate
of “identification keys” to differentiate functional genes from putative pseudogenes

Functional Putative
Characteristic gene Est-6 pseudogene yEst-6
Nucleotide variability Lower Higher
Population recombination rate? Higher Lower
Intragenic gene conversion Lower Higher
Linkage disequilibrium Lower Higher
Entropy Lower Higher
GC content Higher Lower
GC content dispersion between functional region Higher Lower
GC content correlation between functional region Lower Higher
Codon bias Higher Lower
Number of sites under positive selection Higher Lower

“Lower” denotes lower value of a particular characteristic in functional gene or putative pscudogene

“Higher” denotes higher value of a particular characteristic in functional gene or putative pseudogene. Their values are
relative to one another for any given characteristic

“The population recombination rate is similar for y Est-6 and Est-6 in the ancestral population (Africa), but significantly
different in derived populations (non-African samples)

or “intergenes”), in which each single part cannot successtully
accomplish the final functional role without the other(s) [25, 55,
56, 63].

Taking into account the functional importance of pseudogenes
[24-28], it is hardly possible to expect complete loss of constraints
in pseudogene sequences and, consequently, it is hardly possible to
elaborate a method for ultimately unambiguous separation of pseu-
dogenes from functional genes. However, the comparative data
described above, along with some other distinctive differences
between Est-6 and Est-6 inferred from the genetic analysis of
D. melanggaster populations [ 35, 55, 56, 63, 65], allow us to define
a set of characteristics which clearly distinguish Esz-6 and Est-6
and could be used as a sort of “identification keys” to delimitate
functional genes and putative pseudogenes (Table 3). This set of
characteristics reflects the data obtained for the functional gene Est-6
and the putative pseudogene yEst-6 in the seven species of the
D. melanogaster subgroup. We, however, believe that these charac-
teristics might also be useful for other species and genes, in order to
formulate at least initial hypotheses concerning gene—pseudogene
differentiation (classification), identification of pseudogenes, and
comparative analysis of gene—pseudogene evolution.
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