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Summary. The relative rates of point nucleotide
substitution and accumulation of gap events (dele-
tions and insertions) were calculated for 22 human
and 30 rodent processed pseudogenes. Deletion
events not only outnumbered insertions (the ratio
being 7:1 and 3:1 for human and rodent pseudo-
genes, respectively), but also the total length of dele-
tions was greater than that of insertions. Compared
with their functional homologs, human processed
pseudogenes were found to be shorter by about 1.2%,
and rodent pseudogenes by about 2.3%. DNA loss
from processed pseudogenes through deletion 1s es-
timated to be at least seven times faster in rodents

than in humans. In comparison with the rate of

point substitutions, the abridgment of psecudogenes
during evolutionary times i1s a slow process that
probably does not retard the rate of growth of the
genome due to the proliferation of processed pseu-
dogenes.
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Introduction

Pseudogenes are DNA sequences that bear struc-
tural similarity to functional genes but are prevented
from being expressed properly due to mutational

defects (Proudfoot 1980; Proudfoot and Maniatis

1980; Vanin 1985). Because, with few exceptions,
all pseudogenes lack function, one can assume that
all mutations occurring in pseudogenes are free from
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selective constraints, and thus, may be randomly
fixed in populations. Therefore, the pattern and rate
of substitution 1in pseudogenes should reflect the pat-
tern and rate of spontaneous mutations (Gojobori
et al. 1982).

Pseudogenes arise 1n evolution by one of three
pathways. The first pathway involves the duplica-
tion of a functional gene and the subsequent accu-
mulation of inactivating mutations in one of the
resulting duplicates (Lacy and Maniatis 1980;
Proudfoot and Maniatis 1980; Brisson and Verma
1982; Proudfoot et al. 1982; Hutchinson et al. 1983;
Vanin 1983). The second pathway 1s the duplication
of a preexisting pseudogene. Some examples of such
pseudogenes exist 1n the literature (e.g., Cleary et al.
1981). The third mechanism of creating pseudo-
genes involves the reverse transcription of a pro-
cessed messenger RNA, and the subsequent 1ncor-
poration of the resulting complimentary DNA
(cDNA) back into the genome. These retropseu-
dogenes or processed pseudogenes, so called because
they lack introns, possess oligo-A sequences at their
3’ ends, are usually unlinked to their functional
homologs, and sometimes bear remnants of post-
transcriptional modifications (Chen et al. 1982;
Hollis et al. 1982; Reilly et al. 1982; Vanin 19835),
are ubiquitous throughout the mammalian genome.

Processed pseudogenes have a unique property
that makes them i1deal for evolutionary studies. They
are, with very few exceptions (e.g., McCarrey and
Thomas 1987), dead-on-arrival sequences, 1.¢€., they
are devoid of function from the the moment they
are 1ncorporated back into the genome. Thus, their
sequences can be used to infer the rates of sponta-
neous deletions and 1nsertions and also to compare
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these rates with the rate of point substitution (mu-
tation). In comparison, when dealing with nonpro-
cessed pseudogenes, one must take 1nto account the
so-called nonfunctionalization time, 1.e., the time 1t
takes from the moment of duplication to the time
one copy loses its function (L1 et al. 1981). Without
taking this factor 1nto account, one 1s prone to un-
derestimate the rate of evolution 1n pseudogenes.
However, in order to esttmate the nonfunctionaliza-
tion time, one must have independent knowledge
of the time of divergence between either the gene
and 1ts conspecific pseudogene, or between two or-
thologous functional genes, 1.e., the time of diver-
gence between two species (L1 et al. 1981). This type
of information is usually not available.

The aim of the present paper i1s to study the rate
of molecular evolution of processed pseudogenes.
We are interested in both point substitution and gap
events (deletions and insertions). In this study we
incorporate the findings of Wu and Li (1985) and
Li et al. (1987) to the effect that the rates of nu-
cleotide substitution are higher in rodents than in
humans.

Data and Methods

Twenty-two human, 14 murine, and 16 rat processed pseudogene
sequences were gathered from the literature and aligned to their
conspecific functional homologs by the methods of Needleman
and Christian (1970) and Wilbur and Lipman (1985). Lack of all
the introns that are present in the functional homologs was the
only criterion used in determining whether a pseudogene is pro-
cessed or not, and consequently, whether 1t should be included
in the present study or not. For this reason, pseudogenes derived
from intronless functional genes, e.g., the human interferon «
pseudogenes, were not included. We also disregarded truncated
pseudogenes, regardless of the size of their 5’ or 3' truncation,
and despite the fact that most truncated pseudogenes are pro-
cessed. The reason is that in truncated genes 1t 1s difficult to know
how much of the total length of the truncation was deleted as a
result of the initial processing of the mRNA and how much 1s
due to the accumulation of subsequent deletions adjacent to the
5’ and 3’ termini.

The number of nucleotide differences between a pseudogene
and its conspecific functional homolog was translated into the
number of substitutions per site between the two sequences by
the method of Jukes and Cantor (1969), and denoted as 4. Because
our sample of genes contains only conservative ones, the great
majority of the nucleotide substitutions should have occurred in
the pseudogenes. Therefore, d may be regarded as an approximate
indicator of the age of the pseudogene. An alternative to using d
would be to compute the number of substitutions at fourtold
degenerate sites (L1 et al. 1985a) that vary less between genes.
This procedure, however, would reduce the number of sites dras-
tically and increase the error of the estimate.

With respect to gap events, it was assumed that all insertions
and deletions have occurred in the pseudogene and not in the
functional gene, where they could have caused frameshifts in the
coding sequence with consequent deleterious eftects. In 36 out
of 52 cases, we could compare the conspecific functional homolog
with a homologous gene from a different species (an ortholog),
and thus ascertain with greater confidence in which lineage the

gap occurred, and whether 1t was a deletion or an insertion. (In
all the cases marked with an asterisk in Table 1, we have inde-
pendent corroboration that the gaps indeed occurred in the pseu-
dogene line.) The number and size of gaps were recorded. For
each pseudogene, we also recorded the total lengths of deletions
and insertions as percentages of the length of the respective func-
tional gene. For reasons that will become apparent later, the data
from mouse and rat were pooled together. The genes and the
pseudogenes that constituted the data base, as well as the number
of point nucleotide substitutions (d) and the percentage of dele-
tions and insertions are listed in Table 1, together with the bib-
liographical sources.

Results

Our sample of pseudogenes contains 735 deletion
events in human pseudogenes and 54 events in ro-
dent pseudogenes. Insertions occur much less fre-
quently, for our sample contains only 11 insertions
in humans and 16 insertions 1in rodents. The mean
length of deletions is significantly lower in humans
(2.36 £ 0.32 nucleotides per deletion) than in ro-
dents (4.54 + 0.87). Fifty-seven percent of all dele-
tions in humans involve single-base deletions. In
rodents, 50% of all deletions are single-base ones.

In both humans and rodents, deletion events sig-

nificantly outnumbered insertions (Wilcoxon signed-
rank matched-pair test, P < 0.01 and P < 0.05,
respectively). On the average, there were 3.41 +
0.71 deletion events and 0.50 £ 0.15 insertion events
per human pseudogene, and 1.80 = 0.44 deletions
and 0.53 = 0.20 insertions per rodent pseudogene,
the ratio of deletions to insertions being approxi-

‘mately 7:1 and 3:1 for human and rodent pseudo-

genes, respectively. In addition, the total length of

deletions was greater than that of insertions. In fact,

about 1.2% of its total length i1s deleted, whereas
only 0.1% is inserted 1n an average human processed
pseudogene. The corresponding numbers in the ro-
dent are 2.3% and 1.1%. The diflerences between
the total lengths of deletions and insertions are high-
ly significant for the human lineage (paired 1 = 4.299,
P < 0.0001). The difference was not statistically
significant in rodents due to the presence of a 125-
base insertion in the rat a-tubulin pseudogene. Our
pseudogene data support de Jong and Rydén’s (1981)
hypothesis that the preponderance of deletions
among gap events 1s inherent in the mutational pro-
cess, rather than being a by-product ot selection.
Next, we looked for a relationship between the
rate of deletions and insertions and the rate of point
nucleotide substitution 1n processed pseudogenes.
We find that the number of deletion events 1s sig-
nificantly correlated with 4 1n both the human and
rodent lineages (r = 0.677 and r = 0.597, respec-
tively). Similarly, the percentage of deleted DNA 1s
positively correlated with d (r = 0.477 and 0.642,
for humans and rodents, respectively). Moreover,
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Table 1. The number of point substitutions per nucleotide site (d), and the relative lengths of gaps (insertions and deletions) between
human, rat, and mouse processed pseudogenes and their functional conspecific homologs. Continued on next page

A e

Length of Lengths of
coding insertions
Pseudogene region d (total %) Lengths of deletions (total %) Source?
Human
Metallothionein I1* 180 0.028 None None (1)
Apoferritin H-133 429 0.036 None None (2)
B-tubulin-2 1 B* 1332 0.042 None 1 (3)
(0.000) (0.075)
Glycerate-3-P dehydrogenase-X* 1002 0.042 None 3 (4)
(0.000) (0.299)
Apoferritin H-123 429 0.045 None None (2)
Phosphoglycerate kinase-X 1248 0.054 None 1,1, 5 (5)
(0.000) (0.561)
Argininosuccinate synthetase-1 1233 0.071 3,6 1,1,3,9 (6)
| (0.728) (1.127)
Dihydrofolate reductase-1* 558 0.076 1 1, 4 (7)
(0.179) (0.896)
Argininosuccinate synthetase-3 1233 0.077 None 1,1,5 (6)
(0.000) (0.649)
Triosephosphate isomerase 19A* 747 0.079 | 1,1,1,2, 3, 4 (8)
(0.134) (1.163)
Chromosomal protein HMG17-28 267 0.081 1 12 (9)
(0.375) (4.494)
Triosephosphate isomerase SA* 747 0.087 1 | 1,3,3,4,5 (8)
(0.134) (2.142)
Chromosomal protein HMG17-60 267 0.092 None 1 (9)
(0.000) (0.375)
Lactate dehydrogenase A-H463* 993 0.097 None 3,3 (10)
(0.000) (0.604)
B-actin-2* 1128 0.101 3,3 1,1,2 3,19 (1D
(0.532) (2.305)
8-tubulin-14B* 1332 0.104 None 1,1 (3)
(0.000) (0.376)
B-actin-1* 1128 0.109 2 1,1,1,3 (11)
(0.178) (0.539)
B-tubulin-7B* 1332 0.134 None 1,1,1,1, 1,1, 2, 2, 2 (3)
(0.000) (3.228)
Metallothionein I* 180 0.141 None 1 (12)
(0.000) (0.556)
Cu/Zn superoxide dismutase-69.1 459 0.177 1 1,1,1,1,1,1,1,1,1,1,1,2,3 (13)
(0.218) (3.484)
Cu/Zn superoxide dismutase-71.4 459 0.191 1 1,1,1,2,3 (13)
(0.218) (1.743)
B-tubulin-11B* 1332 0.227 None 1,1,2,2,3,4,9 (3)
(0.000) (1.652)
Mouse
Ribosomal protein L32-4A 402 0.002 None None (14)
Ribosomal protein L30-2* 342 0.009 None None (15)
Ribosomal protein S16-P 123 0.029 1,3 None (16)
(3.252) (0.000)
Ribosomal protein L30-4* 342 0.032 None None (15)
Cellular tumor antigen P53* 1173 0.035 1,1, 6 1, 2,5 (17)
(0.682) (0.682)
Cytochrome ¢c-MC3* 312 0.038 None 16 (18)
(0.000) (5.128)
Lactate dehydrogenase A-M11* 993 0.059 None 1,1, 3,3 (19)
(0.000) (0.806) e
Cytochrome c-MC4* 312 0.075 None 1, 3 (17)
(0.000) (1.282)
Ribosomal protein L30-3* 342 0.083 1 None (15)
(0.292) (0.000)
Lactate dehydrogenase A-M14* 903 0.093 None 1,1,1,1,1,1, 2, 11 (19)
(1.854)

(0.000)
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Table 1. Continued from previous page

Lengths of
insertions
(total %)

Lengths of deletions (total %)

Source?

Length of
coding
Pseudogene region d
Lactate dehydrogenase A-M10* 993 0.095
Cytochrome c-MC2* 312 0.110
a-globin-3* 423 0.175
a-globin-30.5* 993 0.216
Rat

Ribosomal protein L35A-A 327 0.000
Ribosomal protein L35A-B 327 0.000
Metallothionein I-B* 180 0.000
Apoferritin L-31* 345  0.017
Cytochrome c-RC13* 312 0.017
Apoferntin L-45* 345 0.019
Cytochrome c-RC5* 312 0.019
Cytochrome ¢-RC9* 312 0.019
a-tubulin 1350 0.025
Cytochrome c-RC6* 312 0.036
Cytochrome c-RC8* 312 0.036

180 0.036
Metallothionein I-C*

630 0.068
Glutathione-S-transferase

312 0.072
Cytochrome c-RC10*

180 0.100
Metallothionein I-A¥*

327 0.147

Ribosomal protein L35A-G

None 1,1, 4 (19)

(0.000) (0.604)

None 1, 3,7 (17)

(0.000) (3.352)

1,2,6,9 3, 3, 3, 28 (20)

(4.255) (8.745)

None 1,1,1,1, 3, 5, 21 (21)

(0.000) (8.511)

None None (22)

None None (22)

1,3 None (12)

(0.566) (0.000)

None None (23)

None 11 (24)

(0.000) (3.526)

None None (23)

None None (24)

None None (24)

1, 1, 125 1,1,1, 1,5 (25)

(9.407) (0.667)

None None (24)

None None (24)

None 21 (12)

(0.000) (11.677)

None I, 1,1,1,1,1,3 (26)

(0.000) (1.429)

None 2,99 (24)

(0.000) (6.410)

None 9 (12)

(0.000) (5.000)

45 24 (22)
(8.257)

(13.761)

None = no recorded gap events; * = independent corroboration that gaps occur 1n the pseudogene (see text)

» Sources for the nucleotide sequences of the pseudogenes: (1) Karin and Richards 1982; (2) Constanzo et al. 1986; (3) Wilde et al.
1982, Gwo-Shu Lee et al. 1983; (4) Benham et al. 1984, Hanauer and Mandel 1984; (5) Michelson et al. 1985; (6) Anagnou et al.
1984, Masters et al. 1983; (7) Freytag et al. 1984; (8) Brown et al. 1985; (9) Srikantha et al. 1987; (10) Tsujibo et al. 1985; (11) Moos
and Gallwitz 1983; (12) Varshney and Gedamu 1984; (13) Danciger ¢t al. 1986, Delbar et al. 1987; (14) Dudov and Perry 1984;
(15) Wiedemann and Perry 1984; (16) Wagner and Perry 1985; (17) Zakut-Houri et al. 1983, Benchimol et al. 1984; (18) Limbach
and Wu 1985; (19) Fukasawa et al. 1986, Fukasawa et al. 1987; (20) Vanin 19835; (21) Vanin et al. 1980; (22) Kuzumaki et al. 1987;
(23) Leibold et al. 1984; (24) Scrapulla 1983, Scrapulla and Wu 1983; (25) Lemischka and Sharp 1982; (26) Okada et al. 1987

we can show that a linear relationship exists between
the total percentage of deletions and the number of
substitutions. In both lineages, the slopes of the lin-
ear regression lines of percent deletion on d were
found to be significantly different from zero (P <
0.0001 and P < 0.025 in rodents and humans, re-
spectively). Because we found no statistically sig-
nificant difference between the rates of deletions 1n
mouse and rat, the data from these two species were
pooled together. The relationship between the rates
of nucleotide substitution and percentage DNA loss
is shown 1n Fig. 1. The slope of regression of the
cumulative loss of DNA due to deletions on d is
11.41 for humans and 40.10 for rodents. Thus, the
slope for rodents 1s about 3.5 times steeper than that

for the human pseudogenes. The absolute values of
the slopes 1n Fig. 1 are underestimates because the
d value includes changes not only in the pseudogene
but also 1n the functional gene, whereas almost all
deletions occurred in the pseudogene. The ratio be-
tween the two rates, on the other hand, 1s not af-
fected. Because rodent genes accumulate point mu-
tations at least two times faster than human ones
(Wu and Li 1985; Britten 1986; Li et al. 1987), we
may deduce that the rate of DNA loss from pro-
cessed pseudogenes due to deletion events 1s at least
seven times higher in rodents than 1in humans. One
must note, however, that our sample of genes 1n
rodents 1s different from that in humans. Because
of the fact that functional genes are known to have
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Fig. 1. The relationship between the
total length of deletions and the num-
ber of nucleotide substitutions per site
between a processed pseudogene and

its conspecific functional homolog.
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different rates of substitution, one must use the same
set of genes in both groups in order to obtain an
accurate estimate of the ratio. Thus, the difference
in the slopes for humans and rodents may, in reality,
be either larger or smaller than that in Fig. 1. To be
on the conservative side, let us assume that the dif-
ference is smaller. However, because the majority
of point substitutions should have occurred in the
pseudogenes, the difference in slopes 1s unhikely to
be explained completely by the fact that different
genes were used.

Despite the fact that inserttons clearly occur more
frequently in rodents than in humans, and that the
differences between rodents and humans were sta-
tistically significant whether we used the number of
insertion events or the percentage of length inserted
into the processed pseudogene as variables, inser-
tions are much more infrequent than deletions for
a detailed picture to emerge. Much more data than
presently available 1s needed to estimate the rate
and pattern of insertion in processed pseudogenes.

Discussion

There are two kinds of processes that affect the evo-
lution of processed pseudogenes. The first involves
the very rapid accumulation of point mutations that,
being unconstrained by function, are fixed in the
population according to the rules of stochastic sub-
stitution of neutral alleles. This accumulation of
molecular changes eventually obliterates the simi-
larity between the pseudogene and its functional
homolog that evolves much more slowly. Indeed,
identifying old pseudogenes 1s quite a difficult task
(e.g., Hardison et al. 1986). We call this process
compositional assimilation, whereby a pseudogene
loses similarity to the functional gene and melts into
the background of its surrounding DNA. From the
pattern of substitution 1n pseudogenes, 1t was esti-

humans.

mated that the nucleotide composition of pseudo-
genes will eventually become A+T-rich (Gojobori
et al. 1982). Functional genes, on the other hand,
will tend to accumulate C and G residues at degen-
erate sites (Ticher and Graur, in press).

The second process 1s characterized by the pseu-
dogene becoming progressively shorter compared to
the functional gene through the accumulation of
deletions. Interestingly, rodents are at least seven
times more efficient at getting rid of this particular
type of junk DNA than are humans. This process,
which we call length abridgment, is by far a much
slower process than the one of compositional assim-
ilation. Previously we noted that the relative rate of
deletions to substitutions is approximately 40%
length deletion per nucleotide substitution per site
in rodents and about 10% in humans. Assuming that
during long-term evolution the relative rate of dele-
tions to substitutions is 25%, and by using Li et al.’s
(1985b) estimate for the rate of substitution in pseu-
dogenes (5.0 x 107 substitutions/site/year), we can
estimate that a processed pseudogene loses half of
its DNA 1n 400 million years. This means, for in-
stance, that the human genome still contains major
chunks of most of the pseudogenes that were found
in the ancestor of all mammals, including mono-
tremes, marsupials, and eutherians. Obviously, these
ancient pseudogenes had lost any recognizable sim-
ilarity to the functional genes much earlier. Possible
mechanisms involved in the deletion process are
summarized in Levinson and Gutman (1987) and
in Walsh (1987). Initial results show that most dele-
tions 1in pseudogenes are 1n fact reductions 1n the
number of repeated elements within short stmple
tandem arrays (Landan, L1, and Graur, unpub-
lished).

P. Leder (cited in Lewin 1981) referred to the
generation of processed pseudogenes as the Vesu-
vian model, whereby a functional locus continu-
ously pumps out defective copies of itself and dis-
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perses them all over the genome. As a consequence,
the genome size increases during evolutionary times
due to the accumulation of junk DNA. Our findings
on the relative inefficiency of the deletion process
In mammalian genomes, in conjunction with the
fast accumulation of nucleotide substitutions, in-
dicates that the mammalian genome is literally lit-
tered with processed pseudogenes in various stages
of compositional assimilation. Because in many
multigene families the number of processed retro-
pseudogenes far exceeds that of the functional ho-
mologs (for the most extreme example to date, see
Srikantha et al. 1987), we believe that processed
pseudogenes are created at a much faster rate than
they are obliterated by the process of pseudogene
abridgment. Thus, the growth of the genome is not
significantly retarded by the occurrence of deletions.
The old processed pseudogenes are too divergent
from their functional paralogs to be recognizable as
such by either molecular probes or by computer
searches for similarity in DNA data banks. On the
other hand, the difference in the rates of deletion
between rodents and humans may be one of the
factors accounting for the fact that the nuclear ge-
nome of rodents is approximately 2.94 x 10° bp in

size, whereas the human genome is a little larger,
about 3.43 X 10° bp (Cavalier-Smith 1985).
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