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Abstract De novo origin of coding sequence remains an
obscure issue in molecular evolution. One of the possible
paths for addition (subtraction) of DNA segments to (from)
a gene is stop codon shift. Single nucleotide substitutions
can destroy the existing stop codon, leading to uninterrupted
translation up to the next stop codon in the gene’s reading
frame, or create a premature stop codon via a nonsense
mutation. Furthermore, short indels-caused frameshifts near
gene’s end may lead to premature stop codons or to trans-
lation past the existing stop codon. Here, we describe the
evolution of the length of coding sequence of prokaryotic
genes by change of positions of stop codons. We observed
cases of addition of regions of 3'UTR to genes due to
mutations at the existing stop codon, and cases of subtrac-
tion of C-terminal coding segments due to nonsense muta-
tions upstream of the stop codon. Many of the observed
stop codon shifts cannot be attributed to sequencing errors
or rare deleterious variants segregating within bacterial

A. A. Vakhrusheva - A. A. Mironov - G. A. Bazykin
Department of Bioengineering and Bioinformatics, M.V.
Lomonosov Moscow State University, Vorbyevy Gory 1-73,
Moscow, Russia 119992

M. D. Kazanov - A. A. Mironov - G. A. Bazykin (<)
Institute for Information Transmission Problems, Russian
Academy of Sciences, Bolshoi Karenty pereulok 19, Moscow,
Russia 127994

e-mail: gbazykin@iitp.ru

M. D. Kazanov
Sanford-Burnham Medical Research Institute, 10901 North
Torrey Pines Road, La Jolla, CA 92037, USA

A. A. Mironov

State Research Institute for Genetics and Selection of Industrial
Microorganisms “GosNIIGenetika”, 1st Dorozhny proezd 1,
Moscow, Russia 117545

Published online: 17 November 2010

populations. The additions of regions of 3'UTR tend to
occur in those genes in which they are facilitated by nearby
downstream in-frame triplets which may serve as new stop
codons. Conversely, subtractions of coding sequence often
give rise to in-frame stop codons located nearby. The amino
acid composition of the added region is significantly biased,
compared to the overall amino acid composition of the
genes. Our results show that in prokaryotes, shift of stop
codon is an underappreciated contributor to functional
evolution of gene length.
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Frameshifts - Tandem stop codons - Stop codon read-
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Introduction

Although most new genes originate by duplication of pre-
existing genes (Ohno 1970; Lynch and Conery 2000; Lynch
2007; Vitreschak et al. 2008), new protein-coding genes
have also evolved out of non-coding sequences (Cai et al.
2008; Zhou et al. 2008; Li et al. 2010). However, such cases
are rare, because immediate functionality of a long previ-
ously non-functional sequence is rarely easily achievable,
and translation of a long segment of such sequence is nearly
certain to be deleterious.

Conversely, recruitment of short regions of DNA for
fulfillment of various functions is wide-spread. This is
probably because shorter novel functional regions are more
likely to be immediately adaptive, or at least not too del-
eterious. For example, non-functional DNA readily evolves
into short regulatory sequences (Jordan et al. 2003; Silva
et al. 2003; Stephen et al. 2008), including transcription
factor binding sites (Dermitzakis et al. 2003; Mustonen and
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Lassig 2005; Moses et al. 2006; Doniger and Fay 2007;
Rodionov 2007) and splicing sites in eukaryotes (Nurtdi-
nov et al. 2007).

Similarly, new segments of previously non-coding DNA
may be added to coding sequence. One way in which new
sequences can arise in eukaryotes is exonization of introns
or intergenic regions (Kreahling and Graveley 2004; Krull
et al. 2005; Piriyapongsa et al. 2007a, b; Nurtdinov et al.
2007). Resulting new segments of coding DNA tend to be
short (Kondrashov and Koonin 2003; Kurmangaliyev and
Gelfand 2008) and are often initially spliced at low fre-
quencies (Artamonova and Gelfand 2007), which may
reduce the selective pressure against them. New protein
segments can also arise from insertions that get fixed in
coding DNA. Fixation of such insertions is facilitated when
they are short and have length in multiple of three (Kon-
drashov and Koonin 2003), and therefore do not distort the
reading frame. Non-compensated frameshifts not in mul-
tiple of three can also give rise to novel amino acid
sequences (Raes and Van de Peer 2005; Kramer et al. 2006;
Okamura et al. 2006; Wernegreen et al. 2009; Frenkel and
Korotkov 2009).

Another conceivable mechanism for addition of novel
segments of DNA into coding sequence is shift of a start
(Wilder et al. 2009; Bazykin and Kochetov 2010) or a stop
codon. There are at least two reasons to expect the imme-
diate fitness effect of such additions to be modest. First,
since the average length of an open reading frame up to the
nearest in-frame stop codon under uniform nucleotide
composition is only ~20 amino acids, such events can be
expected to lengthen the DNA only slightly, and the effect
on the function of the resulting protein will usually be minor.
Second, negative selection against terminal segments of
proteins is usually reduced, compared to the rest of the
protein (Shabalina et al. 2004, Ridout et al. 2010).

Weakness of selection against additions implies that
they may spread through population by genetic drift. Still,
an addition that reaches a substantial frequency in popu-
lation may be slightly deleterious, neutral, or immediately
advantageous, with most additions probably belonging to
the first two categories.

If the added sequence is not immediately optimal, some
of the subsequent substitutions in the novel coding seg-
ments may increase the fitness conferred by the amended
protein. Such substitutions can then be picked up by
positive selection, which will shape the added sequence.

Addition of novel segments of DNA, as well as sub-
traction of DNA, by shift of stop codon have recently been
described at moderate evolutionary distances in yeast and
in mammals (Giacomelli et al. 2007). Here, we study an
analogous process in prokaryotic evolution. In prokaryotes,
addition of coding DNA may be further facilitated by
frequent use of tandem stop codons as backup translation
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terminators (Nichols 1970; Major et al. 2002). We compare
sets of homologous genes in closely related prokaryotic
genomes, and find that shifts of stop codons occur even at
short evolutionary distances, e.g. between different bacte-
rial strains.

Results

We aligned 7,088 families of homologous genes together
with their 3'UTRs from 623 complete prokaryotic genomes,
and analyzed all cases in which individual genes of a family
had different positions of stop codons in the alignments. We
concluded that the stop codon has shifted, and that a segment
of coding DNA has been added to (or subtracted from) the
gene, if the coding nucleotide sequence immediately
upstream of the stop codon of a gene was unambiguously
aligned to the non-coding sequence immediately down-
stream of the stop codon of its homolog.

A total of 6,814,889 pairs of subclusters (see “Methods”
section) with different positions of stop codons were found
in the analyzed families; this number includes multiple
pairs originating from the same family. Of these, only 232
(0.003%) pairs, coming from 205 different families, passed
our stringent alignment quality filtering criteria. The vast
majority (229, 98.7%) of differences were observed in
alignments of orthologs, while the three remaining cases
included pairs of paralogous genes from the same organ-
ism. In 48 (20.7%) of the filtered pairs of genes with dif-
ferent positions of stop codons, each position was observed
in more than one of the homologous genes of this family
(hereafter referred to as “supported cases”; Table 1).

We asked what evolutionary events lead to the observed
differences in the positions of the stop codons (Table 1).
Most of the shifts were due to point mutations either in the
stop codons or that gave rise to stop codons. About one-
quarter of the cases were caused by indels in coding regions
of length not in multiple of 3, leading to frameshifts and use
of out-of-frame stop codons. In such cases, the frameshift-
causing indel usually occurred close to the original stop
codon (median distance: 31 nucleotides for supported cases,
14 nucleotides for unsupported cases), giving rise to a rel-
atively short region of protein translated out-of-frame. In a
few remaining cases, a mutation affecting the stop codon
and a frameshift were observed simultaneously. The fraction
of supported cases was similar for shifts caused by point
mutations and indels (3 test, two-tailed p = 0.45).

Distribution of the lengths of the region between the two
stop codon positions (regions added to or subtracted from
the CDS) is shown in Fig. 1. While most of the regions
were short, some regions spanned tens of nucleotides.
There was no significant difference in the distribution of
the lengths of the added/subtracted regions between the
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Table 1 Observed events of evolution of coding sequence length by stop codon shift

Point mutation Indel Both

Supported Unsupported Supported Unsupported Supported Unsupported
Addition 9 23 4 10 0 0
Subtraction 7 22 1 7
Uncategorized 21 87 4 28 1 6

“Supported” are cases when each position of the stop codon was observed in multiple sequences (see text)

Fig. 1 Shifts of stop codon 60 -
within families of prokaryotic
genes in which each position of
stop codon was observed in >1 50 1
sequence (grey supported) and
all other cases (black 40
unsupported), for each distance
between the stop codons a
3 30
©
(G]
20
10
O 1
0 3 6 9

supported and unsupported sequences (Mann—Whitney
U test, p = 0.19).

The shifted codons did not appear to be particularly
prone to stop codon read-through. The weak UAGC and
UAGG contexts of the stop codon (Bertram et al. 2001)
were responsible for only 8.4% of the 5’ stop codons of the
shifted genes, and were no more frequent in the shifted stop
codons than in the rest of the genes (% test, p = 0.61).

In order to distinguish additions from subtractions of
C-terminal coding segments, we manually analyzed the
phylogenetic distribution of each stop codon position in
each of the 232 cases of shift of stop codon. Whenever the
phylogeny of the corresponding species was known, we
attempted to polarize the corresponding mutations using
maximum parsimony. The phylogenetic history of the
position of the stop codon could be established unambig-
uously in 45.8% of supported cases, and in 34.2% of
unsupported cases of stop codon shift (Table 1). In
approximately half of these cases, the 5 position of the
stop codon was ancestral, implying addition of a region of
3'UTR to the coding sequence (Fig. 2). In the remaining
half, the 3’ position of the stop codon was ancestral,
implying subtraction of the C-terminal coding segment
(Fig. 3). The additions and subtractions were equally
frequent (x> test, supported: p = 0.55, unsupported:
p = 0.79).

15 18 21 24 27 30 33 36 39 42 45 48 51
Distance between stop codons, nucleotides

54 57

The median lengths of the added (subtracted) regions
was 12.0 (4.0) nucleotides among the supported cases, and
7.0 (6.0) nucleotides among the unsupported cases, but the
difference between the lengths of the added and subtracted
regions was insignificant (Mann—Whitney U test, sup-
ported: p = 0.08, unsupported: p = 0.90).

In all 13 supported cases of addition, and in 27 (81.8%)
of the unsupported cases of addition, the terminating triplet
which became the new stop codon during addition predated
the mutation disrupting the ancestral stop codon (Fig. 2). In
the remaining six (18.2%) of the unsupported cases of
addition, the new 3’ stop codon originated de novo from a
non-terminating triplet through a point mutation on the
same phylogenetic branch as the addition event.

Additions usually occurred in cases when a nearby
downstream stop codon allowed it. Indeed, the median
distance between the stop codon and the following down-
stream in-frame TAA, TAG, or TGA triplet for all con-
sidered genes was 33.0 nucleotides—only slightly less than
the 43.3 nucleotides expected under uniform nucleotide
composition. This is despite the large number of genes with
tandem stop codons, i.e., those in which the stop codon was
immediately followed by another terminating triplet
(Fig. 4). In contrast, the median distance to the nearest
in-frame TAA, TAG, or TGA triplet for the supported
parsimony-reconstructed ancestral genes that subsequently
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0.1

— Bacillus cereus subsp. Cytotoxis NVH 391-98
Bacillus cereus ATCC 14579 TCTTAAagcagottttttogaagotge
Bacillus thuringlensis str. Al Hakam TCTTAAggcagottttitigaagetge
Bacillus thuringlensis serovar konkukian str.97-27 TCTTAAggcagctttttttaaagotge

| Bacillus anthracis str. Ames Ancestor TCTTCAGGCAGCTTTTTTIGAagotye

Bacillus anthracis str. Sterne TCTTCAGGCAGCTTTTTTIGAagctge
Bacillus anthracis scr. A2012
Bacillus anthracis str. Ames TCTTCAGGCAGCTTTTTTIGAagotge

ﬁ_l

Fig. 2 Example of an addition of a segment of DNA to the coding
region in modB gene of Bacillus genus. Left the phylogeny of the
considered species in the ATGC database. The species for which the
sequence of the gene was present in the alignment are highlighted in
grey. The edge of the phylogeny at which the addition event happened is
highlighted. Right nucleotide alignment of the C’-termini of the

—_—

Fig. 3 Example of a subtraction of a segment of DNA from the
coding region in rexB gene of Staphylococcus genus. Left the
phylogeny of the considered species in the ATGC database.
The species for which the sequence of the gene was present in the
alignment are highlighted in grey. The edge of the phylogeny at

experienced a point mutation in the stop codon was only
9.0 nucleotides, i.e. ~3.5 times lower (Fig. 4a). Similarly,
the median distance to the nearest out-of-frame TAA,
TAG, or TGA triplet was much lower in the genes with
frameshift-caused additions (7.5 for frame+1 and 6.0 for
frame+-2) than in the rest of the genes (30.0 for frame+1
and 27.0 for frame+2) (Fig. 4b, c).

Since the added regions originate from previously non-
coding DNA, we hypothesized that their amino acid
composition will be biased, compared to the amino acid
composition of the coding regions of the genes as a whole.
Indeed, the amino acid composition of the captured regions
was significantly different from that of our entire dataset
(i.e., all the genes in all the considered families) (}52 test,
p <107%. It was also significantly different from the
C-terminal 30 amino acids in genes in our dataset (> test,
p = <107°), indicating that the difference in composition
is not due to biases inherent to the C-terminus of the pro-
tein. Cluster analysis performed on the Euclidian distances
between the amino acid composition vectors (Echols et al.
2002) showed that the composition of the captured regions
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Bacillus cereus E33L

Bacillus cereus G9241

Bacillus cereus ATCC 10987
Bacillus weihenstephanensis KBAEB4

- Staphylococcus aureus subsp.
- Staphylococcus aureus RF122
Staphylococcus aureus subsp.
Staphylococcus aureus subsp.
Staphylococcus aureus subsp.
Staphylococcus aureus subsp.
Staphylococcus aureus subsp.
Staphylococcus aureus subsp.
Staphylococcus aureus subsp.
Staphylococcus aureus subsp.
Staphylococcus aureus subsp.
Staphylococcus aureus subsp.

TCTTAAggocagotctttttgaagotge

corresponding genes (uppercase) and the upstream region of the 3'UTR
(lowercase). The ancestral stop codon is in bold; the derived stop codon
is in italic. In this case, the terminating triplet which became the new
stop codon during addition predated the mutation disrupting the
ancestral stop codon, since the former existed in two outgroup
sequences: B. thuringlensis str. Al Hakam and B. cereus ATCC 10987

aureus MRSAZS2

GAATTTGGGGGTGAGCAATAGatgaca
GLATTTGGGGGTGAGTAAtagatgaca
GLATTTGGGGGTGAGTAAtagatgaca
GLATTTGGGGGTGAGTAAtagatgaca
GLATTTGGGGGTGAGTAAtagatgaca
GAATTTGGGGGTGAGTAAtagatgaca
GLATTTGGGGGTGAGCAATAGatgaca

aureus N315
aureus JH1
aureus HMusS0
aureus JH9
aureus MNu3
aureus MNWZ
aureus MS54476
aureus USA3Z00
aureus NCTC 8325
aureus str.

GLATTTGGGGGTGAGCLATAGatgaca
GAATTTGGGGGTGAGCAATAGatgaca
Newman GLATTTGGGGGTGAGCLATAGatgaca

which the subtraction event happened is highlighted. Right nucleotide
alignment of the C'-termini of the corresponding genes (uppercase)
and the upstream region of the 3'UTR (lowercase). The ancestral stop
codon is in bold; the derived stop codon is in ifalic

most closely resembled the composition of the translated
UTR (Fig. 5).

In most of the observed cases of subtraction, the new
stop codon originated by a nonsense point mutation
(Table 1; Fig. 3). In two out of seven (four out of 22) such
supported (unsupported) cases, the ancestral stop codon
mutated to a non-terminating triplet on the same phylo-
genetic branch as the subtraction event. In the remaining
five (18) cases, it remained intact, so that a pair of nearby
terminating triplets was established.

Most of the observed stop codon shift events occurred
between closely related species. In 12 out of 13 (92.3%) sup-
ported additions (32 out of 33 unsupported additions, 96.9%),
and in all nine supported subtractions (27 out of 30 unsup-
ported subtractions, 90.0%), the derived long (short) form was
nested within a single genus. The close relatedness of the
species with different positions of the stop codon impeded the
study of subsequent evolution of novel added C-terminal
regions of proteins. In nine out of 13 supported additions, and
in 19 out of 33 unsupported additions, the added regions were
identical between all species supporting the “long” form.
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Fig. 4 Grey distribution of

a 0.351
distances between the stop
codon and the next downstream 0.3
TAA, TGA, or TAG triplet
located in frame (a), in frame+-1 025 1
(b), or in frame+2 (c), in all ’
considered genes. Black 5
distribution of lengths of £ 027
observed cases of addition of 8
3'UTR segments due to single- 09_ 0.15 1
nucleotide substitutions in stop
codons (a), or due to indels 0.1 A
leading to translation of the
subsequent segment in frame--1 0.05 -
(b) or +2 (c¢). Distance 3 J JJ
Corresponds tO tandem Stop 0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
codons, e.g., TAATGA 3 12 21 30 39 48 57 66 75 84 93 >100
Distance, nucleotides
b 0.35-
0.3 A
0.25 -
&
= 0.2 A
<)
Q
9 0.151
o
0.1 A
0.05 - ‘
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
4 13 22 31 40 49 58 67 76 85 94 >101
Distance, nucleotides
c 0451
0.4
0.35 -
c 031
RS
‘xc'-)' 0.25 -
o
9 0.2
o
0.15
0.1 A
0.05 -
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
5 14 23 32 41 50 59 68 77 86 95 >102

Discussion

Mismatches in positions of stop codons in homologous
genes of different species could be due to annotation or
sequencing errors, or could be traces of actual evolution of
the C-termini of the genes. However, in-frame stop codons

Distance, nucleotides

unambiguously terminate translation, so their annotation is
rarely uncertain. Although stop codon read-through has
been described (Radloff and Kaesberg 1973; Engelberg-
Kulka et al. 1977; Rocha et al. 1999; Bertram et al. 2001),
it is infrequent, and most stop codons terminate translation
very efficiently. As for sequencing errors, they are unlikely
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Fig. 5 Results of cluster a
analysis performed on the

Euclidian distances between the

amino acid composition vectors

using UPGMA (a) and Ward’s 1

method (b). The amino acid
composition of the captured
regions (/) resembles the
composition of the proximal
100 amino acids translated from
the 3'UTR of the genes in our
dataset (2) more than that of the 3
30 C-terminal amino acids in

the genes in our dataset (3), all

genes in our dataset (4), or the

genes in 15 taxa from three 5
domains of life (5; Jordan et al.

2005)

0.01 0.05

Linkage Distance

to coincide between organisms. Occurrence of each stop
codon position in multiple homologs in a substantial frac-
tion of cases (Table 1) suggests that the change of its
position is not attributable to sequencing artifacts, and
similarity of the frequencies of supported and unsupported
cases among stop codon shifts associated with different
mutational mechanisms (Table 1), as well as the similarity
of the lengths of the resulting additions and subtractions
(Fig. 1), all suggest that such artifacts contribute only little,
if anything, to the observed cases. Frequent observation of
both stop codon positions in multiple species or strains also
means that the shifted stop codons cannot be too deleteri-
ous, since strongly deleterious mutations are unlikely to
reach high frequencies in bacterial populations and get
fixed in interspecies evolution.

Therefore, our results indicate that the position of a stop
codon is evolutionarily labile in prokaryotes. This result
parallels that obtained for eukaryotes (Giacomelli et al.
2007). The stop codon shifts did not necessarily have a major
effect on the produced protein if the 5’ stop codon position
could be read through, since in this case the long form would
have been produced both before and after the shift. However,
such cases were rare, implying that stop codon shifts usually
corresponded to changes in gene lengths.

The vast majority of the observed addition and subtrac-
tion events happened relatively recently—often between
different strains of a single bacterial species. This may
partially reflect an ascertainment bias in the choice of the
analyzed genomes: the genomes in our dataset usually were
either phylogenetically remote (and did not pass our fil-
tering criteria), or very close, often belonging to different
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strains of the same well-studied species, e.g., E. coli. The
occurrence of multiple cases of stop codon shift at such
close phylogenetic distances implies that this phenomenon
is also widespread in evolution on large phylogenetic dis-
tances. In fact, many plausible cases of change of the stop
codon position between phylogenetically remote species
were observed in our dataset, but did not pass our stringent
filtering criteria. Furthermore, multiple shift events were
observed in a substantial fraction of the families in which a
single event was observed, suggesting that some genes may
be especially prone to variability in stop codon position.

A point mutation of a stop codon is a simple evolu-
tionary path to obtaining a novel coding sequence. Simi-
larly to novel exons in eukaryotes, novel terminal-added
regions can serve as the raw material for natural selection
to act upon. We observed that such gained amino acid
sequences have a characteristic amino acid composition,
distinct from that of the rest of the genome, and resembling
that of the translated 3'UTR. It would be interesting to
study how such novel protein segments evolve subse-
quently to their origin. Unfortunately, this would require
annotation of ancient capture events, which is hard, espe-
cially in prokaryotes, because alignment of non-coding
regions becomes problematic with increasing phylogenetic
distance. Denser sequencing of bacterial phylogenies may
help alleviate this problem and allow the study of sub-
sequent evolution of the gained regions.

Usually, the would-be stop codon exists in 3'UTR by the
time a new sequence is added to the C-terminus of a gene.
Tandem (Fig. 3) and other nearby in-frame stop codons are
conserved and may have a role in prevention of translation
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read-through (Nichols 1970; Major et al. 2002; Liang et al.
2005). Our results suggest that read-through prevention
notwithstanding, such nearby stop codons may serve as
preadaptations that facilitate elongation of the coding
sequence. Furthermore, newly acquired stop codons from
previous 3’'UTR may preferentially occur nearby (Fig. 4)
simply because relatively short ORF additions have a
higher likelihood of being advantageous (or at least
selectively neutral) than long ORF additions.

Conversely, coding regions may be subtracted from a
gene due to nonsense mutations. Such mutations can get
fixed if selection against them is not too strong; the latter is
likely to be the case when the nonsense mutation occurs not
far from the original stop codon. Since the original stop
codon remains intact in the process, the fixation of non-
sense mutations in C-terminal region of a protein may have
a side effect of creating nearby terminating triplets which,
in turn, may serve as backup translation terminators.

The origin and maintenance of tandem stop codons in
prokaryotes is enigmatic, given their relatively low effi-
ciency in translation read-through prevention (Major et al.
2002). Our results suggest that there may be another reason
for the overrepresentation of tandem stop codons: they may
be the footprints of past subtraction events, in addition to,
or rather than, a selected functional trait.

Methods

Homologous prokaryotic genes were obtained from the
COG database (Tatusov et al. 2001) and extended onto 623
complete prokaryotic genomes (Kazanov 2008). Briefly,
the COG clusters extension procedure was as follows. All
sequenced prokaryotic genomes that are not included in the
COG database were downloaded from NCBI. Each protein-
coding sequence from those genomes was then compared
to the COG database proteins using BLASTP (Altschul
et al. 1990). The BLASTP output was filtered according to
the following criteria: percentage of sequence identity
more than 20%; expect value less than 1075; alignment
region covers at least two-thirds of the COG protein length.
Next, the filtered BLASTP hits list was sorted by per-
centage of sequence identity in descending order, and the
sequence in consideration was assigned to the topmost
COG cluster. The described procedure was tested by a
tenfold cross-validation technique as follows. All 144,320
COG database proteins were randomly divided into ten
groups, and the above algorithm was applied to each group,
while treating the other nine groups as the COG sequence
database. This test demonstrated the 97.5% accuracy of the
developed COG assignment procedure.

In each family, the protein-coding sequences of each
gene, together with 300 nucleotides downstream of the stop

codon, were extracted from the corresponding prokaryotic
genomes. Nucleotide alignments of all genes and down-
stream regions in each family were then built with MUS-
CLE (Edgar 2004).

All sequences within each multiple alignment were
grouped into subclusters based on the alignment positions
of the stop codons. Each pair of subclusters with different
positions of stop codons was then analyzed separately. To
distinguish the cases of actual shift of the position of the
stops from regions with problematic alignments, a con-
servative set of criteria was applied to each pair of
sequences from different subclusters, i.e., to each putative
stop codon shift. After some experimenting, the following
filtering criteria were chosen to exclude the problematic
alignment regions.

We required the nucleotide identity of the whole CDS
between the two sequences to be more than 35%, and the
fraction of gaps in alignment between the two positions of
stop codons in the first and in the second sequence to be no
more than 30%. Further, we required 10 matches in 15
nucleotides before the 5’ stop codon position, and eight
matches in 15 nucleotides after the 3’ stop codon position.
Among pairs of subclusters, only such were chosen in
which at least one pair of species (one from each sub-
cluster) met the above criteria. All the resulting cases of
stop codon shift were examined manually to ensure that the
above criteria filtered out the problematic cases.

For each position of the stop codon, we asked whether
there were other sequences with a stop codon at the same
position, i.e. whether the corresponding subcluster included
more than one sequence. We considered a position of the
stop “supported” if, in addition to the sequence chosen at
the previous step, there were other sequences in the sub-
cluster with at least five matches among 10 nucleotides
before and five matches among 10 nucleotides after the
position of the stop.

Whenever possible, each case of change of position of
stop codon was categorized as “addition” or “subtraction”
of non-coding DNA. For this purpose, we manually mapped
the species with each position of the stop codon onto the
prokaryotic phylogeny, and inferred the direction of the
change using maximum parsimony. This polarization
allowed us to distinguish subtractions of C-terminal coding
segments from additions of regions of 3’UTR into a gene. In
doing so, we assumed that the gene trees for the considered
genes coincide with the species tree, i.e. did not account for
the possibility of lateral gene transfer. However, since most
cases of stop codon shift involved very closely related
species or strains, lateral transfers should not substantially
bias our results, and in general maximum parsimony
approach can be expected to be accurate. The phylogeny of
the prokaryotic species was taken from ATGC database
(http://atgc.1bl.gov/atgc/; Novichkov et al. 2009).
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The expectation for the median length M of amino acid
sequence before the first in-frame stop codon under uni-
form nucleotide composition is the median of the geo-
metric distribution with mean 64/3 and equals:

—log2

—_T08%  j4a4
log(1 — P) ’

where p = 3/64 is the probability of a stop codon at each
triplet. The expected median length of the corresponding
nucleotide sequence is 43.32.

The Euclidian distance D between the amino acid
composition vectors was calculated as

(Echols et al. 2002), where N = 20 is the number of amino
acids, and F;(A) is the frequency of amino acid i under
condition A. The conditions were then clustered using the
unweighted pair-group averaging method (UPGMA) and
Ward’s method (Ward 1963) based on the Euclidian dis-
tances between them.
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