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Short Abstract: We have estimated evolutionary rates of proteins encoded by paralogous
genes in the complete genome of Salmonella typhimurium LT2 considering gene order
conservation. Here we show that linked paralogs have significantly higher sequence
identities (84.5%) compared to their Escherichia coli K12 homologous proteins than
non-linked paralogs (46.3%). 

Long Abstract:
Recent studies have demonstrated that proteins encoded by genes with conserved order,
often termed as linked genes, have similar rates of evolution [1]. Furthermore, genomic
neighbourhood has been associated with physical interactions [2] and common expression
patterns or functional relations [3-4]. Other researchers [5] have shown that in the case of
intraparalogs (i.e. paralogous genes encoded in the same genome) gene order conservation
may be successfully used as a means to identify paralogous operons in bacterial genomes.
We have gone the other way around, trying to answer the question whether those
intraparalogs that have maintained their local neighbourhood during the course of evolution
evolve faster or not. We define as linked genes those genes sharing at least one neighbour
downstream or upstream in the genome (not interrupted by interference of other genes),
using as an indicator the relative position of the gene under consideration. Formally, given
two genomes A and B, encoding Na and Nb genes respectively, and assuming these genes
are ordered a(1), a(2), …, a(Na) and b(1), b(2), …, b(Nb) respectively, two genes a(i), and
b(j) (1&#8804;i&#8804;Na, 1&#8804;j&#8804;Nb ) are defined as linked when the following
two conditions are met:
1.Genes a(i), b(j) exhibit statistically significant sequence similarity
2.At least one of a(i-1), a(i+1) exhibits statistically significant sequence similarity with one of
b(j-1), b(j+1).
Along these lines we have chosen to study putative paralogs encoded in the complete
genome of Salmonella typhimurium LT2 [6] (obtained from NCBI
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Salmonella_typhimurium_LT2/NC_003197.faa) with
respect to their corresponding homologs in a reference bacterial genome. As a reference we
have used the genome of Escherichia coli K12 [7] (obtained from NCBI
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Escherichia_coliK12/NC_000913.faa), a gamma
proteobacterion relatively close to S. typhimurium, with extensive annotation.
In order to identify putative paralogs in the S. typhimurium LT2 genome we have performed
an all-against-all self comparison using BLASTP [8] with a strict e-value threshold 1e-10 (all
other options having their default values). Applying a milder cut-off of 1e-6 the results were



essentially identical (data not shown). We have employed additional filtering criteria in order
to avoid false positives due to matches in short conserved sequence domains. Specifically,
to assign two proteins as paralogous we have required that the best local alignment detected
by BLASTP provided at least a 50% coverage of the complete length of both sequences.
Out of the 4425 protein coding genes in the S. typhimurium LT2 genome 1841 (41.6%) have
been assigned as paralogs to at least one gene in the same genome following the rules
previously described. For this subset of proteins we have determined putative homologs in
the E. coli K12 genome, based on statistically significant sequence similarities detected by
an all-against-all BLASTP comparison, taking the simple best-hit approach [9] using an
e-value threshold of 1e-10. 
With the E. coli K12 genome as a reference we have identified a homolog for 1216 S.
typhimurium LT2 proteins. The remaining 625 proteins exhibit similarities to E. coli proteins
that fall below the threshold and were subsequently excluded from our study. Of the
remaining 1216 cases, and without taking the strand into account, 1009 were identified as
linked and 207 as non-linked paralogs in S. typhimurium LT2 genome.
For these two classes of paralogs we have calculated the average percent of identities
reported in the BLASTP output, as a measure of sequence conservation. For the 1009 pairs
of proteins with conserved order the average sequence identity was 84.5% (standard
deviation 11.5%), whereas for the 207 non-linked genes the corresponding protein homologs
shared sequence identity of 46.3% (standard deviation 22.2%) significantly lower than the
one calculated for linked genes (Mann-Whitney W = 186828.5, p-value < 2.2e-16). When
alternative more sophisticated divergence metrics were applied, such as Poisson corrected
distances, the results were essentially the same.
Our analysis clearly demonstrates that gene order conservation is related to sequence
conservation. Paralogs within a genome that have conserved order tend to evolve
significantly slower compared to ones that are not linked. 
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