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Abstract
Genes can be classified as essential or nonessential
based on their indispensability for a living organism.
Previous researches have suggested that essential
genes evolve more slowly than nonessential genes and
the impact of gene dispensability on a gene’s
evolutionary rate is not as strong as expected.
However, findings have not been consistent and
evidence is controversial regarding the relationship
between the gene indispensability and the rate of
gene evolution.

Abstract
Understanding how different classes of genes evolve is
essential for a full understanding of evolutionary biology,
and may have medical relevance in the design of new
antibacterial agents. We therefore performed an
investigation into the properties of essential and
nonessential genes. Analysis of evolutionary
conservation, protein length distribution and amino
acid usage between essential and nonessential genes in
Escherichia coli K12 demonstrated that essential genes
are relatively preserved throughout the bacterial
kingdom when compared to nonessential genes.

Background
Individual genes within a given species genome
contribute differentially to the survival and propagation
of the organism. According to their known functional
profiles, genes can be divided into two categories:
essential and nonessential genes. Essential genes are
indispensable to cellular life and constitute a minimal
gene set required to support a living cell. Nonessential
genes are those which have been shown to be
dispensable.
Here, we study essential genes by comparing them with
nonessential genes in the preferred model organism,
Escherichia coli K12.

Background
Recent investigations have led to the identification of an
increasing number of essential genes in a number of different
organisms.
Wilson et al. (1977) proposed that essential genes evolving more
slowly than nonessential genes. This has more recently been
termed the ‘‘knockout-rate’’ prediction (Hust and Smith 1999), a
model of the relationship between gene importance and rate of
gene evolution which has been tested with varying results.
Hust and Smith (1999) concluded that there was no difference in
evolutionary rate between essential and nonessential genes.
Hirsh and Fraser (2001) found that genes with smaller fitness
effects evolve faster and suggested that the evolutionary rate is
negatively correlated with the fitness effect when the fitness
effect is weak (<0.5).

Background
Jordan et al. (2002) found that essential bacterial genes are more
evolutionarily conserved than nonessential genes.
Yang et al.(2003) found a negative relationship between gene
importance and gene evolutionn rate in duplicate yeast genes.
Zhang and He (2005) showed that protein evolutionary rate was
significantly affected by dispensability, even when the gene
expression level was controlled for and duplicate genes excluded.
They also found that: (a) the effect of gene dispensability on the
evolutionary rate declines in strength with evolutionary time, and
(b) protein dispensability measured in a single species predicts
the short-term rate of protein evolution in other species.

Background
Despite the evidence suggesting that protein evolutionary rate is
related to factors such as the fitness effect and gene essentiality,
it is notable that the fitness effect of genes is often weakly
correlated with the evolutionary rate, and furthermore that a
gene’s rate of evolution fails to predict whether it can be
classified as essential or nonessential. This may perhaps reflect
the fact that gene importance may change during the process of
evolution.
Thus, a gene may be essential in one species but not in others,
leading to between-species variation in the gene’s rate of
evolution.

Background
In order to further improve our understanding of the impact of a
gene’s importance on gene evolution and to therefore gain
insights into the fundamental biological processes underlying
evolution, we investigated the properties of essential and
nonessential genes in E. coli. This included comparative analysis
of amino acid usage, protein length distribution, and
evolutionary conservation between essential genes and
nonessential genes in E. coli.
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Materials and methods
The E. coli K12 homologs from the genomes of 236 diverse
bacterial species were obtained from the PEC database
(http://www.shigen.nig.ac.jp/ecoli/pecv3/index.jsp),
which
identified putative orthologs by the use of blast program, setting
the E value at each value of 10 ,10 ,10 .
The evolutionary retention indexes (ERI) for each gene was
computed by dividing the number of genomes carrying orthology
(No) by the total number of genomes searched (Nt): ERI = No/Nt.
Conservation data of every amino acid site in E. coli protein was
downloaded from the CoSMoS database (Liuet al. 2006;
http://www.biology.las.umich.edu/cosmos). From this database
PSI-BLAST was used to identify homologs of E. coli K12 proteins in
the RefSeq database.
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Materials and methods
The BLAST output was parsed and used to generate a fasta file for
each individual E. coli protein containing the E. coli sequence
itself and all homolog sequences, and the fasta files were then
aligned using MUSCLE, a novel method for performing sequence
alignments (Edgar 2004), to extract amino acid conservation
information.
Protein length information was retrieved from E. coli K12 genome
which was downloaded from Genbank. A Mann–Whitney test
was used to test whether there was significant difference
between the average protein length of essential and nonessential
genes.

Materials and methods
A perl program
was written to compute the amino acids usage,
2
and a X test was used to estimate the difference in overall
amino acids usage distribution between essential and
nonessential genes. Because the size of the compared sample
sets is different and both sizes of samples are big, we used a
percent different test (Ma 1982, pp 194–197; Steel and Torrie
1980) to evaluate the statistical significance of the difference in
the usage of single amino acids between essential and
nonessential genes.

Result (Evolutionary conservation in essential
and nonessential genes)
/ The ERI is a value that depicts the propensity of a protein to
have orthologs in other fully sequenced genomes, and reflects
how persistent a gene is. We used the ERI to estimate the
conservation of a protein. After calculating the ERI value for each
essential and nonessential gene, the difference in ERI values
between essential and nonessential genes was determined.
Higher ERI values are associated with a sharp increase in the
proportion of essential genes, whereas the proportion of
nonessential genes yielding high ERI values is relatively low.
A larger proportion of nonessential genes (~39%) are poorly
conserved (ERI<=0.1) in comparison to essential genes (6.84%);
conversely, a smaller proportion of nonessential genes (1.65%) are
highly conserved (ERI>0.9) compared to essential genes (33.33%).

Result
These findings are consistent with those of Jordan (2002) which
indicated that essential genes are more evolutionarily conserved
than nonessential genes in bacteria, and together support the
hypothesis that essential genes are more preserved throughout
the bacterial kingdom.
This suggests that across the course of evolutionary history,
essential genes are subject to a more intense selective
procedure.

Result
The conservation of gene function is partly determined by the
conservation of special amino acid sites. Therefore conservation
patterns at the level of amino acid sites might be expected to
differ between essential and nonessential genes.
/ The extent of amino acid conservation of each protein was
calculated by dividing the number of amino acids that match in
that column by the total number of proteins in the multiple
alignments. Amino acid sites with a conservation value at or
above a cut-off value of 0.6 were considered to be ‘‘highly
conserved’’. The proportion of highly conserved sites in every
protein was then calculated.
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Result (Comparison on protein length distribution)
It has been reported that conserved proteins are, on average,
longer than poorly conserved genes in the bacterium E. coli, the
archaeon Archaeoglobus fulgidus, and the eukaryotes S.
cerevisiae, Dosophila melanogaster, and Homo sapiens (Lipman
et al. 2002). We therefore performed analyses to investigate the
relationship between protein length and gene importance in E.
coli K12.

In Table 1, the average lengths of protein products were 343.2
and 329.9 for essential and nonessential genes. It is not to be
statistically significant.

Result
To further analyze protein lengths in the two gene categories, we
computed the protein-length distributions for essential genes and
nonessential genes. The observed protein-length distributions
fitted a gamma distribution (Fig. 3) with goodness-of-fit P = 0.99
and P = 0.22 for essential and nonessential genes, respectively.
In the case of gamma distribution, the protein length variation
can be measured by a shape parameter, α. The lower the a value,
the great the variation. The estimation of α for the protein
products of essential genes was 2.15, and for the protein
products of nonessential genes was 2.75, indicating that the
protein-length variation of essential genes is relatively greater
than nonessential genes.

Result
Fig.3 The broken line is the
protein-length distribution
for essential genes, and the
solid line is the proteinlength distribution for
nonessential genes.

As shown in Fig. 3, we also found that the proportion of small
proteins (<139 amino acids) and the proportion of big proteins
(>534 amino acids) are both significantly greater in essential
genes than in nonessential genes, and the proportion of medium
protein (>=139 amino acids, <=534 amino acids) is significantly
greater in nonessential genes than in essential genes (X2 test, P =
0.0082).

Result (Comparison on amino acid usage)
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Ser (S) are differentiated between the two categories of gene,
with S and K being preferred in nonessential and essential genes,
respectively.

Result
To further study the differences of amino acid usage, we have
compared the percentage of each single amino acid between
essential and nonessential genes. A percent difference test
revealed that 16 out of all 20 amino acids have significant
differences in the degree of usage (Table 2)./

Discuss
In this work we used two distinct measures, the ERI value and the
proportion of highly conserved amino acid sites, to estimate the
evolutionary conservation of a gene. Both methods of analysis
showed that essential genes are more conserved than
nonessential genes, providing support for the ‘‘Knockout-rate’’
hypothesis. But results do not suggest that essential and
nonessential genes can be categorized purely by their
conservation properties./
In our analysis of gene distribution within proteins of different
lengths, we observed a greater proportion of essential genes than
nonessential genes in small proteins and in large proteins. We
suggest that this may be due to the essential genes products like
ribosomal protein is small and the hub protein is large.

Discuss
Our results also indicated that the usage of most amino acids
shows similar trends in both proteins. This may mean that amino
acids in the two types of genes have undergone similar selective
processes during evolution, but to different extents.
Physicochemical properties are the key factors contributing to
variation in amino acid usage. We found that almost all charged
amino acids (except His) were preferred amino acids and were
more biased among essential proteins, whereas other polar or
hydrophobic amino acids were either biased among nonessential
proteins or showed no significant difference between the two
types of proteins.
This may partly be because charged amino acids (Lys, Arg and Glu)
are found at higher frequencies in proteins involved in genetic
information processing, whilst hydrophobic amino acids are of
less frequency in this type of protein and are more common in
proteins related to environmental information processing.

Discuss
In summary, we have described some of the key properties of
essential and nonessential genes, and suggested how these
findings inform our understanding of genetic evolution. Results
suggest that E. coli essential genes suffered stronger selective
pressure over evolutionary history than nonessential genes, and
charged amino acids are more biased in essential gene products.
In addition, there were significant differences between the
protein-length distributions for essential and nonessential genes.
Together, these findings clarify our understanding of the
evolution of essential genes and contribute to our understanding
of the processes underpinning the genesis of life. These results
may be useful in making predictions about essential genes in
nonexperimental work, and may aid the search for potential
antibacterial drug targets in poorly understood pathogens.
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