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Abstract. Computational and experimental at-
tempts tried to characterize a universial core of genes
representing the minimal set of functional needs for
an organism. Based on the increasing number of
available complete genomes, comparative genomics
has concluded that the universal core contains <50
genes. In contrast, experiments suggest a much larger
set of essential genes (certainly more than several
hundreds, even under the most restrictive hypotheses)
that is dependent on the biological complexity and
environmental specificity of the organism. Highly
biased genes, which are generally also the most ex-
pressed in translationally biased organisms, tend to
be over represented in the class of genes deemed to be
essential for any given bacterial species. This associ-
ation is far from perfect; nevertheless, it allows us to
propose a new computational method to detect, to a
certain extent, ubiquitous genes, nonorthologous
genes, environment-specific genes, genes involved in
the stress response, and genes with no identified
function but highly likely to be essential for the cell.
Most of these groups of genes cannot be identified
with previously attempted computational and exper-
imental approaches. The large variety of life-styles
and the unusually detectable functional signals
characterizing translationally biased organisms sug-
gest using them as reference organisms to infer
essentiality in other microbial species. The case of
small parasitic genomes is discussed. Data issued by
the analysis are compared with previous computa-
tional and experimental studies. Results are discussed
both on methodological and biological grounds.

Key words: Codon bias — Codon Adaptation
Index — Evolution — Genomic core — Minimal
gene sets

Introduction

The notion of a minimal gene set, or genomic core,
was introduced with the early development of com-
parative genomics, beginning with comparison
(Mushegian & Koonin 1996) of the two sequenced
genomes, Mycoplasma genitalium (Fraser et al. 1995)
and Haemophilus influenzae (Fleischmann et al.
1995), aimed to identify a small set of genes common
to all genomes that describe the minimal set of
functional needs for an organism. Computational
attempts to define the universal core based on the
increasing number of available complete genomes
and experimental attempts to determine the number
of essential genes (for which disruption implies
lethality) are listed in Tables 1 and 2. The increasing
number of essential genes provided by experiments
and the decreasing number of shared genes suggested
by computational analysis indicate that the notion of
a minimal gene set should account for several factors,
such as the complexity of the metabolic machinery
and the specificity of the living environment. Com-
putations appear to underestimate the minimal gene
set by taking into account only those genes that have
remained similar enough during the course of evolu-
tion to be recognized as true orthologues. In contrast,
for a substantial number of essential functions,Correspondence to: A. Carbone; email: alessandra.carbone@lip6.fr
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different organisms use genes that are not ortho-
logues and in some cases, not even homologues
(Koonin 2003). Experimental approaches have other
limitations: (1) transposon mutagenesis might over-
estimate the minimal set by misclassifying nonessen-
tial genes that slow down growth without arresting it
(for instance, ribosomal protein L24 has been
detected as essential for Escherichia coli [Gerdes et al.
2003; Hashimoto et al. 2005] but it has been found
not absolutely essential in [Nishi et al. 1985]), and it
can miss essential genes that tolerate transposon
insertions (Akerley et al. 2002; Gerdes et al. 2002); (2)
the use of antisense RNA is limited to genes for which
an adequate expression of inhibitory RNA can be
obtained in the organism under study; and (3) sys-
tematic inactivation has the drawback that each gene
is inactivated singly. All of these methods leave open
the possibility that a different gene set is essential
under different growth conditions.

We aimed to detect a set of essential genes under a
variety of growth conditions and to relax the notion
of essentiality so that disruption of essential genes
implies a devastating life, possibly, but not necessar-
ily leading to lethality. We searched for several
functional genomic cores, one for each organism, ra-
ther than for a single minimal gene set fitting several
organisms. The method we introduce here suggests
that core genes are the most biased genes in transla-
tionally biased genomes. In fact, for these genomes,
highly biased genes are also the most expressed
(Grantham et al. 1980; Sharp & Li 1987) and tend to
be over represented in the class of genes deemed to be
essential for any given bacterial species. Using a tool
designed for an automatic large-scale analysis of co-
don bias in genomes based on no previous biological
knowledge of the organism (Carbone et al. 2003), we
identified core genes as having a high Self Consistent
Codon Index (SCCI) (this notion, in translationally
biased organisms, corresponds to the Codon Adap-
tation Index [CAI] Sharp & Li 1987; Carbone et al.
2003). It has been demonstrated that evolutionary
signals detected from codon bias are highest for
translationally biased organisms and can be used to

identify important metabolic pathways (Carbone &
Madden 2005). Based on this fact and on the possi-
bility of detecting translational bias for an organism
by computational means through two statistical cri-
teria applied to genome sequences (Carbone et al.
2004), we considered 27 translationally biased
microbial organisms (25 bacteria and 2 archaea);
derived the corresponding functional genomic cores;
and analyzed and compared functional cores. We
demonstrated that genes occurring in functional
cores are informational genes (involved in transcrip-
tion, translation, recombination, repair, replication,
secretion, signaling, and cell envelope), operational
genes (involved in energy production and conversion,
amino acid and nucleotide metabolism, and carbo-
hydrate transport and metabolism), and operational
genes specific to physiological and environmental
factors, including stress-response genes. Some func-
tionally uncharacterized genes were also detected.
Genes participating in basic cellular activity are gen-
erally found throughout all species (i.e., ubiquitous)
and have been detected in previous computational
and experimental studies. They might be non-or-
thologous and shared by different organisms (e.g., the
ribonuclease HI family gene rnhA occurs in the
functional core of Synechocystis, and the ribonucle-
ase HII family gene rnhB occurs in the functional
cores of Methanosarcina acetivorans and Streptococ-
cus agalactiae); although these genes can be detected
experimentally, they cannot be found by comparative
genomics. Genes sustaining life in specific environ-
mental conditions have been detected through
experiments conducted on a few species and on a
limited pool of living environments (Table 2), but
comparative genomics misses them all. Among the
most interesting findings, it is worth noticing that
translationally biased genome of Mycoplasma tuber-
culosis displays a high SCCI value for genes involved
in chorismate biosynthesis and pyrodoxal 5¢ phos-
phate biosynthesis, suggesting essentiality of these
two pathways (Carbone & Madden 2005), which are
unimportant for most bacteria.

Issues pertaining to functional cores being arti-
factually small because of the ubiquity requirement
and problems related to gene divergence beyond
detectability do not influence our method. To uni-
formly compare functional genomic cores across
microbial species, for each organism we considered
200 core genes, including divergent proteins, even if
the actual number of core genes was much larger, as
discussed later.

Functional signals detected from statistical analysis
are more easily identifiable for translationally biased
than for other organisms (Carbone & Madden 2005),
and the large spread of their life-styles and living
environments (Carbone et al. 2004) makes them
obvious reference models for this analysis. The 27

Table 1. Detection of essential genes by comparative genomics

No. of

organisms

No. of

homologous

genes References

2 256 Mushegian & Koonin, 1996

4 (euryarchaea) 543 Makarova et al. 2003

4 (euryarchaea) 521 Nesbø et al. 2001

34 80 Harris et al. 2003

45 23 (strong

requirements)

Brown et al. 2001

100 60 Koonin 2003

147 35 Charlebois & Doolittle 2004
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organisms we considered belong to a large variety of
phylogenetic taxa, c and d proteobacteria, firmicutes,
actinobacteria, thermococcales, and methanosarci-
nales. They do not display strong GC or AT content
(see Figure 1 in [Carbone et al. 2004]) and they are
characterized by different optimal growth tempera-
tures (Carbone et al. 2004). The well-structured orga-
nization of core genes suggests how to infer functional
cores for organisms that are not translationally biased
and where biological signals are much weaker: such
organisms are indeed expected to have the same set of
ubiquitous core genes, a pool of nonorthologous
genes, and a remaining set of core genes for surviving in
a specific living environment. Nonorthologous core
genes related to physiology and environmental genes
are expected to be shared with translationally biased
organisms satisfying similar living conditions. Also,
recently transferred genes, which might be possibly
vital to a recipient’s current activities but that have not
yet ‘‘ameliorated’’ within its genome so as to be de-

tected by statistical analysis, are expected to appear as
functional core genes in some other translationally
biased genome, and this will identify them with high
probability as potential core genes.

It is plausible to think of genes that are funda-
mental to the survival of an organism and whose
products are needed only in small amounts. These
genes will likely not be detected by our methodology
(their SCCI value is expected to be low), but we tried
to show, by comparing core sets with genomes of
small sizes, that such missed genes are not many.
Indeed, we found that approximately half of genes
in parasitic genomes of very small sizes, such as
Buchnera aphidicola, are core genes in some phylo-
genetically close translationally biased genome like
E. coli, and that more than two-thirds of B. aphidicola
genes with homologs in M. genitalium are core genes
in E. coli. Because the ongoing further reduction of
B. aphidicola, the number of essential genes missed by
our method appears to be moderate. This observation

Table 2. Detection of essential genes by experiments

Organisms Technique Essential genes Genes considered References

B. subtilis Chromosomal mutagenesis �300 �4000 Itaya 1995

B. subtilis Systematic inactivation 271 �4100 Kobayashi et al. 2003

M. genitalium Transposon mutagenesis 265 482 Hutchison et al. 1999

M. genitalium Transposon mutagenesis 382 482 Glass et al. 2006

H. influenzae Transposon mutagenesis 670 1272 Akerley et al. 2002

E. coli Transposon mutagenesis 620 3746 Gerdes et al. 2003

E. coli Transposon mutagenesis 234 2994 Hashimoto et al. 2005

H. pylori Transposon mutagenesis 326 1491 Salama et al. 2004

S. aureus Antisense RNA 150 482 Ji et al. 2001; Forsyth et al. 2002

S. pneumoniae High throughput gene disruption 113 347 Thanassi et al. 2002

S. cerevisiae Systematic inactivation 406 2026 Winzeler et al. 1999

S. cerevisiae Systematic inactivation 1105 5916 Giaever et al. 2002

C. elegans RNA interference 1722 19427 Kamath et al. 2003

Fig. 1. SCCI values and number of coding sequences are plotted for each functional category of E. coli and B. subtilis. Histograms follow
a long tail distribution within all functional classes with the exception of the protein synthesis category (row ‘‘i’’), which displays two
pronounced peaks.
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is also positively supported by the analysis of firmi-
cutes and c-proteobacteria persistent genes (that is
genes that are preserved in the genomes of the two
species) which are asserted to be highly biased in
(Fang et al. 2005) and by experimental evidence re-
ported in (Winzeler et al. 1999) where for >99% of
the 406 essential genes in S. cerevisiae, transcripts
were detected, and the average number of these
transcripts was 70% higher than for all unessential
genes. Even if, in general, there is limited correlation
between mRNA and protein expression levels, the
amount of experimental noise is smaller and the
correlation higher for highly expressed genes (Gygi et
al. 1999), i.e., those relevant to our analysis.

Our interest in this study was not in detecting a
genomic core to deduce the composition of ancestral
genomes (Mushegian & Koonin 1996; Koonin 2003),
facilitate reconstruction of phylogenetic trees
(Makarova et al. 2003; Nesbø et al. 2001; Daubin et al.
2002; Lerat et al. 2003) or to address questions on
species comparison based on codon bias ([Carbone et
al. 2004; Carbone & Madden 2005], see also [Kreil &
Ouzounis 2001; Lynn et al. 2002; Tekaia et al. 2002;
Sharp et al. 2005] for a similar analysis pursued on
codon usage and amino-acid use). We wished to test
the evolutionary hypothesis that most essential genes
in microbial organisms have high SCCI and we wished
to extract biological information on gene functional
classification that hopefully will be useful to the
working biologist. Depending on our knowledge of the
organism in question, the number of uncharacterized
genes we detect as essential might be very large, and
functional cores might furnish new biological insights.
The gathered data can provide new information to
attain genome minimization conditioned by specific
environmental conditions and metabolic activities
(Venter et al. 2003; Zimmer 2003; Smith et al. 2003).
The systematic study of microbial differences from
functional genomic cores might play a crucial role in
the identification of specific molecules targeting
cohabiting microbial species, as well as the identifica-
tion of good growth conditions for in vitro culture.

Materials and Methods

Organisms and Genomes

Genomes and gene annotation were retrieved from the Genomes

Directory of GenBank via file transfer protocol. All coding se-

quences (CDSs) were considered, including those annotated as

hypothetical and those predicted by computational methods only.

Gene Classification

Genes were classified according to the initial version of Clusters of

Orthologous Groups (COG) classification (NCBI www.ncbi.nlm.

nih.gov/COG). To the COG classes we added two more, one to

collect phage-related proteins and the other for virulence. Genes

classified in the COG database as having a general predicted

function were listed separately and were classified, whenever pos-

sible, in COG classes (see Supplementary Table 3) by hand.

Whenever this manual classification was too uncertain, we listed

the gene as unknown.

Homologous Genes

Lists of homologous genes shared by pairs of bacteria were taken

from Genplot (www.ncbi.nlm.nih.gov/). Detection of homologous

genes is nonsymmetric, and we consider the list of genes of the

smallest genome against the larger one.

Essential Genes

Lists of experimentally identified essential genes for several species

is available at tubic.tju.edu.cn/deg/. The Profiling of E. coli Chro-

mosome (PEC) database provides a list of essential and nones-

sential genes in E. coli that were identified after genome

minimization; see www.shigen.nig.ac.jp/ecoli/pec/index.jsp for data

and classification criteria.

Genes Involved in Stress Response

We used the list of 296 E. coli genes related to repair, recombina-

tion, and physiological adaptations to different stresses compiled

by Rocha et al. (2002) and available at www.abi.snv.jussieu.fr/

people/erocha/stress/index.html.

Translational Bias

Translational selection refers to the benefit of an increased trans-

lational output for a fixed investment in the translational

machinery (ribosomes, tRNA, elongation factors, etc.) if only a

subset of codons (and their corresponding tRNAs) are used pref-

erentially. Because the benefit of using a particular codon depends

on how often it is translated, the strength of translational selection,

and hence the degree of codon bias, is expected to vary with the

expression level of a gene within an organism. Mutational bias

(e.g., an excess or deficit of GC content compared to AT content)

might obscure translational selection, which can appear in strong

or weak forms (see later).

Calculation of the Self Consistent Codon Index

Sharp (Sharp & Li 1987) formulated the hypothesis that for

translationally biased genomes G, there is a reference set S of

coding sequences, constituting approximately the 1% of the genes

in G that are representative of codon adaptation in G. This bias can

be described by listing a set of codon weights calculated on genes in

S: Given an amino acid j, its synonymous codons might have dif-

ferent frequencies in S; if xij is the number of times that the codon i

for the amino acid j occurs in S, then one associates to i a weight wij

relative to its sibling of maximal frequency yj in S,

wij ¼ xij

.
yj: ð1Þ

Such weights describe codon preferences in G, and they were

successfully used by Sharp to correlate gene expression levels to

translational codon bias in fast-growing organisms. To do this,

one computes the Codon Adaptation Index (CAI) (Sharp & Li

1987) for all genes, CAI gð Þ ¼
QL

k¼1 wk

� �
1=L; where g is a gene, wk

is the weight of the k-th codon in g, L is the number of codons in g;

and where the reference set S is manually defined as the set of genes
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coding for proteins known to be highly expressed as ribosomal and

glycolytic proteins are for fast growers. Then one ranks the genes

by CAI values: Genes ranking the highest are the most biased, and

those ranking the lowest are the least affected by selective bias. For

fast growers, genes with high CAI value turned out to be the ones

that are highly expressed (Sharp & Li 1987).

In (Carbone et al., 2003), we extended Sharp’s hypothesis,

saying that for a genome G, there is a reference set S of coding

sequences, constituting approximately 1% of the genes in G (the

size of S is suggested by Sharp’s original work), which is repre-

sentative of dominating codon bias in G. We consider SCCI to be

defined as SCCI gð Þ¼
QL

k¼1 wk

� �
1=L; where the reference set S is the

most biased set of genes in the organism with respect to this for-

mula, that is, S is the (self-consistent) set of genes that take max-

imum value in the formula when S is chosen as a reference set. We

showed that SCCI correlates to the dominating bias in a genome,

such as GC content, preference for codons with G or C at the

third nucleotide position; or a leading strand richer in GT than a

lagging strand, and that for translationally biased organisms, it

computes codon adaptation (that is, SCCI coincides with CAI).

This is demonstrated by observing that S can be automatically

computed by a pure statistical analysis of all genes in a genome,

which is not based on biological knowledge of the organism. For

fast growers, S was found to consist of highly expressed genes

(notice that in Sharp analysis, S was manually defined). The lack of

reliance on biological knowledge allows computation of weights for

organisms of unknown life-style. The name SCCI is for the first

time employed in this article; in Carbone et al. (2003) and Carbone

et al. (2004), we call it CAI, but because it is not only of codon

adaptation that we speak except in the case of translationally

biased genomes, it seems less confusing to give to the notion a new

and more appropriate name. Also, CAI has been employed with a

manual and explicit choice of S, whereas the formula CAI

parameterized with S (i.e., SCCI) turns out to be a universal mea-

sure to study codon bias.

Codon weights, reference set S and SCCl values were calculated

with the program CAIJava (Carbone et al. 2003), which uses

parsers of GenBank flat files from the Biojava (www.biojava.org)

programming package. A description of the algorithm and a vali-

dation of the approach reported by Carbone et al. (2004). The

program CAIJava is available at www.ihes.fr/�carbone/data.htm.

Detection of Translational Bias

In (Carbone et al. 2004), two numeric criteria were introduced to

detect translational bias in a genome. The ribosomal criterion de-

fines the z-score (SCCI(r) )l) /r for each gene of a ribosomal

protein r, where mean l and standard deviation r are calculated for

the SCCI distribution over all CDS; this allows to define the

average ZRib of z-scores for ribosomal proteins and say that an

organism characterized by translational bias is expected to have

high ZRib, i.e., >1. The strength criterion computes codon weights,

as in (1) based on all genes in the genome G (wk (G)) and on the

genes in the set S (wk) and expects the difference between wk (G)

and wk to be large for translationally biased genomes (i.e.,P64
k¼1 wk Gð Þ � wkð Þ =2 > 8; this sum is an indicator of the num-

ber of amino acids having different preferred codons in the entire

genome and in the set of most biased genes; the threshold, was

empirically calculated on known translationally biasedorganisms

(Carbone et al. 2004)). The combination of the two criteria allows

to determine which genomes are strongly translationally biased,

that is, those satisfying both criteria, from those that are weakly so,

that is those that satisfy the ribosomal criterion only. Notice that

our numerical criteria provide quantitative values ranging within a

continuous interval, and that based on these values, one can

identify strong, weak, and absent forms of bias as well as finer

classifications. The 27 genomes considered here satisfy both ribo-

somal and strength criteria and have been characterized as strongly

biased. The list of the 27 functional genomic cores is given in

Supplementary Table 1.

SCCI Distribution Tail

This is defined as the set of genes g, with SCCI (g) ‡ l + r
where l and r are mean and SD of the distribution. This means

a SCCI >0.42 for E. coli and >0.44 for B. subtilis in Fig. 1.

For all other organisms, thresholds are listed in Supplementary

Table 4. This definition can be easily applied to all bacterial

genomes, and it ensures that (1) genes in the tail largely deviate

from the average behavior of the genome and (2) that a signif-

icant number of genes belongs to the tail. This number was

>200 for all 27 genomes considered, and it allowed comparison

of species in a meaningful manner (Table 3). Asking for SCCI

(g) > l + nr with n ‡ 2 would provide too little information

on relevant genes: The genome of H. pylori, for instance, has

only 97 genes with SCCI(g) ‡ l + 2r.

Results

We propose a new computational approach to detect
a set of potentially essential genes for a microbial
genome, called functional genomic core, that is not
based on comparative genomics but on the analysis
of codon bias on single genomes. The method ranks
genes with respect to the SCCI, and highly biased
genes are proposed to form the functional core.
Before presenting a comparative study of core genes
across species, it is instructive to observe some
properties of distributions within single genomes and
across functional classes and to discuss the potential
size of a functional core for a single species. In Fig. 1,
function-specific histograms show that E. coli and
B. subtilis have comparable landscapes of SCCI dis-
tributions; that the distribution of genes within
functional classes does not depend on SCCI values;
and, most important, that all functional classes dis-
play long tail representatives (the same is also true for
eukaryotic species such as S. cerevisiae, not shown).
This suggests verifying whether genes that form his-
togram long tails are shared across species. (We do
not expect shared genes to be orthologous but rather
to intervene in the same functional activity). Genes
within long tails are significantly deviating from
average to be considered important for the organisms
life. Based on this intuition, we suggest them to
constitute functional cores. As illustrated by Fig. 1
for E. coli and B. subtilis the distribution of SCCI
values demonstrates no clear discontinuity to dis-

Table 4. Comparison of small genomes with E. coli genome

W. brevipalips Buchnera aph. M. genitalium

No. of CDSs 617 504 484

E. coli homologous

genes

606 498 266

E. coli homologous

core genes

235 231 144
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criminate ‘‘core’’ from ‘‘non-core’’ genes in a princi-
pled manner.

To show that core genes are shared across transl-
ationally biased organisms and are proportional in
number across functional classes, we considered the
most biased 200 core genes as functional cores rep-
resentatives and compared them. A complete list of
functional classes and proteins appearing in func-
tional cores is given in Supplementary Table 2, and a
concise overview is described in Table 3 (displaying
approximately 82 functional subclasses characterized
by genes shared by > 9 microbes).

Genes Shared by Most Functional Cores

All functional genomic cores contain virtually com-
plete translation, transcription, and replication
machineries. All groups of chaperones are present.
The recombination and repair system is rudimentary
as is the cell division and chromosome partitioning
system. Among proteins involved in cellular processes
and signaling, posttranslational modification, secre-
tion, inorganic ion transport and, metabolism (with
superoxide dismutase, metal-ion binding proteins,
and phosphate-binding proteins) are well repre-
sented. Much less represented are signal transduction
mechanisms. Very well represented, but only in a few
organisms, are outer-membrane proteins and lipo-
proteins. Within metabolic activities, production and
conversion of energy and carbohydrate metabolism
are well represented. All enzymes involved in the
Embden-Meyerhof pathway and in the conversion of
pyruvate into coenzyme A and acetate occur in
functional cores. Inorganic pyrophosphatase, phos-
phate acetyltransferase, membrane-bound ATPase,
and sugar phosphotransferase system (PTS) proteins
occur in almost all functional cores. Amino acids and
nucleotide transport and metabolism are also very
well represented, whereas coenzyme metabolism,
lipid metabolism, secondary metabolism biosynthe-
sis, transport, and catabolism are poorly represented.

Genes Essential to Specific Living Conditions

A functional genomic core also collects genes that
play a role in the life of an organism performing
specific metabolic activities and living under specific
environmental conditions (possibly with a limited
amount of nutrients and in the presence of
adverse factors including competition (Koonin
2000)). Genome specificity was observable in all
functional cores we detected (see Supplementary
Table 3).

Photosynthesis. Synechocystis functional geno-
mic core contains phycobilisome proteins (such as
phycocyanin, allophycocyanin, degradation, and

linker polypeptide), photosystem I and II proteins,
fructose-1,6-bisphosphatealdolase and ferredoxin.
The presence of proteins involved in photosynthesis
within the most biased genes is a good indicator of
the known photosynthetic activity and life-style of
Synechocystis (Carbone and Madden 2005). These
genes are expected to appear in the functional geno-
mic core of all photosynthetic organisms and to
represent a necessary condition for a photosynthetic
organism to function properly.

Methane metabolism. Methanol-5 hydroxybenz-
imidazolylcobamideco methyltransferase, methyl
coenzyme M reductase, and methylcobamide methyl-
transferase isozyme M are among the most biased
genes in M. acetivorans, which uses methane metabo-
lism in an essential way. Within genes involved in
methylotrophic methanogenesis (Galagan et al. 2002),
four corrinoid proteins are core. Proteins involved in
acetoclasticmethanogenesis (Galagan et al. 2002), that
is, Ack, Pta, and (the three copies of) cdhA, are core
genes; the remaining genes in the cdh family (that is
cdhB, cdhC, cdhD, and cdhE) are also highly biased.

Ferredoxin. Among the most biased genes of the
archaea P. abyssi, we found ferredoxin, ferredoxin
oxidoreductase, and keto-valine-ferredoxin oxidore-
ductase y-chain. Ferredoxin appears to be the major
metabolic electron carrier in Pyrococci (Cohen et al.
2003; Silva et al. 2000; Schut et al. 2001; Ward et al.
2000).

Sporulation. The three Bacillus species—halodu-
rans, subtilis, and thuringiensis—present small acid-
soluble spore proteins (ssp family) that are involved
in sporulation within their functional genomic core.
B. subtilis functional core contains also spore coat
proteins (cotD, cotG, and cotN), a general stress
protein (gsiB), and a transcriptional regulator (abrB),
all of which are also involved in sporulation.

Metabolism of carbohydrates. Genes for trans-
port and metabolism of cellobiose, sucrose, and
b-glucoside are found within the functional genomic
core of S. mutans, which is capable of metabolizing a
wide variety of carbohydrates (Ajdić et al. 2002) but
not on the functional core of the other Streptococci
we considered. Also, S. mutans is able to convert
several sugar-alcohols to glycolytic intermediates,
and the genes for metabolism of mannitol were also
present in its functional core. Note that all Strepto-
cocci species contained genes for glucose, fructose,
mannose, and maltose and maltodextrin metabolism
in their functional core, and all species except
S. agalactiae contained galactose enzymes. This
example illustrates well how sensitive the method is to
detect functional differences even between closely
related species.
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Genes with Unknown Function

The number of genes with uncharacterized function
belonging to functional cores varies from organism to
organism and goes from as few as 5 in S. flexneri 2a
to up to 107 in B. bacteriovorus in the top 200 core
genes considered. As discussed later this is a partic-
ularly interesting set of genes because it likely pro-
vides important candidates in the search of genes with
specific functional activity.

Comparison With Data Issued by Comparative
Genomics

We compared our 27 functional genomic cores
(Table 3) against the two minimal gene sets proposed
in (Mushegian and Koonin (1996) and in (Charlebois
and Doolittle 2004). The remarkable fitting of the
data we found in both cases implies that most essential
genes constituting minimal gene sets are highly biased
in translationally biased organisms. The most repre-
sented functional classes of genes issued by comparing
M. genitalium with H. influenzae (Mushegian and
Koonin 1996) correspond to the most represented
functional classes in functional genomic cores (Ta-
ble 3). Some proteins were expected to be essential but
instead were found to be missing by Mushegian and
Koonin (l996), whereas occur in functional genomic
cores: In transcription, we observed a variety of sigma
factors, mainly rpoD and rpoE but also rpoH in E. coli
and Shighella and rpoF in Synechocystis. Termination
factors rho are also present in functional cores. All
groups of chaperones are present, hsp90 (htpG) in-
cluded; for energy metabolism, proteins occurring in
the PTS were detected. In translation, consistent with
Mushegian and Koonin (l996), no tRNA nucteot-
idyltransferase was found in functional cores, with the
exception of the archaea M. acetivorans.

Most prevalent genes computed from cross-phy-
lum analysis (that is, genes present in at least 80% of
genomes from each of the 14 bacterial (12) and ar-
chaeal (2) phyla of 170 prokaryotes considered) in
Charlebois & Doolittle (2004) appear in the func-
tional genomic cores of our 27 organisms (as illus-
trated Table 3 and in Supplementary Table 2).
Among these 71 prevalent genes, only a few do not
appear in any of the 27 functional genomic cores:
DNA polymerase III (dnaX), DNA primase (dnaG),
endonuclease III (nth), and topoisomerase IA (topA),
implicated in replication, recombination, and repair;
dimethyladenosine transferase (rRNA methylation,
ksgA) and histidyl-tRNA synthetase (hisS) in
translation; Xaa-Pro aminopeptidase (pepP) in
amino-acid transport and metabolism; xanthosine
triphosphate pyrophosphatase (yggV) in nucleotide
transport and metabolism; and preprotein translo-

case subunit (secY) in intracellular tracking and
secretion. Enlarging the number of core genes to 500
would allow recovery of topA, hisS, secY, ksgA, and
yggV as core genes for a few (<4) organisms, with a
dnaG-like primase appearing in P. abyssi. Functional
genomic cores contain RNA polymerase subunits
other than rpoB as well as many ribosomal proteins
that have not been detected in (Charlebois and
Doolittle 2004).

Comparison with Data Issued by Experiments Carried
out in E. coli

Experiments based on transposon mutagenesis
(Gerdes et al. 2003) have suggest that 625 genes of
the 3746 analyzed are essential for robust aerobic
growth of E. coli in rich media. Among the set of
genes found to be essential under this growth con-
dition and to be preserved in >80% diverse bacte-
rial genomes (Gerdes et al. 2003) (this accounts for
171 genes), we detected 40% of them within the first
200 most biased genes of E. coli and approximately
60% of them within a functional genomic core made
of 572 genes. Note that genes such as enolase (eno),
which is found universally present in genomes of all
kingdoms, were not considered essential by Gerdes
et al. (2003), whereas we know about its crucial role
in glycolysis and gluconeogenesis and that its mal-
functioning is likely to create difficult living condi-
tions. This gene is the third most biased gene in
E. coli and within the most biased ones for our 27
organisms. It belongs to all functional cores we
studied. Also, genes expressed under anaerobic
conditions, or genes involved in stress response and
DNA maintenance and repair, were not susceptible
to detection as essential by the experiments, but they
were numerically well represented in our core set.

Large-scale chromosomal deletion (Hashimoto
et al. 2005) allowed for a decrease of the E. coli
genome by 30% inducing cells to grow albeit with an
increased doubling time. The PEC database provides
the list of essential and nonessential genes in E. coli
that were identified after genome minimization: 234
coding sequences were essential; l860 were nones-
sential; and 900 genes were classified with unknown
behavior. Hundred and twenty nine essential genes,
278 nonessential ones, and 53 with unknown behav-
ior are core genes. Among the 278 core genes classi-
fied as nonessential, 74 genes are involved in stress
response. Sixty three core genes were deleted and do
not appear in the minimized genome, and most of
them are also stress response genes (32). In addition
to those, we found some outer-membrane proteins
that might be also induced in stress response, some
transport proteins, and genes with unknown or
putative function; no gene involved in stress
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response was detected as essential by the experimen-
tal methodology.

The high sensitivity of the comparison with dif-
ferent experimental methodologies is reflected in the
fact that only 144 essential genes of the PEC pool are
common to the 620 genes identified in Gerdes et al.
(2003) and that the essential genes detected in Gerdes
et al. (2003) are almost uniformly classified among
the essential, nonessential, and unknown PEC cate-
gories (as observed in Fang et al. [2005]). This, to-
gether with the highly favorable living conditions in a
laboratory setting, which are missing to a bacteria
thriving in the wild or competing with other organ-
isms (possibly mutants) for limited resources, fits with
the finding that only 53.63% of the genes common to
the two experimental pools are core. In fact, our
computational method (see also Fang et al. [2005])
provides many genes that are not directly involved in
growth, but rather in conditions of starvation or
stress, and genes whose loss may lead to such a lower
degree of fitness that their deletion will never be fixed
in natural populations.

Comparison with Data Issued by Systematic
Inactivation in B. subtilis

A systematic inactivation of B. subtilis genes, through
several vectors constructed to perform insertional
mutagenesis in the chromosome, was carried out (on
a rich medium) and lead to the detection of 248
essential genes (Kobayashi et al. 2003). We compared
the 519 B. subtilis functional core genes (detected with
SCCI >0.44; see Supplementary Table 4) with the
248 essential genes and found 126 of them to be core.
Most genes involved in the Embden-Meyerhof-Par-
nas pathway are core genes, and this is in agreement
with their unexpected essentiality as argued in Ko-
bayashi et al. (2003), where these enzymes are pro-
posed as candidates for novel and unexpected
functions in the cell. Core genes such as pgm (phos-
phoglycerate mutase) and eno (enolase), whose ab-
sence is known to induce slow growth in B. subtilis
(Illades-Aguiar & Setlow 1994), were identified as
essential.

Comparison with Small Parasitic Genomes

If the genetic patrimony of all organisms constitutes
only a part of the set of essential genes, then com-
parison of small genomes with their closely related
translationally biased organisms, although living in
different environments, should identify these genes.
We compared E. coli genome against two small c-
proteobacteria genomes, Buchnera aphildicola str Bp
and Wigglesworthia brevipalpis, that have been
proven (Gil et al. 2002; Akman et al. 2002) to be

phylogenetically close to E. coli. Because of their
minimal size and high similarity to E. coli, we expect
them to contain a large number of core genes of E.
coli. Results (summarized in Table 4) support the use
of SCCI values as discriminators of essentiality in
translationally biased genomes as well as the idea that
the notion of minimality is intrinsically related to
life–style. In fact, Buchnera aph. displays 498 of its
504 genes as homologous to E. coli genes (Gil et al.
2002; vanHam et al. 2003), and among those half
(231) are genes with high SCCI value in E. coli. The
genetic difference between the currently existing
Buchnera aph. and E. coli shows the difference of
living environments between them, one being a sym-
biont living in a cell and the other a free-living
organism. For this, one should expect some core
genes to be specific to Buchnera aph. Also, new
findings show that this genome is still experiencing a
reductive process toward a minimum set of genes
necessary for its symbiotic lifestyle (Gil et al. 2002).
This evidence supports our hypothesis that essential
genes should be sought within highly biased genes.

The genome of W. brevipalpis, the primary endo-
symbiont of tsetse flies, displays 606 of 617 genes as
homologous to E. coli genes, and, among these 235
genes have high SCCI in E. coli. It contains, in
addition to genes for parasitic life, a subset of genes
of free-living bacteria, such as the enteric E. coli and
S.typhimurium (Akman et al. 2002). Although Buch-
nera aph. and W. brevipalpis share apparent func-
tional and evolutionary similarities with regard to
their symbiotic association with their insect hosts,
their genetic blueprints are quite different: W. brevi-
palpis shares only 381 of its CDSs with Buchnera aph.,
and these mostly represent the indispensable house-
keeping genes. Among these genes, 190 have high
SCCI in E. coli. Only 45 genes are shared between
W. brevipalpis and E. coli but not Buchnera aph. and
have high SCCI in E. coli; they code mostly for
proteins participating in the synthesis of products
involved in cellular processes, cell structure, fatty-
acid metabolism, and, especially, biosynthesis of co-
factors. Only 45 genes are shared between Buchnera
aph. and E. coli but not W. brevipalpis and have high
SCCI in E. coli. They code for proteins involved in
biosynthesis of amino acids, in glycolysis, for com-
ponents of the PTS system, and for nicotinamide
adenine dinucleotide dehydrogenase subunits. These
findings are in agreement with the analysis of Zientz
et al. (2004), who reported these metabolic pathways
as being the main differences between the two species.

By comparing M. genitalium with Buchnera aph.
we found 189 homologous genes, and more than two
thirds of these genes (129) had high SCCI value in E.
coli. Comparison of the firmicutes M. genitalium with
B. subtilis yielded 330 homologous genes, of which
143 are core genes in B. subtilis.
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Essential Cellular Functions in Archaea

The clear split between bacterial and eukaryotic
components of archaeal genomes (Koonin et al. 1997;
Makarova et al. 2003) suggests verification of the
origin of the proteins contained in the functional
genomic core of archaeal genomes. Among the 200
most biased proteins in P. abyssi, 54 occured in
bacteria, 35 in eukaryotes, 80 in both bacteria and
eukaryotes, and 23 exclusively in archaea (the
remaining 8 were not classified in COG). Proteins
having only eukaryotic homologues are involved in
translation and associated functions, and those with
only bacterial homologues are involved in metabolic
functions, confirming, for proteins lying in functional
cores, the observation made by Koonin (2003) for
minimal gene sets. Based on the splitting of protein
origins, no conclusion can be drawn on the origin of
archaeal species.

Conclusion

Comparison among functional cores is useful in
understanding differences among organisms. We ob-
served that there is no ubiquitous set of genes
appearing as part of any universal core; instead there
is much variability within functional classes, with
some functions (or genes) more represented across
species than others. Informational and operational
genes are both represented in functional genomic
cores, and all functional classes are represented by at
least a few genes that are largely spread among spe-
cies. Translational and transcriptional classes contain
many more of these largely spread genes than other

functional classes (Table 3). These observations cor-
respond closely to the outcome of the analysis pro-
posed in Mushegian and Koonin (1996) on
M. genitalium and H. influenzae, and one could argue
that any genome comparison between two sufficiently
distant organisms sharing the same environmental
conditions and physiology could lead to the detection
of those genes that are essential for survival. Al-
though in principle this is true, the comparative ap-
proach demands biological knowledge of the two
organisms in question and, most of all, a clear defi-
nition of ‘‘distance’’ between organisms, whereas our
method output minimal sets of genes on a single
genome without the need for comparative study or
any biological knowledge of the organism.

Within a functional core, some genes have un-
characterized function. Because of the putative
essentiality of core genes, such uncharacterized se-
quences are likely to be relevant for understanding
basic molecular mechanisms governing the cell, in
agreement with the discussion in Hutchison et al.
(1999). Comparison of different functional cores
might be used in guiding functional annotation of
uncharacterized core genes. For instance, among un-
characterized genes for organisms with a less-known
life-style than E. coli (which shares 66 functional
classes with at least 8 other organisms; Table 3), one is
likely to find examples of nonorthologous gene dis-
placement, that is, proteins that are distantly related
or nonorthologous but that share a function with
those in the E. coli functional core (Koonin 2003). In
the same spirit, the absence of expected enzymes for
an organism (Table 5) allows proposition of unchar-
acterized genes as participating in putative metabolic
pathways. These suggestions are likely to be helpful in

Table 5. No. of enzymes belonging to the functional genomic core of 27 organisms

Enzymes Aci Bha Bsu Bth Bba Cdi Efa Eca Eco Hin Lpl Lla Mac Pmu Plu Pab Sty Sat Son Sfl Sag Smu Spn Spy Syn Vch Ype

Synthases 18 7 8 23 9 16 10 20 23 15 12 16 23 13 21 19 22 22 22 26 14 14 18 14 7 19 13

Dehydrogenases 8 9 6 16 8 11 8 8 7 10 8 9 17 8 10 10 7 6 13 6 8 9 9 7 4 8 8

Transferases 5 4 6 9 2 3 7 9 10 11 12 13 12 7 6 7 10 13 3 10 14 17 22 13 1 9 9

Kinase/mutase 3 4 5 10 2 7 6 7 12 8 7 7 4 8 8 1 11 11 6 11 8 6 8 8 5 8 8

Isomerases 3 3 3 3 2 1 4 5 8 5 5 7 3 3 5 1 6 6 4 7 3 3 6 5 2 4 6

Reductases 3 3 1 1 3 9 7 8 2 3 8 7 5 9 3 5 5 8 5 5 2 2 3 9 4

Transporters 1 8 6 2 1 6 5 6 3 5 3 1 2 2 3 7 5 14 4 1 8 4

Phosphatase/

phosphorilase

2 1 3 1 2 1 2 3 5 1 3 4 2 4 4 3 3 4 1 2 5 2 2

Helicases 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Hydratases/

dehydratases

3 2 1 1 2 2 2 2 2 1 2 1 1 1 1 2 1 2 1 2

Oxidases 2 1 1 1 1 1 1 1 2 2 2 1 1 1 1

Lyases 2 1 2 1 2 2 1 2 3 1 1 1 1 1

Proteases 1 1 1 2 1 2 1 1 1 1 1 1 2 3 1 2 1 1

DNA-gyrases 1 2 2 1 2 2 1 1

Hydrolases 1 2 1 1 1 1 1 1 2 1 2

Ligases 1 1 2 1 1 1 1 1

Hydrogenases 3 1 1
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guiding experiments, especially for those microbes
about which little is known of their living environment
and whose annotation is poor.

Supplementary Material

Supplementary Table 1: A list of 200 most biased
genes with position, SCCI value and functional
annotation for the 27 organisms listed in the legend
of Table 3.
Supplementary Table 2: Complete set of data allow-
ing the construction of Table 3. A list of proteins is
associated to each functional class.
Supplementary Table 3: List of genes with only a
predicted function (classified as R and S in COG).
Genes have been organized in COG classes.
Supplementary Table 4: A list of 27 organisms for
which max and min SCCI value of genes in functional
cores, mean and standard deviation of SCCI distri-
bution over the whole genome, sum of mean and
standard deviation used to determine the size of the
corresponding functional cores are given.
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