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Evolution of gene order conservation in prokaryotes
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Abstract

Background: As more complete genomes are sequenced, conservation of gene order between
different organisms is emerging as an informative property of the genomes. Conservation of gene
order has been used for predicting function and functional interactions of proteins, as well as for
studying the evolutionary relationships between genomes. The reasons for the maintenance of
gene order are still not well understood, as the organization of the prokaryote genome into
operons and lateral gene transfer cannot possibly account for all the instances of conservation
found. Comprehensive studies of gene order are one way of elucidating the nature of these
maintaining forces. 

Results: Gene order is extensively conserved between closely related species, but rapidly
becomes less conserved among more distantly related organisms, probably in a cooperative
fashion. This trend could be universal in prokaryotic genomes, as archaeal genomes are likely to
behave similarly to bacterial genomes. Gene order conservation could therefore be used as a valid
phylogenetic measure to study relationships between species. Even between very distant species,
remnants of gene order conservation exist in the form of highly conserved clusters of genes. This
suggests the existence of selective processes that maintain the organization of these regions.
Because the clusters often span more than one operon, common regulation probably cannot be
invoked as the cause of the maintenance of gene order.

Conclusions: Gene order conservation is a genomic measure that can be useful for studying
relationships between prokaryotes and the evolutionary forces shaping their genomes. Gene
organization is extensively conserved in some genomic regions, and further studies are needed to
elucidate the reason for this conservation.
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Results and discussion
Conservation of gene order in evolution
General trends in gene order conservation
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Figure 1
Conservation of gene order in prokaryotic genomes in
relation to phylogenetic distance, measured as the number
of substitutions in SSU rRNA. Each point represents a pair
of species. (a) Results for all species. (b) Same plot as in (a),
but with Archaea removed and values for some bacterial
species highlighted.
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Figure 2
Conservation of gene order between all prokaryotic species
in relation to phylogenetic distance, estimated by means of
phylogenies of universal conserved proteins. Each point
represents a pair of species.
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Figure 3
Conservation of gene order in relation to common gene
content within and between prokaryotic domains. Each
point represents a pair of species. (a) Results for all species.
(b) Same plot as in (a), but with Archaea removed and
values for some bacterial species highlighted.
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Figure 4
Gene order conservation in the species studied, using (a) Escherichia coli and (b) Xylella fastidiosa as a reference. Position in
the reference genome means number of genes from minute zero. Individual species are plotted in the y axis and are ordered
according to their phylogenetic distance (estimated by SSU rRNA substitutions) to the reference species. The more closely
related species are shown lower down and more distantly related species higher up the axis. Species names are listed in
Table 2. Blue dots indicate genes belonging to conserved runs for each species. A horizontal green line separates Bacteria
from Archaea. (a) For E. coli, yellow lines show the regions with especially high conservation of gene order. A detailed study
of these regions can be found in Table 1. The origin and terminus of replication are marked O and T, respectively, at the
bottom of the graph. (b) For X. fastidiosa, red lines indicate regions of high frequency of unique genes [25]. A low degree of
gene order conservation was found in these regions.
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Table 1 

The most conserved runs of genes, using the E. coli genome as reference

Position* Gene % Conservation† Function Functional class‡

Group 1

81 yabB 30 Hypothetical Unknown

82 yabC 48 Putative apolipoprotein Unknown

84 ftsI 45 Septum formation Cellular processes (cell division)

85 murE 48 Meso-diaminopimelate-adding enzyme Cell envelope

86 murF 45 D-alanine:D-alanine-adding enzyme Cell envelope

87 mraY 45 Phospho-N-acetylmuramoyl-pentapeptide transferase Cell envelope

88 murD 45 UDP-N-acetylmuramoylalanine-D-glutamate ligase Cell envelope

89 ftsW 39 Membrane protein involved in shape determination Cell envelope  

90 murG 52 UDP-N-acetylglucosamine:N-acetylmuramyl- (pentapeptide) Cell envelope
pyrophosphoryl-undecaprenol N-acetylglucosamine transferase

91 murC 33 L-alanine-adding enzyme, UDP-N-acetyl-muramate:alanine ligase Cell envelope

92 ddlB 21 D-alanine-D-alanine ligase B Cell envelope

93 ftsQ 18 Ingrowth of wall at septum Cellular processes (cell division) 

94 ftsA 30 Cell division protein; septation process; associated with Cellular processes (cell division)
junctions of inner and outer membranes

95 ftsZ 27 Cell division; forms circumferential ring; tubulin-like Cellular processes (cell division)

Group 2

169 rpsB 39 30S ribosomal subunit protein S2 Translation

170 tsf 48 Protein chain elongation factor EF-Ts Translation

171 pyrH 45 Uridylate kinase Purines, pyrimidines, nucleosides 
and nucleotides

172 frr 52 Ribosome-releasing factor Translation

173 yaeM 30 Putative ATP-binding component of a transport system Unknown

Group 3

176 yaeL 21 Hypothetical Unknown

177 yaeT 18 Hypothetical Unknown

178 hlpA 12 Histone-like protein Cell envelope

179 lpxD 21 UDP-3-O-(3-hydroxymyristoyl)-glucosamine N-acyltransferase; Fatty acid and phospholipid 
third step of endotoxin (lipidA) synthesis metabolism

180 fabZ 21 (3R)-hydroxymyristol acyl carrier protein dehydratase Fatty acid and phospholipid 
metabolism

Group 4

428 tig 39 Trigger factor; molecular chaperone involved in cell division Cellular processes (chaperones)

429 clpP 36 ATP-dependent proteolytic subunit of clpA-clpP serine Cellular processes (chaperones)
protease, heat-shock protein F21.5 

430 clpX 42 ATP-dependent specificity component of clpP serine protease, Cellular processes (chaperones)
chaperone

431 lon 21 DNA-binding, ATP-dependent protease La; heat-shock Cellular processes (chaperones)
K-protein

Group 5

1064 fabH 27 3-Oxoacyl-[acyl-carrier-protein] synthase III; acetylCoA Fatty acid and phospholipid 
ACP transacylase metabolism

1065 fabD 39 Malonyl-CoA-[acyl-carrier-protein] transacylase Fatty acid and phospholipid 
metabolism

1066 fabG 52 3-Oxoacyl-[acyl-carrier-protein] reductase Fatty acid and phospholipid 
metabolism

1067 acpP 42 Acyl carrier protein Fatty acid and phospholipid 
metabolism

1068 fabF 21 3-Oxoacyl-[acyl-carrier-protein] synthase II Fatty acid and phospholipid 
metabolism
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Table 1 (continued)

Position* Gene % Conservation† Function Functional class‡

Group 6

1680 himA 21 Integration host factor (IHF), alpha subunit Unknown

1681 pheT 21 Phenylalanine tRNA synthetase, beta-subunit Translation

1682 pheS 33 Phenylalanine tRNA synthetase, alpha-subunit Translation

1684 rplT 39 50S ribosomal subunit protein L20, and regulator Translation

1685 rpmI 15 50S ribosomal subunit protein A Translation

1686 infC 39 Protein chain initiation factor IF-3 Translation

1687 thrS 24 Threonine tRNA synthetase Translation

Group 7

1978 hisG 30 ATP phosphoribosyltransferase Amino acid biosynthesis

1979 hisD 33 L-histidinal:NAD+ oxidoreductase Amino acid biosynthesis

1980 hisC 24 Histidinol-phosphate aminotransferase Amino acid biosynthesis

1981 hisB 15 Imidazole glycerol phosphate dehydratase and Amino acid biosynthesis
histidinol-phosphate phosphatase

1982 hisH 33 Glutamine amidotransferase Amino acid biosynthesis

1983 hisA 33 N-(5’-phospho-L-ribosyl-formimino)-5-amino-1- Amino acid biosynthesis
(5’- phosphoribosyl)-4-imidazolecarboxamide isomerase

1984 hisF 33 Imidazole glycerol phosphate synthase Amino acid biosynthesis

1985 hisI 24 Phosphoribosyl-AMP cyclohydrolase; phosphoribosyl-ATP Amino acid biosynthesis
pyrophosphatase

Group 8

2553 rplS 42 50S ribosomal subunit protein L19 Translation

2554 trmD 42 tRNA methyltransferase; tRNA (guanine-7-)-methyltransferase Translation

2555 yfjA 36 Hypothetical protein Unknown

2556 rpsP 39 30S ribosomal subunit protein S16 Translation

2557 ffh 24 GTP-binding export factor binds to signal sequence Cellular processes (SRPs)

Group 9

3096 pnp 24 Polynucleotide phosphorylase; cytidylate kinase Transcription

3097 rpsO 21 30S ribosomal subunit protein S15 Translation

3098 truB 18 tRNA pseudouridine 5S synthase Translation

3099 rbfA 21 Ribosome-binding factor A Translation

Group 10

3113 yhbZ 30 Putative GTP-binding factor Unknown

3115 rpmA 36 50S ribosomal subunit protein L27 Translation

3116 rplU 36 50S ribosomal subunit protein L21 Translation

Group 11

3210 def 24 Peptide deformylase Cellular processes (protein 
biosynthesis)

3211 fmt 24 10-Formyltetrahydrofolate:L-methionyl-tRNA(fMet) Cellular processes (protein 
N-formyltransferase biosynthesis)

3212 sun 21 Hypothetical protein Unknown

Group 12

3217 rplQ 73 50S ribosomal subunit protein L17 Translation

3218 rpoA 76 RNA polymerase, alpha subunit Transcription

3219 rpsD 39 30S ribosomal subunit protein S4 Translation

3220 rpsK 76 30S ribosomal subunit protein S11 Translation

3221 rpsM 76 30S ribosomal subunit protein S13 Translation

3222 rpmJ 42 50S ribosomal subunit protein L36 Translation

3223 prlA 70 Putative ATPase subunit of translocase Cellular processes (translocation)

3224 rplO 15 50S ribosomal subunit protein L15 Translation

3225 rpmD 33 50S ribosomal subunit protein L30 Translation
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Table 1 (continued)

Position* Gene % Conservation† Function Functional class‡

3226 rpsE 73 30S ribosomal subunit protein S5 Translation

3227 rplR 64 50S ribosomal subunit protein L18 Translation

3228 rplF 70 50S ribosomal subunit protein L6 Translation

3229 rpsH 82 30S ribosomal subunit protein S8, and regulator Translation

3230 rpsN 27 30S ribosomal subunit protein S14 Translation

3231 rplE 88 50S ribosomal subunit protein L5 Translation

3232 rplX 58 50S ribosomal subunit protein L24 Translation

3233 rplN 88 50S ribosomal subunit protein L14 Translation

3234 rpsQ 67 30S ribosomal subunit protein S17 Translation

3235 rpmC 24 50S ribosomal subunit protein L29 Translation

3236 rplP 76 50S ribosomal subunit protein L16 Translation

3237 rpsC 82 30S ribosomal subunit protein S3 Translation

3238 rplV 58 50S ribosomal subunit protein L22 Translation

3239 rpsS 70 30S ribosomal subunit protein S19 Translation

3240 rplB 82 50S ribosomal subunit protein L2 Translation

3241 rplW 33 50S ribosomal subunit protein L23 Translation

3242 rplD 73 50S ribosomal subunit protein L4 Translation

3243 rplC 76 50S ribosomal subunit protein L3 Translation

3244 rpsJ 61 30S ribosomal subunit protein S10 Translation

Group 13

3263 fusA 61 GTP-binding protein chain elongation factor EF-G Translation

3264 rpsG 61 30S ribosomal subunit protein S7, initiates assembly Translation

3265 rpsL 61 30S ribosomal subunit protein S12 Translation

Group 14

3621 recF 21 ssDNA and dsDNA binding, ATP binding Replication

3622 dnaN 27 DNA polymerase III, beta-subunit Replication

3623 dnaA 27 Initiation of chromosome replication Replication

Group 15

3646 pstB 27 ATP-binding component of high-affinity phosphate-specific Transport and binding
transport system

3647 pstA 24 High-affinity phosphate-specific transport system Transport and binding

3648 pstC 33 High-affinity phosphate-specific transport system, Transport and binding
cytoplasmic membrane component

3649 pstS 24 High-affinity phosphate-specific transport system; Transport and binding
periplasmic phosphate-binding protein

Group 16

3652 atpC 24 Membrane-bound ATP synthase, F1 sector, epsilon-subunit Energy metabolism

3653 atpD 48 Membrane-bound ATP synthase, F1 sector, beta-subunit Energy metabolism

3654 atpG 52 Membrane-bound ATP synthase, F1 sector, gamma-subunit Energy metabolism

3655 atpA 52 Membrane-bound ATP synthase, F1 sector, alpha-subunit Energy metabolism

3656 atpH 39 Membrane-bound ATP synthase, F1 sector, delta-subunit Energy metabolism

3657 atpF 30 Membrane-bound ATP synthase, F0 sector, subunit b Energy metabolism

3659 atpE 30 Membrane-bound ATP synthase, F0 sector, subunit a Energy metabolism

Group 17

3880 nusG 58 Component in transcription antitermination Transcription

3881 rplK 67 50S ribosomal subunit protein L11 Translation

3882 rplA 67 50S ribosomal subunit protein L1 Translation

3883 rplJ 45 50S ribosomal subunit protein L10 Translation

3884 rplL 48 50S ribosomal subunit protein L7/L12 Translation

3885 rpoB 42 RNA polymerase, beta subunit Transcription

3886 rpoC 39 RNA polymerase, beta prime subunit Transcription
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Table 1 (continued)

Position* Gene % Conservation† Function Functional class‡

Group 18

4090 rpsF 24 30S ribosomal subunit protein S6 Translation

4092 rpsR 24 30S ribosomal subunit protein S18 Translation

4093 rplI 24 50S ribosomal subunit protein L9 Translation

*Location of the gene in the genome, expressed in absolute number of genes from minute zero. †Percentage of conservation of gene order with respect
to other genomes, expressed as the ratio between the number of times that the gene is conserved in the run and the total number of times that the
gene is present. ‡The functional class is a general assignment of function as provided by the EUCLID system. Arrows in the right part of the figure
indicate operons. Red tips in the arrows indicate that the operon continues in that direction, therefore containing genes not included in the run. Only
operons for which experimental evidence is available are considered. 

Table 2

Species used in this study

Bacteria Archaea

AA: Aquifex aeolicus AF: Archaeoglobus fulgidus

BB: Borrelia burgdorferi AP: Aeropyrum pernix

BH: Bacillus halodurans HS: Halobacterium sp.

BS: Bacillus subtilis MJ: Methanococcus jannaschii

BU: Buchnera sp. MH: Methanobacterium 
thermoautotrophicum

CJ: Campylobacter jejuni PB: Pyrococcus abyssi

CM: Chlamydia muridarum PH: Pyrococcus horikoshii

CP: Chlamydia pneumoniae strain TA: Thermoplasma acidophilum
CWL029

CN: Chlamydia pneumoniae strain AR39

CT: Chlamydia trachomatis

DR: Deinococcus radiodurans

EC: Escherichia coli

HI: Haemophilus influenzae Rd

HP: Helicobacter pylori strain 26695

MG: Mycoplasma genitalium

MP: Mycoplasma pneumoniae

MT: Mycobacterium tuberculosis

NM: Neisseria meningitidis serogroup A

NB: Neisseria meningitidis serogroup B 

PA: Pseudomonas aeruginosa

RP: Rickettsia prowazekii

SS: Synechocystis sp.

TM: Thermotoga maritima

TP: Treponema pallidum

UU: Ureaplasma urealyticum

VC: Vibrio cholerae

XF: Xylella fastidiosa
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