J Mol Evol (1997) 45:467-472

JOURNAL OF uLECUIAR
EVOLUTION

© Springer-Verlag New York Inc. 1997

Conserved Gene Clusters in Bacterial Genomes Provide Further Support for
the Primacy of RNA

Janet L. Siefert, Kirt A. Martin, Fadi Abdi, William R. Widger, George E. Fox

Department of Biochemical and Biophysical Sciences, 3201 Cullen Blvd., University of Houston, Houston, TX 77204-5934, USA

Received: 10 March 1996 / Accepted: 20 May 1997

Abstract. Five complete bacterial genome sequencedures of macromolecules and their assemblies and the
have been released to the scientific community. These irlinear sequence of the DNA. With the progress now be-
clude four (eu)BacteriaHaemophilus influenzae, Myco- ing made by whole-genome sequencing projects, the lat-
plasma genitalium, M. pneumoniaand Synechocystis ter source of information is being accessed at an unprec-
PCC 6803, as well as one Archaedfethanococcus jan- edented rate. Already, the complete genome sequences
naschii.Features of organization shared by these genomesf four Bacteria,Haemophilus influenza@~leischmann
are likely to have arisen very early in the history of the et al. 1995) Mycoplasma genitaliurtFraser et al. 1995),
bacteria and thus can be expected to provide further insigh¥l. pneumonia€Himmelreich et al. 1996), anSynecho-
into the nature of early ancestors. Results of a genomeystis PCC 6803 (Kaneko et al. 1996), and one Ar-
comparison of these five organisms confirm earlier obserchaeon,Methanococcus jannasch{Bult et al. 1996),
vations that gene order is remarkably unpreserved. Thereave been released to the scientific community. Within
are, nevertheless, at least 16 clusters of two or more genéise next year it is possible that at least 20 more bacterial
whose order remains the same among the four (eu)Bactergenomes will be completed, annotated, and accessible.
and these are presumed to reflect conserved elements Gbomparison of these genomes will have far-reaching im-
coordinated gene expression that require gene proximitypact upon our understanding of the evolutionary history
Eight of these gene orders are essentially conserved in thef bacteria. For example, it will be possible to identify
Archaea as well. Many of these clusters are known to bénow many distinct gene families exist, and the history of
regulated by RNA-level mechanisms litscherichia coli, each of these genes families will gradually be deci-
which supports the earlier suggestion that this type of reguphered. Moreover, the focus of many studies will gradu-
lation of gene expression may have arisen very early. Wally change from the evolutionary history of individual
conclude that although the last common ancestor may havgenes to the history of genomes. At present, the analysis
had a DNA genome, it likely was preceded by progenote®f genome sequence data is in its infancy, and much of
with an RNA genome. the published analysis focuses on preliminary issues such
as gene identification and annotation, etc. This study
Key words: Genomics — Gene regulation — RNA represents an initial attempt to understand what can be
world — Progenote learned about early genomes from local gene order con-
servation.

Introduction

Methods and Results
Two major repositories of evolutionary history reside in
extant organisms. These are the three-dimensional StrUGsitially, the complete sequence of thd. genitalium genome was
compared to that of. influenzaeby listing each gene in order of
occurrence in théVl. genitaliumgenome with the location (i.e., gene
Correspondence tdG.E. Fox; e-mail: fox@uh.edu number) of the equivalent gene k. influenzae When two or more
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Table 1. Conserved gene clustérs

Type of
Group Short name, gene names regulation Other organisms Domain conservation
| 1. 16S, 23S, 5S rRNAs RNA, DNA B. subtilis,other Gram +, Bacteria/Archa¢a
Borrelia burgdorferi
2. S1¢ “operon” (rps10, rpl3, RNA E. coli, B. subtilis, Bacteria/Archaet
rpl4, rpl23, rpl2, rpsl9, rpl22, Thermotoga maritima
rps3, rpll6, rpl29, rpsly
3. Str “operon” (rps12, rps7, RNA E. coli, B. subtilis Bacteria/Archaea
fush
4. Sp€ “operon” (rpll4, rpl24, RNA E. coli, B. subtilis Bacteria/Archaea
rpl5, rpsl4, rps8, rpl6, rpll8,
rps5, rpl30, rpll5, secy
5. L13 “operon” (rps9, rpll3 Not known E. coli, B. subtilis Bacteria/Archaea
6. L11 “operon” (rpl11, rpl1) RNA E. coli, B. subtilis, T. maritima Bacteria
7. Alphd “operon” (rps13, RNA E. coli, B. subtilis Bacteria
rpsli, rpoA, rplly
8. L35 “operon” (infC, rpl35, RNA E. coli, B. subtilis Bacteria
rpl20)
9. L34 “operon” (rpl34, rnpA Not known E. coli, B. subtilis, B. Bacteria
burgdorferi, other Gram+
10. L21/L27 ¢pl21, rpl27) Not known E. coli Bacteria
11. L10 “operon” (rpl10, rpl12) RNA E. coli, B. subtilis, B. Bacteria/Archaeh
burgdorferi, other Gram+
Il 12. ATPaseS(atpB, atpE, atpF RNA B. subtilis Bacteria/Archaea
atpH, atpA, atpG, atpD, atpC
I} 13. Beta “operon” (RNA RNA B. subtilis,other Gram+ Bacteria/Archaea
polymerase) rpoC, rpoB
14. Initiation factor QusA, infB RNA B. subtilis, E. coli, Thermus Bacteria
aguaticus
\Y 15. Spermidine/putrescine Not known E. coli Bacteria
Transport potA, potB, pot®
\% 16. Chaperonesg¢oEL, groES RNA, DNA B. subtilis,other Gram+ Bacteria

2Conserved gene clusters identified in this study are numbered 1 through 16 and categorized in five groups according to gene function as stu
in E. coli. Clusters 1-11 in group | are primarily RNA and protein constituents of the ribosome. Group Il contains cluster 12, whose genes a
involved in energy metabolism, e.g., the component of the ATP proton motive force interconversion enzyme, ATP synthase. The genes code
the hydrophilic B unit which catalyzes the synthesis of ATP and membrane-bound hydrophgbittFwhich forms the proton channel. Genes

in group Il are involved in RNA synthesis, modification, transcription, and translation. Cluster 13 codes fprahé 3’ subunits of the
DNA-dependent RNA polymerase. Cluster 14 codes for NusA, which modulates the rate of chain synthesis and IF-2, which binds tRNA to t
ribosome complex during initiation of or protein synthesis. In addition it should be noted that cluster 7 includes the gene: feukiheit of
DNA-dependent RNA polymerase. Cluster 15, in group 1V, is a member of the superfamily of periplasmic binding-protein-dependent (BDP) ar
ATP-binding cassette (ABC) transporters, e.g., traffic ATPases which transport polyamines into the cell. Group V contains cluster 16, which coc
for the molecular chaperones GroEL and GroES. The second column indicates whether the gene expression in taeoctdise fgulated at the

RNA or DNA level. The third column indicates other organisms in which the gene order is known to occur and the last column indicates the exte
to which phylogenetic conservation of the gene order exists

b rsp10is not in this cluster irSynechocystiPCC 6803

¢In SynechocystiPCC 6803rpsl4has been relocated elsewhere and a homolapl8D has not been identified

drps4is frequently found betweerps11andrpoA

¢infC is not located immediately upstream Synechocysti®CC 6803

fThe order inSynechocystiPCC 6803 isatpH, atpG, atpF, atpD, atpA, atp@ith atpB andatpE located elsewhere

9 The match with Archaea has exceptions or unusual features

equivalent genes were adjacent in both genomes it was recorded asca not found. In addition, several of the ribosomal protein gene clusters
cluster. This process was repeated for itheénfluenzaeand Synecho-  frequently associate into large contiguous clusters in the various or-
cystispair. Because the three organisms are phylogenetically distantlyganisms. Herein, we consider the largest units of these ribosomal pro-
related M. genitaliumandM. pneumonia@re considered as essentially tein gene clusters whose order is conserved among the genomes ex-
a single taxonomic representative in this study), it was considerecamined to be separate clusters. Thus, 16 highly conserved gene clusters
likely that clusters of genes which occurred in both comparisons wouldwere identified. In Table 1, the 16 clusters are grouped according to
be conserved throughout the (eu)Bacteria. Additional gene order datgene functions assigned to them kn coli (Neidhardt 1996). These
was sought for each of these clusters and was found in many cases mesults extend an earlier study (Mushegian and Koonin 1996a) that
partially sequenced genomes suchEagoli andBacillus subtilis.Oc- reached similar conclusion based on a smaller data set. The two largest
casional anomalies exist in the larger ribosomal protein gene clusters iglusters each contain 11 ribosomal protein genes; the rest are smaller,
that in some cases, individual proteins are in either aberrant positionsanging from two to eight genes. Although the gene order within each
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Table 2. Gene clusters found either in titaemophilus/Mycoplasmeomparison or thédaemophilus/Synechocystismparison, but not both

Cluster

Organism and gene number

Other organisms

M. genitalium/M. pneumoniae
(580,000/800,000 bp)

Synechocystis
PCC 6803
(3,570,000 bp)

H. influenzae
(1,830,00 bp)

rps6, rpsl8, rpl9 090,092-093/ 545-544 Not conserved E. coli
G07_215,104b,149
rps16, trmD, rpl19 444-446/K05119,210,88 201-202,204 Not conserved  E. coli
moaA, moaC, moaE Genes not found 1676, 1675, 1673 slr0901-0903 E. coli
oppB, dciAC, amiE, amiF ~ 077-080/ 1123-1120 No data ooppB,
G07_376,389a,423,851 dciAC
secD, secF Genes not found 240, 239 slr0774,slr0775  Mycobacterium tuberculosis,
Streptococcus coelicolor, E.
coli
secE, nusG seckot found 716,717 ssl3335, ssl1739  Desulfurolobus ambivalens, B.
subtilis, Other Gram+,
Rickettsia prowazekii, E.
coli
clpX, clpP Genes not found 715,714 sll0535, sll0534
dnaJ, dnaK Order not conserved 1237,1238 sll1933, sli1932 B. stearothermophilus, B.
subtilis, Mycoplasma
capricoleum
pdhD, pdhC, pdhB 271-273/F11457,402,327 1231-1233 slr1841, all1721 B. subtilis,other Gram+,
Acholeplasma laidlawii
dnaA, dnaN 469-001/order not conserved 993-992 Order not E. coli, B. subtilis, Borrelia
conserved burgdorferi
fruA, fruk 062—-063/R02694,300 446-447 fruA not found Xanthomonas campestris
pheS, pheT 194-195/C09341,808 1311-1312 Order not E. coli, other Gram-B.
conserved subtilis
parC, parE 203-204/C09789,635 1529-1528 Genes not found Streptococcus pneumoniae
prfA, hemB 258-259/H91359v,453 1561, 1559 Order not Salmonella typhimurium
conserved

2Gene numbers are as designated by the investigators of each genome. Other organisms known to have the indicated gene order are indicatec
clusterssecE, nus@ndsecD, secFare widely conserved across bacterial lineages with the exception of the myscoplasmas and may well be bett:
regarded as members of Table 1, but have been placed here for consistency of definition. The pyruvate dehydrogenase cluster is of special int
The ordempdhB, pdhC, pdhDs widely conserved. In the case 8fnechocystiBCC 6803dhBandpdhCare still neighbors in the genome but are
now encoded on opposite strands and hence are not considered as forming a conserved cluster in the sense used here

cluster is highly conserved, no obvious evidence was found for confnoniaecomparison as those organisms are intracellular
servation of cluster order betweéh influenzaeand M. genitalium. parasites with a reduced set of genes. They may have lost
T e et b > Sy sioalEne clisers lte in evoluion that have nevertheless
severalyof thepclusters. Finallyc,] we searched for each cIuZter gi]n th?e‘?‘?e” Wldel,y conserve-d. Although the gene Cll_JSterS iden-
tified here likely contain many of the most ancient genes,

it is clear that we have not sought in this study to identify
all the primitive genes—only those whose gene expres-
sion is likely to be coordinated in a way that requires
spatial proximity in the genome.

The conserved gene clusters are arranged in five
groups (Table 1). These groupings encompass genes that
The set of conserved gene clusters must be regarded asmany respects outline the essentials of a primitive cell.
minimal at this stage. As gene identification is refined, They encompass components of translation, transcrip-
additional conserved clusters may be located. In addition, energy production, and membrane transport. In ad-
tion, a number of gene clusters were found that are irdition to the likelihood that their own expression is co-
either theHaemophilus/Mycoplasmeomparison or the ordinated, many of these proteins are themselves
Haemophilus/Synechocysti®mparison (Table 2), but important coordinators of cellular functions. The first
not both. Some of these less conserved clusters may igroup contains 11 clusters which consist almost entirely
fact be widely distributed as well. This is especially true of components of the translation machinery. In fact, the
of clusters not present in thil. genitalium/M. pneu- ribosomal protein gene orders seerircoli (Keener and

genome of the Archaeadethanococcus jannaschand found equiva-
lents for eight of the clusters (Table 1).

Discussion



470

Nomura 1996) are largely preserved throughout thdevels. This regulation is apparently accomplished by dif-
(eu)Bacteria, and it therefore is likely that a portion of ferences in translation frequency and to a lesser extent
the regulatory structure relating to translation was indifferential MRNA degradation that is dependent on the
place at an early stage in the history of life. The secondstructure of the RNA (Lagoni et al. 1993). k coli the
grouping contains the ATP synthase gene cluster whiclh.10 operon lies immediately downstream of the L11
is essential for energy metabolism and the third groupingoperon and the genes for tReand’ subunits of RNA
includes key components of the transcription machinerypolymerase adjoin it, forming a single transcription unit.
Efficient coupling of transcription/translation is ensured The regulation of this operon is complex, involving both
in E. coliby two geneshusA(modulates the rate of chain transcriptional and translational mechanisms (Keener
synthesis and prolongs pausing at natural pause siteand Nomura 1996; Dykxhoorn et al. 1996).Hncoli, the
and nusG (enhances the rate of transcription elongationexpression levels ofiusA and infB are modulated by
by interaction with RNA polymerase) (Richardson andseveral RNA secondary structures upstream frarmA
Greenblatt 1996)SecEacts as a membrane-bound trans-and the NusA protein itself may be involved as well
porter and contains a minimal, functional domain homo-(Plumbridge et al. 1984). The structure of theE op-
log conserved in both bacteria and eukaryotes (Murphyeron is known to be highly conserved phylogenetically
and Beckwith 1996). Recognition and export of proteinsand typically contains a characteristic inverted repeat in
with aberrant or absent signal BgcYandsecE(Kadner  the regulatory region that serves at the DNA level as an
1996) signifies possible utilization of primitive versions operator site and when it is transcribed determines
of these proteins. No homologs for tkecEandnusG  mRNA stability (Segal and Ron 1996). Although, regu-
genes have been identified in the mycoplasmas but it idation of the rRNA operons irkE. coli relies in part on
clear that this cluster is otherwise extremely universalDNA/protein interaction (the fis protein), it is notewor-
and its eventual elevation to the most conserved group ithy that there is also an important antitermination system
likely. The spermidine/putrescene transport cluster ofinvolving nusAandnusGthat facilitates transcription of
group IV is a member of a group of membrane-boundthe RNA products.
transporters that span the periplasm in Gram-negative Clearly, it is premature to suppose that the regulatory
bacteria. These genes belong to a superfamily of ATPschemes seen i&. coli will themselves be conserved
binding cassette transporters that import polyamineshroughout the (eu) Bacterial Domain. This will certainly
(Boos and Lucht 1996). The molecular chaperones ofot be true for the amalgam of the L11, L10, and fhe
group V monitor and respond to the state of proteinclusters seen ik. colias these are independent in other
folding for non-native polypeptide substrates and nascentrganisms. The argument presented here would be
chain polypeptides (Mayhew and Hartl 1996). Describedstrengthened considerably if RNA-level regulation
originally as heat-shock proteins, their response providesnechanisms were known to exist in other distantly re-
a necessary advantage for primitive cells evolving in aated species such &s subtilis,but information address-
thermophilic environment. ing this issues is typically not yet available. Neverthe-
The regulation of many of the 16 most conserved gendess, the ubiquitous occurrence of RNA-level regulation
cluster has been studied in detail in at least one casi the most conserved clusters is very striking. A major-
(typically E. coli). A remarkable correlation is found in ity of the clusters involve ribosomal proteins and this
that in essentially every case where regulation is wellcould be interpreted as representing a bias; however, the
understood it occurs at the translational and/or transcrippeed for early institution of the ribosomal machinery and
tional level with the RNA transcript being involved the employment of attenuation as a mode of regulation
rather than DNA. Typically this RNA-level regulation perhaps is more correctly viewed as corroborating evi-
can be considered attenuation as broadly defined (Landdence. It lends strong support to the earlier suggestion
ick et al. 1996). Thus, although the details differ, in thethat regulation by transcriptional attenuation might have
case of the S106tr, SpcL11, anda operons, it is well  been among the earliest regulatory mechanisms to have
known that in each case a ribosomal protein producevolved (Landick et al. 1996) and perhaps was the only
plays a key role as a repressor which binds to the RNAoption when the major portions of the translation appa-
transcript. Recently, the L35 operon has been added tmtus were first emerging. Moreover, in our view, the
this list with the demonstration that L20 acts as a transimportance goes beyond this, because we believe the
lation repressor and that a long-range pseudoknot in thextensive use of RNA-level regulation in the most con-
RNA is required (Chiaruttini et al. 1996). ThemD op-  served gene clusters is strong support for the primacy of
eron (Table 2) is unique among the ribosomal proteinan RNA genome (Joyce 1989). The early availability of
operons in that neither translational nor feedback reguthe NusA protein would have provided valuable refine-
lation occurs (Bjork 1996). Rather, a large stem/loopments for attenuation regulation in such a genome.
structure in the RNA influences the frequency of trans-  Earlier comparisons of the gene content\of geni-
lational initiation. The individual products of the ATPase talium andH. influenzaehave led to the speculation that
synthase operon are expressed at significantly differeré minimal ancestral (eu)Bacterial genome would have
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had approximately 256 genes (Mushegian and Koonirof the clusters in Table 1 remain conserved. The major
1996b). Regulatory proteins with a helix-turn-helix do- exceptions arenusAandinfB which are both present in
main are conspicuous by their absence from this minimaH. pylori, but no longer clustered; and the genes for the
genome (Mushegian and Koonin 1996b). The results preSpermidine/putresceine transport system which were not
sented here demonstrate that by the time the level ofietected. Although the 16S rRNA and 23S rRNA genes
complexity of such a minimal genome has been reachedare separated iid. pylori, this would appear to be a
significant coordination of gene expression would alsominor anomaly as the 16S-23S-5S arrangement is well
have existed. This hypothetical ancestor, although mucknown to be widespread throughout the (eu)Bacteria.
simpler, would have in its essence not been very differenOther minor deviations are the absence80 in clus-
from modern organisms. It is widely believed that anter 4 and the fusion of the genes figqoC andrpoB. In
even earlier predecessor would likely have lacked DNA.contrast, the vast majority of the clusters of Table 2 were
The current analysis reveals that the earliest efforts taot found inH. pylori. Thus, only thetrmD operon, the
coordinate gene expression were almost certainly mechaecD/secFluster and thepheS/pheTluster continue to
nisms which operate at the RNA level. The obvious in-be strong candidates for inclusion in the list of widely
ference is that this reflects the fact that DNA was notconserved clusters. At this stage, there appear to be 19
available when these mechanisms evolved and hence abnserved gene clusters, 14 of which are essentially uni-
some stage an RNA genome existed. This must not beersal. Components of the translational machinery even
interpreted to mean that the last common ancestor ofmore strongly dominate the better defined set of con-
extant life had an RNA genome. Even among the geneserved clusters and the new results thus strengthen our
whose coordinated expression is very old, some hint of/iew that the expression of translation components was
DNA already exists in that subunits of the DNA- already a highly coordinated process at the time of the
dependent RNA polymerases (at least in their moderhast common ancestor of the (eu)Bacteria.
form) are present in clusters 7 and 13.
Nevertheless, an RNA-only predecessor of the mini-
mal DNA-based ancestor could clearly be even simpleiReferences
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