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Summary

The sequence of an ␣-proteobacterial genome, that of Rickettsia prowazekii,(1) is a
substantial advance in microbial and evolutionary biology. The genome of this
obligately aerobic intracellular parasite is small and is apparently still undergoing
reduction, reflecting gene losses attributable to its intracellular parasitic lifestyle.
Evolutionary analyses of proteins encoded in the genome contain the strongest
phylogenetic evidence to date for the view that mitochondria descend from
␣-proteobacteria. Although both Rickettsia and mitochondrial genomes are highly
reduced, it appears that genome reduction in these lineages has occurred
independently. Rickettsia’s genome encodes an ATP-generating machinery that is
strikingly similar to that of aerobic mitochondria. But it does not encode homologues for
the ATP-producing pathways of anaerobic mitochondria or hydrogenosomes, leaving
an important issue regarding the origin and nature of the ancestral mitochondrial
symbiont unresolved. BioEssays 21:377–381, 1999. r 1999 John Wiley & Sons, Inc.
L’idée s’imposa que les microorganismes avaient subi
des pertes de fonction. Celles-ci apparurent comme la
manifestation d’une évolution physiologique, définie
comme une dégradation, une orthogenèse régressive.
(André Lwoff, 1944,(2) p. 11)
...leading to the notion that microorganisms underwent functional losses. These are the manifestations of
physiological evolution, appearing as degradation, as
regressive orthogenesis. (Authors’ translation)
Introduction
The much awaited release of the complete genome of
Rickettsia prowazekii (1) represents a signal advance for
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comparative microbiology. Though small, it is the first genome from the ␣-proteobacterial lineage of gram-negative
eubacteria and is thus highly relevant to the understanding of
mitchondrial origins. Indeed, data from its genome have
hinted that the ␣-proteobacterial ancestor of mitochondria,
most likely a sine qua non constituent of eukaryotic cells, may
have been a close relative or even an ancestral member of
the order Rickettsiales.(3,4) This paper briefly highlights some
major issues emerging from this work, focusing on the
downsizing of the genome as well as the nature of perspicous
similarities and significant differences between Rickettsia and
mitochondria.
Rickettsia prowazekii is the causative agent of typhus, one
of the many deadly microbes affecting humans. As is true of
almost all members of the order Rickettsiales, it is an obligate
intracellular parasite.(5) The pathogenic process is simple but
devastating. The bacterium is taken up by the host cell
through induced phagocytosis. Immediately thereafter, it
destroys the endocytic vacuole and lies free in the cytosol,
where it multiplies and bursts the cell, releasing progeny
ready to invade new target cells. During this process, the
bacterium itself remains surrounded by its typical multilayered gram-negative cell wall. All interactions with the host cell
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are effected across these layers. These interactions ensure
multiplication and dispersal of the bacterium, at the expense
and death of the invaded cell.(5)
Reductive evolution of the genome
The 1.111-million base pair (Mb) genome of R. prowazekii,(1)
as expected for an obligate intracellular parasite, is small
compared with free-living eubacteria but is within the size
range known for other eubacteria that can live as intracellular
parasites.(6) The DNA of R. prowazekii carries 834 protein
coding genes, 528 of which shared similarity with proteins of
known function, translation constituting the largest class with
118 genes. Importantly, phylogenetic analyses encompassing 18 different Rickettsia proteins that also occur in mitochondrial genomes support an ␣-proteobacterial heritage for
mitochondria,(2) the most extensive phylogenetic information
yet marshaled in support of this view. Although small for a
bacterium, Rickettsia contains an order of magnitude more
protein-coding genes than the largest mitochondrial genome
characterized, which encodes 67 proteins.(4) In line with
mitochondrial genome reduction, more than 150 R.
prowazeckii proteins were found to possess significant similarities to nuclear-encoded mitochondrial proteins from the
yeast genome.(1)
Various intriguing aspects of the Rickettsia data have
already been addressed in several recent papers.(3,7–9) Among
these, reductive genome evolution (the loss of genes over
time from an ancestral state with a larger genome) emerges
as an important underlying theme. It has been emphasized(2)
that the intracellular parasitic lifestyle of Rickettsia favors
clonality, providing population genetic conditions under which
Muller’s ratchet—the rapid accumulation of deleterious alleles
that cannot be eliminated by recombination in clonally (asexually) reproducing organisms—will take effect.(7,10) Theoretically, Muller’s ratchet should rapidly increase genetic load
and should therefore result in genome reduction, both for
Rickettsia and for mitochondria.(1,7) Congruent with this view,
some operons and gene clusters are clearly shared between
mitochondrial genomes and Rickettsia, but there are some
significant differences as well,(1,3) indicating that mitochondrial and Rickettsia genomes underwent reduction independently of one another(1,3) and that this process started from an
ancestral genome that was probably larger than 1.1 Mb.
Uniquely among all prokaryotic genomes sequenced to
date, a surprisingly large fraction (24%) of the Rickettsia
genome consists of noncoding DNA.(1) Moreover, analysis of
these noncoding DNA regions demonstates the presence of
many pseudogenes, i.e., genes that have only recently been
inactivated through mutation during the process of genome
reduction.(1,7) This finding is consistent with earlier conclusions from the same laboratory(10–12) that genome reduction
in Rickettsia has not yet reached its endpoint(7) and that
Muller’s ratchet may indeed still be at work.
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Central metabolism
Rickettsia prowazekii inhabits the cytosol of mitochondrionbearing cells. Its reduced gene content tends to reflect
specialization toward this nutrient- and precursor-rich ecological niche. Enzymes for the biosynthesis of amino acids,
nucleic acid precursors, and lipids have become largely
unnecessary for the parasite. Accordingly, many of the genes
for these pathways have been eliminated during evolution.(1)
The machinery associated with Rickettsia’s ATP generation is of particular interest, in view of the suspectedly close
relationship between this organism and mitochondria.(1,3,4) No
enzymes for glycolysis are encoded. A complete system,
however, is present for the utilization of pyruvate, generated
in the cytosol of the host cell. This system comprises the
multienzyme pyruvate dehydrogenase complex, tricarboxylic
acid (TCA) cycle, a cytochrome-based electron transport
chain, cytochrome oxidase, and an F1F0 ATPase, which
harnesses the transmembrane proton gradient for ATP formation.(9) This corresponds protein-for-protein to the ATP generating system found in aerobic mitochondria and its enzymes
are close orthologues of their mitochondrial counterparts.(2,8)
Interestingly, Rickettsia’s ATP/ADP exchange transporter
shares no sequence similarity with mitochondrial ATP/ADP
exchange transporters(1); rather, it is related to ATP/ADP transporters of chloroplasts.(13)
Rickettsia’s identified gene complement agrees well with
its biochemistry as currently understood,(5,9) but there were
also some surprises. Pyruvate dikinase and acetate kinase,
for example, have no obvious function on the metabolic map
of this organism. Such ‘‘unnecessary’’ proteins might be used
by Rickettsia in an unusual manner, or they might just be
unneeded leftovers from the larger genome of Rickettsia’s
free-living ancesors that have not (yet) fallen prey to reduction. With the genes known, it is now the task of biochemical
studies to uncover the metabolic function of the products of
such genes.

Rickettsia and the ancestral mitochondrion
What does the exquisite similarity and clear homology of the
ATP-producing machinery of modern aerobic mitochondria
and Rickettsia tell us? In order to have a clearer understanding of this point, we need to contrast the biology of the
mitochondrion, in whatever form we encounter it, to the
biology of the intracellular parasite. Although most of this is
general knowledge, a brief summary should aid the discussion.
Aerobic mitochondria and Rickettsia are functionally integrated into their contemporary eukaryotic ‘‘host’’ cells in ways
that appear very similar ways at first sight. They both import
one or more metabolites that arise from glycolysis, among
which pyruvate plays a major role. The mechanisms of
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pyruvate oxidation and of the concomitant ATP generation
are practically identical. Their respective membranes both
contain an ADP/ATP translocase.(1) Rickettsia and aerobic
mitochondria are virtually interchangeble with regard to their
interaction with the cytosol on a generalized metabolic map(9)
in that both can be depicted as DNA-bearing. double membrane-bounded compartments of oxidative phosphorylation.
They differ, however, in the manner in which the ATP is used.
Most of the ATP synthesized by mitochondria is exported to
the cytosol. By contrast, Rickettsia uses itself the ATP it
produces and, in the early stages of development, even
imports ATP from the host cell.(9)
Key to the unerstanding of ATP synthesis in Rickettsia is
the fact that it is strictly oxygen dependent(1,5) and the overall
similarity of ATP synthesis between Rickettsia and mitochondria applies to aerobic mitochondria only. Many anaerobic
mitochondria—and their relatives, the hydrogenosomes—are
known that produce ATP without using oxygen as a terminal
electron acceptor. These anaerobic organelles use proteins
and/or pathways that are known to exist among (facultatively)
anaerobic eubacteria,(14–20) but for which the obligate aerobe
Rickettsia has no homologues. Examples of such anaerobic
mitochondria include the nitrate-respiring ones of some fungi
(14) and some ciliates,(15) the fumarate-reducing ones of
parasitic worms(16) and some trypanosomes,(17) the waxfermenting ones of Euglena,(18) the hydrogen-producing ones
of the ciliate Nyctotherus,(19) not to mention the hydrogenosomes, fermentative ATP-producing organelles of many amitochondriate protists.(20) The list of mitochondrial and hydrogenosomal enzymes needed for such anaerobic ATPproducing pathways that are found among (facultatively)
anaerobic eubacteria, but have no recognizable homologues
in the Rickettsia genome, includes nitrate and nitrite reductase,14) acetate : succinate CoA transferase,(16,17,20) pyruvate :
ferredoxin oxidoreductase,(20) and iron-only hydrogenase,(19,20)
to mention just a few. Because Rickettsia’s genome has
retained primarily such genes as are needed to survive as an
obligately aerobic, mitochondrion-like parasite, its sequence
cannot address the origins of such ATP-producing pathways
in anaerobic mitochondria and hydrogenosomes.
In addition to these important biochemical differences
between Rickettsia and anaerobic ATP-producing organelles,
there are key differences in the mode of genome reduction
realized by Rickettsia and organelles. Obviously, genome
reduction in aerobic mitochondria has proceeded to an even
far greater extent,(4) and in some (but not all) hydrogenosomes no genome at all has been detected.(19,20) But the
major difference is that much of mitochondrial and hydrogenosomal genome reduction was achieved by transfer of genes
to the host’s chromosomes. Genetic integration of these
exported genes and reimportation of the products of some
into the organelle was a key process in the evolutionary

emergence of the mitochondrion.(4,21–23) In the case of Rickettsia, the genes were apparently simply lost.
Thus, the analysis of the Rickettsia prowazekii genome(2)
lends further, virtually incontrovertible, support to the notion of
the common ancestry of mitochondria and contemporary
␣-proteobacteria.(3,4,22,24) A number of considerations argue,
however, that this common ancestor had a much richer
genetic endowment than today’s Rickettsiales. Rickettsia’s
similarity to aerobic mitochondria could, in principle, reflect
convergent evolution(3); in other words, it might stem from
ecological specialization to the oxygen-, pyruvate-, and nutrient-rich intracellular environment of a mitochondrion-bearing
cytosol. Metabolic pathways found in mitochondria and hydrogenosomes, but not in Rickettsia, suggest that the freeliving common ancestor of mitochondria and hydrogenosomes might have harbored genes for these diverse pathways
of ATP synthesis.(25) The mitochondria studied to date do not
contain glycolytic enzymes, and Rickettsia’s genome does
not encode proteins of the glycolytic pathway.(1,4) However, a
number of nuclear-encoded enzymes of the glycolytic pathway in the eukaryotic cytosol nonetheless appear to derive
from the ␣-proteobacterial ancestor of mitochondria.(25–28) So,
when larger proteobacterial genomes, particularly from freeliving species such as Rhodobacter, Paracoccus, or others
become available, we may find many more nuclear genes in
yeast and other eukaryotes with proteobacterial ancestries
than previous studies have revealed.(26,29,30) Anaerobic ATPproducing pathways in organelles are sufficiently well documented and sufficiently widespread among eukaryotes that
their evolutionary histories need to be specifically accounted
for in models for the origins of mitochondria and hydrogenosomes.(25)

Other intracellular parasites
Symbiotic or parasitic existence of eubacteria within the
confines of an eukaryotic cell is a widespread phenomenon.
The sequencing of complete genomes of such organisms can
give us a deeper insight into the nature of the dependence of
the intracellular inhabitant on the cell harboring it. Although
this dependence is predominantly nutritional, other types of
dependence occur as well, a topic beyond the scope of this
brief commentary. Living inside another cell clearly can
relieve the parasite from the necessity of keeping a complete
metabolic machinery and can result in evolution by functional
losses, accompanied by reduction of the genome.
Of microorganisms with completely sequenced genomes
the smallest genomes are indeed found in certain intracellular
parasites. The genome of Mycoplasma species comprises
580–820 kbp(31–33) and that of Chlamydia trachomatis 1.04
Mb.(34) A number of genes of central energy metabolism are
missing from these genomes as well, but the pathways
retained are not the same as in Rickettsia. The presence of a
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complete system of information transmittal and processing
shows that all these organisms retained their genetic autonomy.
Such extensive genome reduction is not unknown among
eukaryotic parasites, either. We mention only the group
Microsporidia,(35) as the most extreme example known. All
members of this group live within eukaryotic cells, usually, but
not always, free in the cytosol. For some time, Microsporidia
were regarded as one of most ancestral eukaryotic groups,(36)
but cytological and molecular evidence increasingly supports
the notion that they are highly modified fungi.(37,38) The record
for small genome size is held by a parasite of rabbits,
Encephalitozoon cuniculi with a genome of 2.9 Mb, which
consists of bona fide eukaryotic chromosomes.(39) This genome is smaller than that of either Escherichia or Synechocystis.(6) Microsporidia have a relatively simplified morphological
organization; most remarkably, they contain no morphologically recognizable mitochondria.(35) Although biochemically
almost nothing is known of the metabolism of Microsporidia,
they seem to represent an interesting counterpoint to Rickettsia: the aerobic, prokaryotic parasite has evolved to become
similar to a mitochondrion, whereas the anaerobic eukaryotic
parasite has relinquished its mitochondria, or reduced them
to unrecognizable structures.

Conclusions
The striking similarities between mitochondria and Rickettsia
prowazekii clearly indicate an ␣-proteobacterial ancestry of
the organelle. The prominent biological and metabolic differences between them suggest, however, that their independent histories from a common, free-living ancestor followed
separate paths and that the metabolic similarities reflect
convergent reductive evolution. Such findings underscore the
interdependence of biochemical and genomic evolution. Finally, it is very important to note that considerable evidence is
accumulating to suggest that all known eukaryotes either (1)
possess mitochondria or (2) possessed a mitochondrial
symbiont in their evolutionary past.(25,38) More than ever, the
origin of mitochondria bears upon our understanding of the
origin and eraly evolution of eukaryotes. The elucidation of
genomes of many more ␣-proteobacteria, particularly of
free-living forms, holds much promise for further insights into
these questions.

Acknowledgments
Research in the authors’ laboratories has been supported by
the U.S. Public Health Service, National Institutes of Health
(to M.M.), grant AI11942, and by the Deutsche Forschungsgemeinschaft (to W.M.). We thank Drs. John F. Allen, Siv
Andersson, Jan S. Keithly, Patrick Keeling, Charles Kurland,
and Lidya B. Sánchez for their critical comments on an early
version of this paper.

380

BioEssays 21.5

References
1. Andersson SGE, Zomorodipour A, Andersson JO, Sicheritz-Pontén T,
Alsmark UCM, Podowski RM, Eriksson A-S, Winkler HH, Kurland CG. The
genome sequence of Rickettsia prowazeki and the origin of mitochondria.
Nature 1998;396:133–140.
2. Lwoff A. L’évolution physiologique. Étude des pertes de fonctions chez les
microorganismes. Paris: Hermann; 1944. p 1–308.
3. Gray MW. Rickettsia, typhus and the mitochondrial connection. Nature
1998;396:109–110.
4. Gray MW, Lang BF, Cedergren R, Golding GB, Lemieux C, Sankoff D,
Turmel M, Brossard N, Delage E, Littlejohn TG, Plante I, Rioux P,
Saint-Louis D, Zhu Y, Burger G. Genome structure and gene content in
protist mitochondrial DNAs. Nucleic Acids Res 1998;26:865–878.
5. Winkler HH. Rickettsia species (as organisms). Annu Rev Microbiol
1990;44:131–153.
6. Doolittle RF. Microbial genomes opened up. Nature 1998;392:339–342.
7. Andersson SGE, Kurland CG. Reductive evolution of resident genomes.
Trends Microbiol 1998;6:263–268.
8. Sicheritz-Pontén T, Kurland CG, Andersson SGE. A phylogenetic analysis
of the cytochrome B and cytochrome c oxidase I genes support an origin
of mitochondria from the Rickettsiaceae. Biochim Biophys Acta 1998;1365:
545–551.
9. Andersson SGE. Bioenergetics of the obligate intracellular parasite
Rickettsia prowazekii. Biochim Biophys Acta 1998;1365:105–111.
10. Kurland CG. Evolution of microbial genomes. BioEssays 1992;14:709–
714.
11. Andersson SGE, Eriksson A-S, Naslund AK, Andersen MS, Kurland CG.
The Rickettsia prowazekii genome: a random sequence analysis. Microb
Comp Genom 1996;1:293–315.
12. Andersson SGE, Sharp PM. Codon usage and base composition in
Rickettsia prowazekii. J Mol Evol 1996;42:525–536.
13. Winkler HH, Neuhaus HE. Non-mitochondrial ATP transport. Trends
Biochem Sci 1999; 24:64–69.
14. Kobayashi M, Matsuo Y, Takimoto A, Suzuki S, Maruo F, Shoun H.
Denitrification, a novel type of respiratory metabolism in fungal mitochondrion. J Biol Chem 1996;271:16263–16267.
15. Finlay BJ, Span ASW, Harman JMP. Nitrate respiration in primitive
eukaryotes. Nature 1983;303:333–336.
16. Tielens AGM, Van Hellemond JJ. The electron transport chain in anaerobically functioning eukaryotes. Biochim Biophys Acta 1998;1365:71–78.
17. Van Hellemond JJ, Opperdoes FR, Tielens AGM. Trypanosomatidae
produce acetate via a mitochondrial acetate:succinate CoA transferase.
Proc Natl Acad Sci USA 1998;95:3036–3041.
18. Buetow DE. The mitochondrion. In: Buetow DE, editor. The biology of
Euglena. Vol. IV. San Diego: Academic Press; 1989. p 247–314.
19. Akhmanova A, Voncken F, van Alen T, van Hoek A, Boxma B, Vogels GD,
Veenhuis M, Hackstein JHP. A hydrogenosome with a genome. Nature
1998;396:527–528.
20. Müller M. The hydrogenosome. J Gen Microbiol 1993;139:2879–2889.
21. Gray MW, Spencer DF. Organellar evolution. Symp Soc Gen Microbiol
1996;54:109–126.
22. Gray MW. The endosymbiont hypothesis revisited. Int Rev Cytol 1992;141:
233–357.
23. Martin WF, Herrmann RG. Gene transfer from organelles to the nucleus:
how much, what happens, and why? Plant Physiol 1998;118:9–17.
24. Brown JR, Doolittle WF. Archaea and the prokaryote-to-eukaryote transition. Microbiol Mol Biol Rev 1997;61:456–502.
25. Martin WF, Müller M. The hydrogen hypothesis of the first eukaryote.
Nature 1998;392:37–41.
26. Doolittle WF. Fun with genealogy. Proc Natl Acad Sci USA 1997;94:12761–
12753.
27. Henze K, Badr A, Wettern M, Cerff R, Martin W. A nuclear gene of
eubacterial origin in Euglena gracilis reflects cryptic endosymbioses
during protist evolution. Proc Natl Acad Sci USA 1995;92:9122–9126.
28. Keeling PJ, Doolittle WF. Evidence that eukaryotic triosphosphate isomerase is of alpha-proteobacterial origin. Proc Natl Acad Sci USA 1997;94:
1270–1275.

What the papers say

29. Rivera MC, Jain R, Moore JE, Lake JA. Genomic evidence for two
functionally distinct gene classes. Proc Natl Acad Sci USA 1998;95:6239–
6244.
30. Ragan MA, Gaasterland T. Microbial genescapes: a prokaryotic view of
the yeast genome. Microb Comp Genom 1999;3:219–235.
31. Fraser CM, Gocayne J, White O, Adams MD, Clayton RA, Fleishmann RD,
Bult CJ, Kerlavage AR, Sutton G, Kelley JM, Fritchman JL, Weidman JF,
Small KV, Sandusky M, Fuhrmann J, Nguyen D, Utterback TR, Saudek
DM, Phillips CA, Merrick JM, Tomb J-F, Dougherty BA, Bott KF, Hu P-C,
Lucier TS, Peterson SN, Smith HO, Hutchison CA, Venter JC. The minimal
gene complement of Mycoplasma genitalium. Science 1995;270:397–403.
32. Razin S, Yogev D, Naot Y. Molecular biology and pathogenicity of
mycoplasmas. Microbiol Mol Biol Rev 1998;62:1094–1156.
33. Himmelreich R, Hilbert H, Plagens H, Pirkl E, Li BC, Herrmann R.
Complete sequence analysis of the genome of the bacterium Mycoplasma pneumoniae. Nucleic Acids Res 1996;24:4420–4449.

34. Stephens RS, Kalman S, Lammel CJ, Fan J, Marathe R, Aravind L, Mitchell
WP, Olinger L, Tatusov RL, Zhao Q, Koonin EV, Davis RW. Genome
sequence of an obligate intracellular pathogen of humans: Chlamydia
trachomatis. Science 1998;282:754–759.
35. Canning EU. Microsporidia. In: Kreier JP, editor. Parasitic protozoa. New
York: Academic Press; 1993. p 299–370.
36. Vossbrinck CR, Maddox JV, Friedman S, Debrunner-Vossbrinck BA,
Woese CR. Ribosomal RNA sequence suggests microsporidia are extremely ancient eukaryotes. Nature 1987;326:411–414.
37. Müller M. What are the microsporidia? Parasitol Today 1997;13:455–456.
38. Embley TM, Hirt RP. Early branching eukaryotes? Curr Opin Gen Dev
1998;8:624–629.
39. Biderre C, Pagès M, Méténier G, Canning EU, Vivarès CP. Evidence for the
smallest nuclear genome (2.9 Mb) in the microsporidium Encephalitozoon
cuniculi. Mol Biochem Parasitol 1996;74:229–231.

BioEssays 21.5

381

