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Besides, it has also been suggested that the first eukaryote
Introduction should have been a consequence of the symbiotic association
between an anaerobic, strictly hydrogen-dependent, strictly

Several theories on the origin of eukaryotic cells have bemutotrophic archaebacterium (the host), and a eubacterium (the
proposed. One of them, the endosymbiotic theory, proposgehbiont) that was able to respire, but generated molecular
by Margulis [46], claims that independent, free-living microbés/drogen as a waste product of the anaerobic heterotrophic
joined together, first casually, then in more stable associatiangtabolism [47]. Among the eukaryotes, trichomonads are the
As time passed and evolutionary pressures favored seahliest to diverge from the main line of eukaryotic descent. In
symbiotic unions, the partner microbes became permanemitgordance with their ancient nature, these facultative anaerobic
joined in a new cell consisting of interdependent componemsotists lack two organelles found in most eukaryotes:
According to this theory, three classes of organellesitochondria and peroxisomes. Trichomonads do contain,
(mitochondria, plastids, and undulipodia) once lived &®wever, an unusual organelle involved in carbohydrate
independent prokaryotes [8, 21, 37]. metabolism, called the hydrogenosome. Hydrogenosomes lack

At least two classes of eukaryotic organelles, used ONA, cytochromes and citric acid cycle enzymes. Instead, they
respiration and for motility, have been suggested to haveoatain enzymes typically found in anaerobic bacteria, and are
directly detectable legacy from such prokaryotic predatiozapable of producing molecular hydrogen [48].
Extant intracellular structures, such as mitochondria, Archaezoan protists are thought to represent lineages that
hydrogenosomes, kinetosomes, and axonemes of undulipai@rged from other eukaryotes before the acquisition of
are derived from ancient biotic relations among bacteria whiglfitochondria and other organelles [9]. The pardsitamoeba
resisted the stringent selection pressures of death by preddiistolyticawas originally included in this group. Ribosomal
[3, 24, 32, 42]. RNA-based phylogenies, however, pldtehistolyticaon a

The endosymbiotic theory also posits that the nucleus, lik@mparative recent branch of the eukaryotic tree, implying that
the other eukaryotic organelles enclosed in double membraitesincestors had these structures. Clark and Roger [11] showed
was derived through capture by an engulfing species. The orijiect evidence for secondary loss of mitochondrial function
of the eukaryotic nucleus has been interpreted by Gupta [38bpssolating twcE. histolyticagenes which encode proteins that
an endosymbiotic event between two completely differeintother eukaryotes are found in the mitochondrion: the enzyme
prokaryotes. One of these, the host, he thinks arose from withyridine nucleotide transhydrogenase and one chaperonin.
the Gram-negative bacteria and the other, the guest, he thinks iSermot et al. [29] found something similafTiichomonas
most likely an eocyte (a group of hyperthermophilic sulfwaginalis.This protist exhibits a fragment of sequence signature,
metabolizing prokaryotes). The author bases his interpretatisogar found only in mitochondrial HSP70 and in proteobacterial
on the sequences of the 70 kDa heat shock protein (HSP70) [B8hK. Thus, mitochondrial endosymbiosis might have occurred
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earlier than previously assumed. The trichomonad dou
membrane-boundrganelles, the hydrogenosomes, might ha
evolved from mitochondria.

Biotic selection pressures, which are fundamentally differ
from the abiotic ones in that they require organismic interacti
can also be recognized. Predation must have been a prereq
to the theory that symbiosis is a source of evolutionary ryove
Some of the first partnerships between miagaoisms must
have been partially aggressive at first, and probably became s
with time. Nowadays, relationships of that kind can be frequet
observedWe will mention a few examples of both predatic
and stable partnerships in which bacteria are the main charac

Extracellular predation ’ﬂg

Several predateprey relations described here were studied TM;‘
microarganisms living in karstic lakes [20, 25, 35]. In mo:
cases, bacterial cell lysis and digestion require contact betw
the bacterium and its prey (intracellular and extracellu L
predation), but in a few cases they are caused by extracel
lytic enzymes [4, 16, 58]. Recently the lytic enzymes produc k
by Stenotophomonasp. agains€Chlorobium cells have been
described [49]. As examples of extracellular predation, 1
following bacteria are describedEnsife, Micavibrio,
Vamprovibrio and Vamprococcus.

Ensifer adheensis an aerobic Gram-negative bacteriul
consisting of rods (0.7-1x1.0—1.9um) occurring singly or
in pairs. It can attach to various living Gram-positive and Gra
negative bacteria but is not an obligate predator [5, 6].

Micavibrio admirandsis a Gram-negative curved and sme
(0.25-04 x 0.6-1.0um) bacterium, with a single polar
unsheathed flagellum 15 nm in diamelieattaches to the surface
of the prey cells and destroys them without penetration [43].

Vamprovibrio chlaellavorus was described in 1972 by
Gromov and Mankaeva [31]. This bacterium has an eukary
(the protistChlorella) as its only pre. Although it exhibits
certain similarities wittBdellovibrio, it differs from it in
important traits: elongated spirillar forms do not occur; grow
occurs outside the prey cell, which is not penetrated, and fin
the flagellum lacks a sheath. —

ngpi'ococcu;was first dgscribed i-n 1983 by Esteve et EFig 1 (A)Vamprococcusattached to cell wall ofChromatiun spp
[23] m. the Cours‘? _Of ecological StUd'e_s on the _phOtOtrOp Bar'=l pum. (B) Thin section oDaptobacte cells insideChromatium spp:
bacterial communities of sulfurous karstic lakésnprococcus Bar =1 um. (C) Transmission electron micrograph of a thin section of
is a Gram-negative, ovoidal (Ou6n wide) bacterium, which “Chloroctromatium aggegatunt consortia. Bar = 2.um (courtesy of M.A.
does not have any flagellum, is apparently an obligate anaerV/a"inez. University of Girona, Spain)
and seems to multiply only when attached to its prey (Fig. 1

51, 56]. It is able to attack a wide range of Gram-negative

Intracellular predation bacteria, penetrate their cell wall and henceforth generate several
progeny swarmers by multiple fission in the periplasmic space

Isolated by Stolp and first described by Stolp and Petzoldaithe prey cell.

1962,Bdellovibrio [57] has been the most well characterized Several years ago, whilst sampling lake Estanya [35] to

bacterium with predatory activity against other bacteria [18udy natural samples from the bacterial layers, R. Guerrero



Bacterial symbioses INTERNATL MicrosioL Vol. 2, 1999 83

observed a new bacterium unique in its characteristicsj4ble 1 Symbioses amongganisms. Some examples
appeared on cell lawns Ghromatium minusind then it was

isolated from lytic pl The infecti le of this predat Symblont Reference
isolated from ytic p aques. The infection cycle of this predatory_—— among bacteria
bacterium was determlne_d by transmlsspn electroq MICrOSCOMerent Gram-negative Bdellovibrio 57
by I. Esteve, whereas its morphological and biochemicabacteria
characteristics were determined by N. Gaju. The bacteri@lﬂe”? @mp_mv'b”o gé
romatium mprococcus
named by R. Guerrgrlbaptobacter pe_netrates bo_th t.he c.eIIDifferent purple bacteria Daptobacter 36
wall and cytoplasmic membrane of its pré®nce inside, it Thiothrix Daptobactetlike 45
digests the cytoplasm and subsequently divides by binary fisdfagiococcus Ensifer 6
; i oti eudomonas Micavibrio 43
to form two dfspring cells. The characteristics of these bacteﬁ . .
. . . . elochromatiumroseurh ovoid to rod-shaped 1
and their role in controlling populations of purple phototrophic green bacteria
bacteria have been investigated in karstic lakes [22, 28, 34, 36,
45] (Fig. 1B). 2. Cy_anobacterial symbioses
The relationships among micna@mnisms are not only Se°siPhon pyriforme Nostoc 53
p 9 nga y Cyanophora paradoxa Cyanoplasts 12

antagonistic, sometimes stable relationships are mutualistic.
Recently two new symtrophic associations betwe@nProkaryotic symbionts ofAmoeta and flagellates

phototrophic and non-phototrophic bacteria were describ%ﬁggha paradoxa g;m%’zg:ggts ég
Both consortia were observed and collected in the hypolimnion
of several lakes [1] (Fig. 1C). 4. Prokaryotic symbionts of ciliates
Paramecium octaelia Lyticum flagellatum 44
Metopus striatus Methanobacterium formicien 59
.. Euplotes aediculatus Polynucleobacter necessasiu39
Endo- and ectosymbiosis among
bacteria and protoctists 5. Prokaryotic symbionts of animals
Calyptogena magnifica methylotrophic bacteria 60
. . ... Lucinoma aequizonata sulfur oxidizers 17
There are many examples of bacterial endosymbionts of differggitmyaeidi idem 14
eukaryotes. Endosymbiosis with protoctists are of great interagtia pachytila idem 7
Table 1 shows some typical examples of endosymbiogjgprymna scolopes Vibrio fischeri 52
. . Polysyneraton Prochlaron 18
Protozoans are often colonized by several bacteria. A recent, yé(f

classical, example was the case of an amoeba-bacteria symliosiskaryotic symbionts of plants

which occurred spontaneously in 1966 when a stradmafeba  Wide Vellrliety 0f_|egunrtlin0us ihizr?_biut;n gi
H H _ pical leguminous trees Zanizoblium
protews became infected with many (60,000—-150,000 bactei[fcﬁious tropical Bradyrhizobium o4

per amoeba) rod-shaped Gram-negative bacteria. At first theguminous plants
bacterla were harmful to their hoSﬁtth time, howeve not “Predation and stable microbial associations
only did the bacteria become less virulent, but they also becamg associated microganisms are calledChlorochromatium aggegatunt
necessary to their amoeba host, which lost viability if deprived
of their endosymbionts [40]. Several diferent bacterial types have been reported in the
A new microbial consortium was discovered by Finlay eftoplasm of amoebae, mostly enclosed in symbiosomes; they
al. [26]: the partners are the ciliated protazddmyera sp. are found single or in groups. Roth [50] was among the first to
and a single species of methanogen. The consortium has lgeerfirm by electron microscopy the bacterial nature of
maintained in culture for more than four years. Each ciligteeviously reported bacteria-like particles in vacuoles of
contains up to 300 symbiotic bacteria which are irregularymoeba poteus.
disc-shaped and distributed throughout the’basttoplasm. Paramecium tetratelia has an endosymbiotic bacterium
The symbionts belong to a new species of archaeobacteriamedLyticum flagellatumThese bacteria are straight rods,
which is a close relative of the free-living methanogeh6-0.8um 3 2.0—40 pm. They resemble bacilli in their
Methanocorpusculum parvum. general appearance and they bear numerous peritrichous
Cyanophora paradoxeepresents the most extensively anfagella, but are not obviously motile. They are enclosed in
best investigated species within the Glaucocististophiceae. Na@euoles in the cytoplasm of their hosts [44].
that two strains of. paradoa have been found with different  Electron microscopic investigations of sapropelic ciliates
cyanoplasts which conserve cyanobacterial plasma membrgttesse living in anaerobic sediments rich in decaying plant
and are dierent from the chloroplast envelope membranesméterial) revealed the absence of mitochondria and the presence
red or green algae [2]. of microbodies. IrMetopus striatusa Gram-positive rod-
Geosiphon pyriformea diphonous fungus, has as ahaped bacterium was regularly found to be in close association
facultative endocytobiont which is a hormogonal cyaneith a microbody consisting of a granular matrix surrounded
bacterium related thlostoc punctiform[53]. by a membraa[59].
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Endosymbiotic bacteria are also very commoBLiplotes where local oxygen concentrations are very low and almost no
a ciliate genus that comprises both freshwater and marsngfide, either bound as metal sulfide or free, is detectable. The
species. All except one of the bacterial symbioh&uplotes bacteria, howeveappear to be sulfur oxidizers because they
are confined to the cytoplasm. It appears that most of tmumulate elemental sulfur in high concentrations. In addition,
Euplotes symbionts cannot grow outside their hosts [55]. Sbe clams have no apparent mechanism to concentrate sulfide.
far, only one of the symbionts has been given a binomial naifés puzzling situation may be explained by the presence of
Polynucleobacter necessari[&9]. They are slightly curved pockets of sulfidic mud in the proximity of the animal.
rods (about 0.3um x 2.5-75 um). The symbionts are Thiosulfate rather than sulfide may be anrgpesource for the
individually contained in vesicles, to which ribosomes are oftbacteria [17].
attached. If stained with DNA-specific dyes, usually 3 to 9 but Solemyaeidiis the bivalve that has been best investigated
in some cases up to 12, intensely stained and regularly spdoethe uptake of substances from the environment. So far this
dots become visible. bivalve has been collected only from areas around sewage

Also Coleps hirtusa ciliate collected from Lake Cisé, wheroutfalls and at the outflow of a paper mill. Similar to the case
ruptured, release@hlorella-like algae which did not appearof Lucinona aequizonatathe sulfide is oxidized to thiosulfate
to be digested and which were not observed either in cultusgsa sulfide oxidase in the host tissue and then used by the
or in the water column of the lake [24]. symbionts [14].

Examples of an ectosymbiotic relationship are the Symbioses in Pogonophora (“tubeworms”) avesti-
spirochaetes oWyxotrichg which were found to help theirmentifera are also very simildn both cases, the bacteria are
host move by their coordinated undulation whereas thésholbused in a tissue inside the wosnbod.. The transport
flagella functioned only to steer its movement [12ff&ent mechanisms of these animals have been investigated, especially
free-living spirochaetae from microbial mats have been studtedliscover the way sulfide is carried from the environment into
and their morphologies and structures have also been descritvedvornis “trophosome”. These animals are unique in that their
[27, 33, 46]. hemoglobin is able to bind sulfide. It is not yet understood how
the hemoglobin is triggered to release the sulfide again in the
symbiont containingrgyan, but it has been shown that sulfide is
Prokaryotic symbionts of animals and plants released in the presence of symbiotic bacteria [7, 10].

Some marine invertebrates and fish establish mutualistic
Besides the many associations found in protists, animals asldtionships with luminescent bacterRast studies have
plants are also frequently colonized by bacteria. A matgmonstrated that marine luminous bacteré\4lorio fischeri
interesting example Brochlaron, which is found in nature asin particula, are remarkably successful at adapting to a variety
a symbiont of marine invertebrates (ascidians). Electrofiecological niches. At least the four described species form
micrographs of thin sections show tibchloron has an stable, cooperative associations in specialized organs of marine
extensive thylakoid membrane system similar to that obsergegiids and fishes [19, 30, 41, 52].
in the chloroplast, which contains chlorogrevand b, but does Aphids andBuchneraalso have a symbiotic relationship.
not contain phycobilins. InitiaJl Prochlaron was thought to Aphids are dependent @uchnerafor normal growth and
be the type of manism that led, following endosymbioticreproduction, whereas they sup@uchnerawith a constant
events, to the green plant chloroplast [18]. intracellular environment (Fig. 2).

Life at the seeps is possible because clams, mussels, an@®ne of the most important mutualistic relationships between
tube worms that thrive there have established a typenasitroaganisms and plants involves the invasion of the roots
symbiosis that may be unique in the animal kingdom [7, 1df,suitable host plants by nitrogen-fixing bacteria, resulting in
13, 17, 60]. Only three bivalve species have been investigatezliformation of a nodule within which the bacteria are able to
for mechanisms by which suitable environments for thdix atmospheric nitrogen. Until recegtlall nodulating and
bacterial symbionts are maintainé€hlyptogena magnifica, nitrogen-fixing bacteria associated to leguminous plants were
Lucinoma aequizonatand Solemyaeidi. placed into a single genihizobiumNow two additional

Calyptogena magnificia found at hydrothermal vents. ThesgeneraAzahyzobiun and Bradyrhizobium are recognized.
clams can be frequently observed wedged into cracks in theAsgtobacteis a unique member of the group which forms stem
floor where warm water with sulfide is emitted. A large fractiomodules on a tropical leguminous tr&&egbaniaostratg).
of the body weight of the bivalve is formed by blood containir@radyrhizobium differs fromRhizobiun by its slow growth in
hemoglobin within erythrocytes for oxygen transport. Since thelture, in the location of theod andnif genes, and in its host
bacteria in the gill cells live in close proximity to the environmergtpecificity range [54].
no elaborate transport mechanisms for any other substance# nature, microgganisms are not isolated. On the comtrar
appear to be necessary [60]. they are permanently associated to otliganisms by means

Lucinoma aequizonatis collected at a depth close to thef either physical or metabolic relations. Little is known,
interface of a hypoxic basin with overlying oxygen-rich waterspweve, about the biotic and abiotic factors which make it
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Fig. 2 Phase contrast microscopic image of nonradioactive in situ hybridization
of Rhopalosiphum padgections against a fragment of the leucine operon
Buchnera aphidicolathe primary endosymbiont of aphids. The image is a
5 mm cross section of the abdominal part of an adult aphid. Arrows indicate

pachyptib Jones. Possible chemoautotrophic symbionts. Science
213:340-342

Cavalie-Smith T (1987) The origin of eukaryote and archaebacterial
cells. Ann NY Acad Sci 503:7-54

Cavalig-Smith T, Chao E (1996 Molecular phylogeny of the free-
living archaezoafreponema agitiand the nature of the first eukaryote.

J Mol Evd 43:551-562

Cavanaugh CM, Levering PR, Maki JS, Mitchell R, Lindstrofa (#987)
Symbiosis of methylotrophic bacteria and deepsea mussels. Nature
35:346-348

Clark CG, Roger AJ (199®irect evidence for secondary loss of
mitochondria inEntamoeba histolyticaProc Natl Acad Sci USA
92:6518-6521

Cleveland LR, GrimstonAV (1964) The fine structure of the flagellate
Myxotricha paradoa and its associated micn@anisms. Proc Roy Soc
London B159:668-686

Clements KD, Bullivant (1991) An unusual symbiont from the gut
of surgeonfishes may be therggest known prokaryote. J Bacteriol
173:5359-5362

Conway N, Mc Dowell-Capuzzo J, Fry B (1989) The role of endosymbiotic
bacteria in the nutritionfdSolemya velunmevidence from stable isotope
analisis of endosymbionts and host. Limnol Oceanogr 34:249-255

mycetocytes corresponding to embryos, while arrowheads point out the matetbal Crothers &, Robinson J (1970) Changes in the permeability of

mycetocyte. Bar = 10Am (courtesy of A. Moya, University dfalencia,
Spain)

16.

Escherichia coliduring parasitization bBdellovibrio bacteriovorus.
Can J Microbiol 17:689-697

Daba H, Pandian S, Gosseli Simard RE, Huang J, Lacroix C (1991).
Detection and activity of a bacteriocin produced l®uconostoc
mesentides Appl Environ Microbiol 57:3450-3455

possible for those associations to become established. Methedsyistel DL, Felbeck H (1987) Endosymbiosis in the lucinid clams

used in classical microbiolggsuch as axenic culture, are a
hindrance to the improvement of our current knowledge of
symbiotic microorganisms. More work in that field and new

. . 18
methodologies would help to achieve a better knowledge of
both microbial diversity and the role microorganisms play in
the ecosystem. 19.
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