The Evolution of Life without Oxygen

Organisms in oxygen-free habitats engage in unique symbiotic relationships
that provide clues to the evolution of the first eukaryotic cells

Tom Fenchel and Bland J. Finlay

In various nooks and crannies on the
earth, whole communities of micro-
scopic organisms go about their daily
lives in the absence of oxygen. Itis a form
of existence utterly different from the aer-
obic lives we know. Yel these minute,
anaerobic organisms do offer sorme valu-
able insights into the exislence of oxygen
breathers, Indeed, the first living cells—
ancestors of all life on the planet—were
themselves anaerabic organisms,

The story of the link between those
who would and those who would not
use oxygen in their lives begins with
the ancestral anaerobes some three to
four billion years ago. These ancient
relatives were prokaryotes: single-
celled organisms that lacked the en-
semble of intracellular organelles (most
notably a nucleus) found in their de-
scendants, the enkaryotes (including
human beings). The ancestral prokary-
otes and the first eukaryotes were
anaerobes by necessity; the atmosphere
of the carly earth bore only the smallest
traces of oxygen.

Anaercbic organisms flourished on
the surface of the planet for more than
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500 million years before oxygen began
to play a role in the evolution of life.
Somewhere along the way, a group of
prokaryptes, the cyanobacteria, devel-
oped the means to use the sun’s energy
in the process of photosynthesis. This
event had the consequence of loading
the atmosphere with oxygen, since
cyanobacteria released the gas as
waste. (Some of the oxygen molecules
we breathe today were undoubtedly
excreted by a cyanobacterium about
two billion vears ago.}

The advent of an oxygen-filled at-
mosphere opened the way for the evo-
lution of organisms (prokaryotes and
eukaryotes) that could use the gaseous
moelecule in their energy metabolism.
It was an extremely successful event in
evolution. For one thing, it permitted a

. tremendous increase in the efficiency

of the organism’s energy metabolism.
Although many prokaryotic organisms
do use oxygen in their metabolism, itis
largely the eukaryotes that have
evolved and diversified as oxygen-de-
pendent organisms.

Nonetheless, many eukaryotes, such
as human beings, still show signs of
their anaerobic ancestry. This is evident
in the biochemical significance of free
oxygen. It is largely restricted to only
two roles: energy metabolism and toxi-
city. All aerobic organisms must pro-
duce enzymes that detoxify oxygen
radicals. Although aerobic organisms
depend on oxygen for energy metabo-
lism, with only a few exceptions, they
do not use elemental oxygen in syn-
thetic pathways. It is as if free oxygen
began to have an impact on the history
of life only after most biochemistry had
been “invented.”

Anaerobic organisms, on the other
hand, go about their lives studiously

avoiding oxygen because they lack
protective enzymes. Although most
species of anaerobes are prokaryotes,
madern anaerobic eukaryotes do exist.
These organisms include direct descen-
danis of the earliest cukaryotes as well
as forms that have secondarily adapted
to life without oxygen. Most of them
are protozoans, the smallest of all ani-
mals (less than one-tenth of a millime-
ter in length), and all are unicellular.

During the last five years we have
studied the biology and ecology of pro-
tozoa living in oxygen-free habitats.
We have been particularly engaged by
their strange and specialized symbiotic
relationships with bacteria. These rela-
tionships are intriguing because they
pr{)\’idt‘ a cunl:empm’ary analog)’ fOI'
the symbiotic origin of mitochondria,
the organelles responsible for energy
metabolism. They also shed light on
the behavior of biological communities
as they might have functioned three
billion years ago, before the wide-
spread distribution of oxygen. Qur
story ultimately suggests why oxygen
was necessary for the diversification of
cukaryotes and the evolution of multi-
cellular animals.

Anoxic Habitats

Although oxygen has been generated
by photosynthetic organisms for the
last three-and-one-half billion years,
anaerobic habitats have existed contin-
uously throughout the earth’s history,
Such habitats can arise whenever dead
organic material accumulates from the
surrounding aerobic regions. In the
process of converting organic carbon to
form carbon dioxide {(mineralization),
anaerobic organisms consume (and de-
plete) the local oxygen. The worldwide
distribution of black shales, a conse-



Figure 1. Ciliated protozoa of the species Metopus coutortus live in an intimate metabolic union with at least two different species of symbiatic
bacteria. The ciliate host provides organic molecules for the bacterial symbionts, and the bacteria improve the energy metabolism of the ciliate
by removing certain metabolites. The symbiotic relationship offers an analogy for the types of interactions present in the earliest oxygen-free
habitals about bwo billion years ago. (All photagraphs courtesy of the authors.)

quence of anoxic conditions, suggests
that during some periods in earth’s his-
tory, vast shallow seas were anoxic at
certain depths. To this day there are a
number of places where anoxic condi-
tions persist.

The extent and distribution of anoxic
habitats are often surprising to those
wheo do not normally consider these
niches. Marine sediments, for example,
are often anoxic a few millimeters be-
low the surface. Remarkably, they con-
stitute an enormous, globally continu-
ous anoxic environment. The ecological
significance of such a habitat has yet to
be fully explored or understood.

Sediments and detrital deposits of
lakes also provide an oxygen-free envi-
ronment. Here organic particles—dead
algal cells, fecal pellets of planktonic
animals and ather debris—sink to the
lake bottom. In the sediment, oxygen
is supplied only by molecular diffu-

sion. This process is so slow over dis-
tances exceeding a few millimeters that
it cannot meet the demand of aerobic
organisms living beneath the sediment
surface.

Even in shallow-water sedimentls
where there is sufficient light to allow
the growth of oxygen-producing mi-
croalgae, oxygen diffuses only as far as
the upper five to eight millimeters.
Digging in the sediment reveals the
oxygen-ree zone, distinguished by the
contrast between its grey-black color
(and its smell of hydrogen sulfide) and
the yellowish oxidized zone. The black
color comes from iren sulfides, com-
pounds that are not stable in the pres-
ence of oxygen.

In biologically productive shallow
waters, the anoxic zone may reach al-
most to the surface. When this happens
a white veil of sulfur bacteria is often
seen, These organisms make their liv-

ing by oxidizing hydrogen sulfide,
which diffuses up from the anaerobic
sediment. The presence of purple sul-
fur bacteria (which use hydrogen sul-
fide in a form of photosynthesis that
does not produce oxygen) reveals that
anaercbic conditions exist right up to
the surface of the sediments.

Lakes ate often thermally stratified so
that the upper warm layer does not mix
with deeper, colder water, As a result the
deeper water is effectively isolated from
centact with the atmosphere, and be-
comes anoxic. A similar phenomenon is
often seen in marine fjords that have a sill
at the enfrance, and in bays with decper
basins. The Black Sea is the largest anoxic
body of water in the world; oxygen is un-
detectable below a depth of about 150 me-
ters. The deep walers of certain basins in
the Baltic Sea and the Cariaco Trench in
the Caribbean Sea also represent large
anoxic marine basins.
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Figure 2, Communities of purple sulfur bacteria cover a shallow inlet in Nivd Bay, north of
Copenhagen. Purple sulfur bacteria use hydrogen sulfide (H.5) in a form of photosynthesis
that does not release oxygen. The presence of these anaernbic bacteria indicates that the sedi-
ments in the inlet are essentially free of molecular oxygen right up to the surface. The sedi-
ments consist of decaying seagrass leaves that form a layer about half a meter deep. Such habi-
tats are a rich source of the anaerobic organisms described by the authors,
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Figure 3. Concentration of dissolved oxygen (red) must fall to zero before anacrobic organisms

can survive in the depths of a freshwater pond in summer, In this instance the anacrobic organ-
isms first appear at a depth of about two meters below the surface of the pond.
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There are other, less romantic, anox-
ic habitats. These range from anaercbic
sewage-treatment plants, to fermenters
that produce useful methane gas from
organic refuse, lo landfills packed with
domestic waste. The intestinal tracts of
herbivorous animals also constitute an
important class of anoxie (or nearly
anoxic) habitats. Many herbivores de-
pend for food on the metabolites of fer-
menling microorganisms that degrade
plant structures such as straw and
wood. The rumens of cows and sheep
and the hindguts of termites have been
extensively studied, but similar sys-
tems have evolved independently in
olher herbivores, including several
groups of mammals, green turtles and
sea-urchins,

It should be clear that anaerobic
habitats are diverse and widely distrib-
uted. Even so, the microorganisms that
live within them share a number of
common features, including their in-
teractions with each other.

Anaerabic Communily Structure

Most anaerobic ecological systems are
fueled almost entirely by dead organic
material, typically plant debris, im-
ported from the aerobie surroundings.
Under anaerobic conditions, the mater-
ial is decomposed primarily by fer-
menting bacteria, which break down
large organic molecules into smaller
sugars and amino acids. The dissolved
compounds are then fransported into
the cells where they are fermented,
providing energy for the bacteria.

The bacteria’s fermentative path-
ways produce, among other things, ac-
elate (which is made up of carbon, hy-
drogen and oxygen) and molecular
hydrogen. Oxidizing a substrate by hy-
drogen preduction yields about twice
as much energy as does glycolysis
alone (leading to lactic acid or to
ethanol and carbon dioxide). This is
nevertheless a relatively modest yield
of encrgy compared to aerobic respira-
tion. Only about 10 percent of the sub-
strate is incorporated into new cell
maller (in microorganisms most of the
energy is used for the synthesis of new
macromolecules required for cell
growth and renewal). The remaining
material is released, primarily as ac-
etate and hydrogen.

The excreted metabolites of ferment-
ing bacteria are used by other types of
bacteria. In environments where oxy-
gen-supplying sulfate ions are in low
concentrations (lakes and sewage di-
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Figure 4. Metabolic processes in bacteria differ when sulfate is present or absent in oxygen-free environmente. In either type of habitat, organic
molecules (here represented by CH,O) are fermented into acetate (CH,COO"), carbon dioxide and hydrogen (fop). In non-sulfate habitats these
molecules are then transformed into methane (CH,), water and carbon dioxide by methanogenic bacteria (kottom left). In sulfate-containing
habitats, sulfate-reducing bacteria oxidize the products of fermentation with sulfate (SO} (infddle rigitt). Fhotosynthetic bacteria in anexic
environments use the reduced sulfide (H5-) as an eleciron donor to produce organic compounds and elemental sulfur or sulfate (botton right).
These products can be recycled again by the sulfale-reducing bacteria. Because sulfale-reducing metabolism is encrgetically more efficient than
the methanogenic system, it predominates in anaerobic communities where sulfate is present. These processes are quantitatively the most
important. There are, however, other forms of fermentation, and some bacteria use electron acceptors other than sulfate.

gesters), methane-producing bacteria
are responsible for the terminal miner-
alization process. The methanogens are
capable of obtaining energy for growth
by converting carbon dioxide (CO,}
and molecular hydrogen (H,) into
methane (CH;) and water. Some
methanogenic bacteria are also capable
of transforming acetate into methane
and carbon dioxide. When lake sedi-
ments are stirred, the bubbles of
methane that rise to the surface are ev-
idence of the activity of these bacteria.
Other types of bacteria predominate
in scawater, which contains large
amounts of sulfate (SO2) compounds.
These anaerches—the “sulfate reduec-
crs”’—oxidize volatile fatty acids and
hydrogen using sulfate rather than
oxygen. In furn they produce hydro-
gen sulfide (H,S) rather than water
(H,0) as their principal metabolite.
Since sulfate respiration provides more
cnergy than does methanogenesis, sul-
~fate reducers are competitively superi-
or to methanogens in regions where
sulfate is available, Even so, a low level
of methanogenesis is usually de-
tectable in marine anaerobic environ-
ments. The presence of sulfate reducers
ot methanogens in the habitat means
that organic material can be completely
mineralized without oxygen. In anaer-

obic conditions this is accomplished by
diverse types of bacteria, whereas in an
aerobic habitat it can be accomplished
by a single organism.

Hydrogen plays a key role as a sub-
strate and a metabolite in anaerohic
communities. Hydrogen produced by
fermenting bacleria is rapidly metabo-
lized by the methanogens and the sul-
fate reducers. This results in low hy-
drogen pressure, which is essential for
the function of the whole ecological
system. This is because fermentation
that invalves the release of hydrogen
is thermodynamically feasible only if
the ambient hydwgon pressure is very
lIow. In a sense, fermenting bacteria
and hydrogen-scavenging bacteria are
engaged in a mutualistic relationship.
Fermenting bacteria produce the sub-
strates for methanogens and sulfate re-
ducers, and the consumers maintain a
favorable habitat for the producers by
removing hydrogen. This interspecies
hydrogen transfer is an example of a
syntrophic interaction. It is crucial to
the interaction of anaerobic microbial
communities.

Where light is present, photosyn-
thetic bacteria will re-oxidize the end
products of mineralization. Purple and
green sulfur bacteria use light to chem-
11:!]13: reduce carbon dioxide to make

organic material. In this instance, hy-
drogen sulfide (FH,S) is used as an elec-
tron donor instead of water (H,O) as
in green plants. Consequently, sulfur-
bacleria produce elemental sulfur or
sulfate rather than molecular oxygen.
Other photosynthetic bacteria use mal-
ecular hydrogen or organic com-
pounds as electron donors. Photosyn-
thetic systems thal do not rely on
oxygen are mechanistically simpler
than those that do. It seems likely that
oxygenic photosynthesis appeared lat-
er in evolutionary history.

In principle anoxygenic photosyn-
thesis allows an anaerobic community
to operate as a closed system fueled by
light alone: The system has a complete
cycle in which sulfur atoms function as
electron acceptors in respiration and as
electron donors in photosynthesis. Tn
turn, the cycle produces substrates for
fermentors and sulfate reducers. Such
anaerobic communities may have
dominated the early history of life.

Anaerobic Eukaryotes

Prokaryotes (bacteria) do not eat each
other. They make a living from dissolved
substances only. Eukaryotes, on the other
hand, routinely ingest ather organisms.
Such predation, a type of interspecies in-
teraction, is immensely important in aer-
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Figure 5. A single-celled anaerobic eukaryole, Metopies, harbors at least tiwo types of symbiokic
bacteria. Each Metopns cell contains about 7,000 methane-produeing bacteria (methanagens) that
live endosymbiotically within the cell, and 4,000 sulfate-reducing bacteria that live ectosymbiaki-
cally on the surface of the cell. Hydrogenosomes are intracellular organclles, dosely related to
mitochondria, which are thought to be highly modified endesymbiotic bacterda.

Figure 6. Methanogenic bacteria, inside two Melopus cells, are recagnized by the characteristic
cmission of a bright blue fluorescence when illuminated by violet light. It has recently been
discoverad that nearly all anaerobic ciliates living in fresh water, and ahout half of those living
in marine habitats, contain methanogens.
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obic ecosystems, but it also occurs in
anaerobic habitats. In this case, the
predators are unicellular eukaryoles that
engulf other cells. These predatory eu-
karyotes are the protozoa.

Anaerobic protozoa belong to two
distinct groups. One group probably
evolved directly from the ancient an-
cestral anaerobes; they are devoid of
any mitochondria-like structures. The
second group of protozoa consists of
organisms that have secondarily
adapted to anaerobic habitats.

Diplomonad flagellates (single-
celled organisms with two nuclei) be-
long to the first group. They are best
known as occasional inhabitants of
animal intestines. Ginrdin intestinalis,
for example, has been studied very
closely because it can cause diarrhea

in human beings. Other free-living

species of diplomonads that feed on
bacteria are also known. Because these
organisms lack mitochondria, their
energy metabolism is based on fer-
mentation that does not involve hy-
drogen production.

Mitchell Sogin and his colleagues at
the Marine Biological Laboratory at
Woods Hole, Massachusetts, have re-
cently studied the nuclectide sequence
of the diplomonad’s ribosomal RNA
molecule. A comparison with the ribo-
somal RNA of other single-celled or-
ganisms suggests that the diplomon-
ads branched off as an independent
group during a very early stage in the
evolution of eukaryotes. Some specu-
late that these organisms are the direct
descendants of an anaerobic eukaryote
that had not yet acquired mitochon-
dria. [t is possible, however, that the
diplomonads lost their mitochondria
during a later stage in evolution.

Other groups of anaerobic proto-
zoa—certain flagellated amoeboid or-
ganisms—also lack mitochondria. In
particular, species of the genera Masti-
gella and Pelomyxa (the giant froshwa-
ter “amoeba”) may also be living fos-
sils from the dawn of eukaryotic life.
These organisms lack certain other or-
ganelles that are characteristic of most
eukaryotic cells, including the Golgi
apparatus, the endoplasmic reticulum
and the microbodies.

Most anaercbic protozoa, however,
belong, to the second group, organisms
that have sccondarily adapted to life
without oxygen. The ciliated protozoa,
or infusoria, are the most common. Al-
though there are probably more than
100 species of anaerobic infusoria, they



all belong to taxonomic groups that in-
clude aerobic species. Anaerabic cili-
ates evolved independently within six
different lineages. These organisms,
which have secondarily adapted to
anaerobic conditions, have been the fo-
cus of our own studies. In particular,
we have studied the biology of five
species, which we keep in controlled
laboratory cultures.

The five species share a special sen-
sitivity to oxygen. One species is killed
within an hour of exposure to only
about two percent of the atmospheric
oxygen pressure. Other species scem
capable of growth under the same con-
ditions and may even recover from
temporary exposurc to atimospheric
pressures of oxygen if they are re-
turned to anoxic conditions. These or-
ganisms are sensitive to oxygen partly
because they lack (or have low levels
of) the enzymes that detoxify oxypgen.
They also lack respiratory enzymes
(cytochromes), so they are unable to
use oxygen in their energy metabolism.

Although they do not have respira-
tory enzymes, anaerobic ciliates have
organelles that are almost identical to
the mitochondria of aerobic ciliates.
These organelles, known as hy-
drogenosomes, were originally discov-
ered in 1973 by Denald G. Lindmark
and Miklds Miiller of Rockefeller Uni-

versity. Hydrogenosomes conlain two -

enzymes that were previously found
only in anaerobic bacteria. One of these
enzymes, hydrogenase, catalyzes the
oxidation of molecular hydrogen,
yielding two protons and two electrons
(H, —> 2H~* + 2¢). Because of their
structural similarities, it seems likely
that the hydrogenosomes of anaerabic
ciliates are modified mitochondria. Ul-
timately, the nucleotide sequence of the
DNA in this organclle may provide a
conclusive answer,

About 15 years ago one of us
(Fenchel) observed thal anaerobic cili-
ates often harbor symbiotic bacteria. In
some instances, the bacteria were liv-
ing as endosymbionts within the cyto-
plasm of the ciliate. In other cases, the
bacteria formed a dense, fur-like cover
on the surface of the ciliate. Some cili-
ale species (such as Metopus contortus)
harbar both types of bacteria.

A few years later, Claudius Stumm
and his colleagues at the University of
Nijmegen, in the Netherlands, discov-
ered that the endosymbionts are
methane-producing bacteria. Meth-
anogens can be recognized in the light
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Figure 7. A chain of molecular events characterizes the symbiotic interactions behween the
Metopns ciliate and its attendant bacteria. The symbiotic community’s energy metabalism begins
with the ingestion of bacteria, which are hydrolyzed into smaller molecules, such as carbahy-
drates. These small molecules are converted by fermentation info pyruvate and the reduced form
of nicotinamide-adenine dinucleotide (NADH). Hydrogenosomes oxidize pyruvate and the
reduction equivalent of NADH (malate) to produce melecular hydrogen (I1,) and acetate.
Methanogens oxidize the hydrogen with carbon dioxide {CO,) and praduce methane (CH,) and
water, which are released from the cell. Sulfate-reducing bacteria on the cell’s surface oxidize
metabolites such as acetate that diffuse oul of the ciliate. Ultimately the symbiotic bacteria act to
remove hydrogen from the cliate, which increases the metabolic efficiency of the host cell.

found relatively close to each other within the cytoplasm of a Mefopus cell. The proximity of
the structures facilitates the transfer of hydrogen from the hydrogenosome to the methanogen.
Each of these structures measures about one micrometer in diametar,
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microscope because they contain a
coenzyme that emits a beautiful blue
fluorescence when illuminated by vie-
let light. It is now apparent that nearly
all anacrobic ciliates living in fresh wa-
ter, and about half of those living in

Figure 9. Putative sulfate-reducing bacteria
fshart bristles) are densely packed among the
much longer cilia on the surface of the anaer-
obic ciliate Parablepliarisma pellifune. The
bacteria are about 2 to 3 micrometers long.

Figure 10. The ciliate Strombidfmm pur-
pureum harbors 200 to 700 endosymbiotic
purple bacteria that offer an analogy to the
origin of mitochondria in eukaryotic cells
from photosynthetic bacteria. The host cili-
ate is an anaerobic eukarvote that can toler-
ate law levels of oxygen in the dark
because the photosynthetic endosymbionts
remove the molecule through respiration.
The symbiotic relationship shows how an
anaerobic host can be gradually converted
to an aerobic life-style,
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marine habitats, contain methanogens.

Recently Niels Birger Ramsing, of the
Max Planck Institute of Marine Microbi-
ology in Bremen, and Fenchel found
that the organisms living on the surface
of al least two species of anaerobic ma-
tine ciliates are sulfate-reducing bacte-
ria. The observation might explain the
absence of such ectosymbionts where
sulfate is nearly absent.

A Community of One

A symbiotic consortium consisting of
a ciliate and one or two types of bacte-
ria represents an anaerobic community
that can completely mineralize ingest-
ed food. A Melopus cell, for example,
harbors about 7,000 methanogenic en-
dosymbionts and about 4,000 sulfate-re-
ducing ectosymbionts. A brief averview
of the process reveals the economic ele-
gance of the community. The ciliate’s
food (mainly bacteria} is first hy-
drolyzed into small molecules. These
are fermented into pyruvate and the
reduced form of nicotinamide-adenine
dinucleotide (NADH). These mole-
cules are then oxidized in hydro-geno-
somes to produce acetate and hydro-
gen. Methanogenic endosymbionts
then oxidize the hydrogen with CO, to
produce methane and water. The ec-
tosymbiotic sulfate-reducers oxidize
the acetate {and any other metabolites

-such as lactate or ethanol) that diffuse

out of the ciliale.

The symbiotic bacteria obviously
gain from the association by receiving
substrates from the ciliate host. But is
there any advantage for the host? It is
possible to test this possibility with
some relatively simple experiments.
Although ciliates always harbor meth-
anogens in nature, they can be freed of
the endosymbiotic bacteria by the ad-
dition of a compound (bromoethane-
sulfoniic acid) that specifically inhibits
the growth of methanogenic bacteria.
In this way the ciliales can be main-
tained free of methanogens in labora-
tory cultures. Indeed, we have not
been able to re-infect the ciliates with
methanogens.

In two relatively large species of cili-
ates, the growth rate and metabolic ef-
ficiency of the eukaryotes decreased by
about 25 percent when the methane-
gens were inactivated. (One smaller
species appeared to be almost unaffect-
ed.) We considered the possibility that
the methanogens excrete substances
that are used by the ciliate host, but
simple calculations show that this can-

not account for the large advantage of
hosting the symbionis, A clue to the
methanogens’ significance came when
we found that the symbiont-free ciliate
host does not produce enough hydro-
gen to account for the production of
methane in the normal symbiotic
union. The observation suggests that
the methanogens maintain low levels
of hydregen within the ciliate, makin 2
hydrogen production thermodynami-
cally more favorable for the hast.

At first it seemed unlikely thata cili-
ate could maintain high levels of hy-
dragen given the short diffusion path
to the cell’s surface and the very low
levels of hydrogen outside of the cell.
A simple theoretical model (assuming
a spherical ciliate and a realistic rate of
hydrogen production) suggests that
hydrogen concentration would in-
crease by 1,000-fold at the cell’s surface
in the absence of the methanogens.
This would make hydrogen produe-
tion considerably less favorable, espe-
cially for the re-oxidation of NADH.
This effect may explain the adaptive
significance of harboring methano-
genic bacteria,

T. Martin Embley of the British Nat-
ural History Museumn in London and
Finlay have compared the ribosomal
RNA sequences of some of the
methanogen symbionts with the se-
quences of free-living methanogens
maintained in laboratory eultures. The
sequences of the symbionts are host-
specific; they resemble (but are not
identical to) sequences from free-living
species. Distantly related anaerobic cil-
iates can have symbionls that are close-
Iy related to each other. Conversely,
some ciliates that are closely related to
each other (different species within the
same genus) have very different bypes
of methanogens as their symbionts.
These latter symbiotic interactions
must have been established after the
speciation of the hosts.

The associations may have started
when ingested methanogens avoided
digestion and survived by using the
host's metabolites in their own diges-
tion. Perhaps such a primitive stage in
the evolution of symbiosis may still be
discovered. In the cases we have stud-
ied the methanogens are no longer
symbionts, but organelles, They are
found enly in their specific hosts, they
are transmitted by cytoplasmic inheri-
tance and, most importantly, the asso-
ciation between the host and the sym-
bionts has become a unit of natural



selection, It has little meaning to ask
about the adaptive significance for one
or the other component. Their mutual
interaction is no longer symbiosis but
rather the physiology of a single, com-
plex cell.

In some ways the symbialic relation-
ship between methanogens and anaer-
abic ciliates presents an analogy to the
endosymbiont theory for the origin of
mitochondria, which holds that mito-
chondria originated as endosymbiotic
hacteria about one to two billion years
ago. An anacrobic ciliate such as Meto-
pus is really a composite organism rep-
resenting all three kingdoms of organ-
isms. Eukaryotes are represented by
the ciliate host, the prokaryotic eubac-
teria are represented by the h}’u:lrogeno—
somes (related to mitochondria) and
the prokaryotic archaebacteria are rep-
resented by the methanogens. The sul-
fate-reducing ectosymbionts are also
members of this complex. Remarkably,
a Metopus cell and its symbiolic bacte-
ria fulfill nearly all the roles of an entire
anoxic microbial community.

Recently, Catherine Bernard and
Fenchel discovered a new type of en-
dosymbiesis in anaercbic protozoa. It
consists of a phototrophic non-sulfur
bacterium living inside the ciliate
Strombidinm purprrerm. In many re-
spects this symbiotic relationship is a

closer analogy and a more useful mod-

el of the origin of mitachondria. The
bacterium belongs to the alpha group
of purple bacteria, which includes the
ancestors of mitochondria. The partic-
ular type of purple bacteria to which
the endosymbionts belong uses molec-
ular hydrogen or low-molecular-
weight organic compounds as electron
donors in photosynthesis. In the ab-
sence of light, however, these bacteria
become microaerobes capable of oxy-
gen respiration.

The ciliates, on the other hand, avoid
even minute traces of oxygen when
they are in the light. The ciliates also
tend to gravitate toward light, especial-
Iy to wavelengths corresponding to the
absorplion spectrum of the photosyn-
thetic pigments of the symbionts, In
the dark, the ciliates prefer conditions
that correspond to the oxygen require-
ments of the symbionts. Access to
some oxygen improves their survival
in the dark. In this instance the sym-
biont not only uses the metabolites of
its anaerobic host, but it also trans-
forms the ciliate into an oxygen-con-
suming organism in the dark. -

Aerobes vs. Anaerobes

It remains to be explained why so few
eukaryotes inhabit anaerobic environ-
ments and why those that do are so
small. Consider for a moment the clas-
sic description of a "who-eats-who”
food chain in an aerobic community:
Pelagic algae are eaten by copepods,
which are eaten by small fish, which
are eaten by larger fish and so on. Ulti-
mately the great white shark at the top
of the chain has enough to eat because
aerobic organisms are extremely effi-
cient at converting food into energy.

Aerobic organisms are efficient be-
cause oxygen respiration is efficient.
Although growth efficiencies vary
semewhat, a realistic figure is 40 per-
cent, So, if a copepod eats 100 units of
algae, 40 units of copepods are pro-
duced. The 40 copepods translate into
aboutt 16 units of small fishes, which
translate jnto 6.4 units of large fishes,
which support the production of 2.5
units of sharks.

This scenario cannot take place in an
anaerchic habitat, The low energy
yield of anaerobic processes translates
into a low growth efficiency, about 10
percent on average. This means that
100 units of organic matter will pro-
duce 10 units of fermenting bacteria,
which support only one unit of anaero-
bic ciliates. Such a low yield is insuffi-
clent for any hypothetical anaerobic
predator of the ciliates. In anaerobic
communities the biomass production
is simply too low to sustain more than
a two-level food chain—there are no
niches for larger animals,

In this light, it seems reasonable to
propose that eukaryotes evolved into
a diverse group of large and complex
organisms mainly to swallow other or-
ganisms or 1o avoid being swallowed
themselves. The evolution of such
predatory interactions and complex
food chains is dependent on a high lev-
el of bioenergetic efficiency. In earth’s
history this followed the evolution of
oxygenic photosynthesis and aerobic
respiration. Had this not taken place,
the diversity of life would still resem-
ble the foul-smelling sites where we
collect our samples.
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