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Tug problem of the evolutionary origin of cukaryotes has
been a major one in biology ever since the fundamental dis-
tinciion between prokaryotic and eukaryotic cells’"® became
clear. It is generally accepted that eukaryotes evolved from
prokaryotes, but how this happened is unknowni=. Certain
similarities between mitochondria and bacteria and between
plastids and blue-green algae have led to the recent revival®™®
of old theories’™™ suggesting that these eukaryote organelles
are derived from intracellular symbiotic prokaryotes and also
to the suggestion™!21% that microtubules, centrioles and
flagella are similarly derived. This “‘serial endosymbiosis theory
of the origin of eukaryotes™, which supposes that eukaryotes
evolved as a result of the symbiosis of from three to six™!1¢
genetically different prokaryotes, has received more support®?*
than the alternative theory that they evolved from a single
prokaryote species by intracellular differentiation®-22,

My strongest criticism of the symbiosis:théory is that it

fails to explain how the eukaryotecondition itself (that is, the.

nucleus) evolved®!. Most proponents of the symbiosis theory®™*
do not seriously discuss the origin of the nucleus, but assume
it to have evolved gradually from a prokaryote nucleoid.
Eukaryote nuclei differ in at least three fundamental ways
from prokaryote nucleoids. They are surrounded by a double-

membraned envelope bearing characteristic pores; they contain -

several non-identical chromosomes which are linear and not
circular; seeregation occurs by mitosis which always involves
spindle microtubules. Here 1 show how these differences
could have arisen and argue that the same selective forces
would also have led to the formation of mitochondria, plastids
and other characteristic eukaryote organelles and propsrties.

Like Stanier® I consider the evolution of endocytosis (phago-

cytosis and pinocytosis) to be of key importance in eukaryote
evolution. But this is not because it enabled-them to harbour
endosymbionts. (I believe endosymbiosis to be one of many
secondary and almost inevitable consequences of phago-
cytosis, but not the cause of the eukaryote conditicn.) It is
because phagocytosis provided not only the selective pressure
but also the physical mechanism (membrane budding and
fusion) for cell compartmentation by intraceliular membranes.
Cell compartmentation-explains not only the origins of mito-
chondria, plastids and nuclei, but also their characteristic
properties more simply than does the symbiosis theory.

I assume that the ancestor of all eukaryotes was a single-
celled, facultatively phototrophic, blue-green alga, unable to
fix nitrogen but possessing oxygen-evolving photosynthesis
and oxygen-using respiration based on cytochromes and other
electron transport molecules borne on intracellular thylakoid
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have been the loss of the cell wall by such ap alga living in a
shallow bacteria- and detritus-rich benthic environment (Fig.
15). Cell wall degrading enzymes like those abundantly secreted
by soil myxobacteria® may initially have roduced a blue-
green algal “L-form” which subsequently: became a stable
L-form. Whatever the mechanism, wall loss|was essential for
phagocytosis and explains the complete absence of peptidogly-
can cell walls in eukaryotes.

Many blue-green algae (in contrast to| bacteria, whose
minute size would make the evo'ution of phagocytosis difficult)
have cells as large as those of unicellular elkaryote algae® %,

" membranes (Fig. la). The first step leading !ox:ukaryotes must

5o size would be no barrier to the acquisitionjof phagocytosis—
they would already be large enough to engulf bacteria. A
strong selective force would favour any bjue-green algal L-
form able to develop phagocytosis and s become a ‘‘pre-
alga”. A phagocytic pre-alga could photosynthesise by day,
or during the Arctic summer, and-phagocytose by night or
during the Arctic winter (or in any dark gnvironment). This
versatility would give it a clear advantagd over other blue-
grzen algae (mostly obligate phototrophs} as wcll as over

~"bacteria since it would seldom lack food.

Evolution of phagocytosis
| suggest that there is a fundamental simllarity between the
mechanism of plasma membrane budding|to form a phago-
some and the mechanism of eukaryote c¢ll cleavage during
cytokinesis. Both involve invagination, breakage and resealing
of membranes. Clearly they differ in the t ing and location
of these processess But I think these reflect differences in
control rather than in the basic mechanism,|and that the blue-
green alga evolved cleavage first and endocytosis evolved.
subsequently from it. =

Phagocytosis, like division, reduces the siirface area of the
plasma membrane but, unlike division, creafes separate intra-
cellular. phagosome membranes. Extensi endocytosis is
therefore not possible unless the phagosome membrane can
refuse with the plasma’ membrane after pbsorption of its
contents. Thus phagocytosis could not evolve in the absence
of this reverse process (exocytosis—frequntly the basis of
secretion in eukaryotes). Since, in growing (but not in non-
growing) cells, limited exocytosis is possiblel’in the absence of
endocytosis, exocytosis probably evolved before endocytosis
(either as a mechanism of membrane gropth additional to
the insertion of individual molecules into an existing membrane,
or more probably for secretion of extrjcellular digestive
enzymes). Any blue-green alga possessing both cleavage and

exocytosis would be preadapted for the evblution of phago- |
cytosis. Figure 1 shows a possible evolutipnary sequence.
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Fig. 1 The c»{olu[ion of phagocytosis. A blue-green alga
loses its cel! wa! ia) and evolves an acto-myosin depeiident cell
cleavage 1_11ech.an\|sm (b). The resulting L-form develops extra-
cellular digestion (¢) by direct secretion of digestive enzymes
acrose the _:JIasm_fa membrane and/or by exocytosis by protoly-
sosomes (L) derived from thylakoids specialising in the intra-
cellular siorage qf digestive enzymes. Efficiency is increased by
partially (4) or [completely (e) surrounding the prey before
liberating the enzymes. Finallyin the fully phagocytic “pre-alga™
only the plasmamembrane engulfs the bacterium (B) and the
protolysosome fijses with the resulting phagosome. DNA (D),
with its attached polysomes, and most thylakoids (T) remain
unchanged.

[ suggest that ot only exocytosis, endocytosis and cleavage
but all cases of tontrolled membrane budding and fusion in
eukaryotes (for example, budding of smoth vesicles from rough
endoplasmic retizulum or Golgi apparatus, or the fusion of
transmitter vesigles with presynaptic membranes) have a
common basic mechanism, which I call cytosis. Since much
of eukaryote cell evolution can be understood in terms of a
diversification in the uses of and increased control over the
Uming and positioning of cytosis it is a pity that so little is
known of its mechanism. Conceivably membranes containing
polyunsaturated fatty acids (found in blue-green algae and in

eukaryotes but not in bacteria®) were a prerequisite. Although

DthDhOIipid membranes have a natural tendency to bud
2;1{:111{;115.6 I_ suggest that .cytosis. also universally involves a
swtemﬁsac'tri;'alec contractile actin-myosin-like microfitament
E'ClOmyo'sin e simplest eﬂxlplanan_on for the universality of
e ‘;'rr\l_e;karyoies- is t_hz?t it was the essential molecular
Porsitle 1c ma}de tl}e. origin and evolution of eukaryotes
S ln that. it originated when our blue-green algal

ost its| cell wall and the prokaryote type of cell

divisj
1on by localjsed growth of a semi-rigid membrane was’

__phagocytosis. Then selection for greater phagocytic efficiency
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superseded by actin-myosin mediated cleavage by furrowing,
that.is by cytosis. :
Subsequently, modifications led to exocytosis and then

would occur. Cells would be selected for greater size and for
the ability to phagocytose over their whole surface. The acto-
myosin system would diversify independently to produce
amoeboid movement—greatly increasing predation efficiency—
and cytoplasmic streaming and organelle movement—speeding
up contact between phagosomes and protolysosomes.

Origin of the spindle :

- Such a highly mobile cell surface would interfere with chromo-
some segregation (dependent in prokaryotes on attachment
10 a stable semi:rigid membrane?), Endocytosis of the chromo-
some attachment site would be especially serious, so there
would be strong selection for a new rigid non-membrane
segregation mechanism—the microtubule. Initially micro-
tubules joined the two membrane attachment sites (Fig. 2a)
and pushed them apart as they grew (like pole-to-pole spindle
microtubules, the only universal components -of modern
spindles®*; or like the reverse of sex pilus retraction (micro-
tubules and sex pili are both tubular and interact with chromo-
some attachment sites—are :they related or just functionally
similar?)). This ensured that one chromosome ended up on
each side of the cleavage furrow (a mechanism to ensure that
cleavage was at the equator was also essential).

Efficient segregation by microtubules ended the selective
advantage of chromosome attachment to the plasma mem-
brane; the attachment site would soon be endocytosed and
thereafter remain inside the cell as a protonuclear envelope
(Fig. 2b), making the entire cell surface available for phago-
cytosis. The origin of mitosis was not a consequence, as
commonly supposed, of the greater size or greater number
of eukaryote chromosomes but was instead the essential pre-
requisite for these changes. : »

Fig. 2 The evolution of spindle microtubules (M) in the amoe-
boid pre-alga, as a device to push the two circular daughter
chromosomes (here shown twisted into supercoils) apart to
opposite poles of the cell to ensure that one is present in each
daughter cell produced by the cleavage furrow (C). Initially
chromosomes were attached to the cell membrane (a) but later
(b) the attachment sites were endocylosed to become proto-,
nuclear envelope, N. Phagosomes (P), protolysosomes (L) and
thylakoids (T) are also shown.
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Fig. 3 Diversification of the (ribosome-covered) protolyso-

some («) (originally derived from a ribosome-bearing thylakoid).

The evolution of membrane budding by cytosis allowed

differentiation and specialisation between the “rough’ ribosome-

bearing membranes and their various smooth-membraned
products (b).

Cytosis and origin of sex

Cytosis also provided the mechanism for cell fusion, which
must have evolved in a wall-free cell, and initially was probably
poorly controlled and more frequent than today. Its initial
selective advantage would be greatest in times of starvation
(starvation still triggers sexual differentiation in many algae
and fungi) when fused cells would have twice the internal
food supply of unfused competitors. 1 suggest that it originated
in this way in the amoeboid pre-zalga before even the develop-
ment of the nuclear envelope; many properties of eukaryote
chromosomes are best explained by the simultaneous evolu-
tion of mitosis and meiosis.

With only one circular chromosome per cell meiosis was
unnecessary; the primitive mitosis described above would
ensure segregation. Recombination was easy in the absence
of a nuclear envelope. Assuming reciprocal and random re-
combination (as in the rec system of Escherichia coli), an even
number of crossovers would produce two recombined daughters
but an odd number would produce double length circular
DNA. This increase in genome size and redundancy would
immediately provide raw material for rapid evolution of new
functions and create multiple replicon origins. The random
release of spare copies of genes from stabilising selection
pressure would break up operons. But an indefinite increase
in DNA would be disadvantageous (and double-sized DNA
molecules would often be broken during segregation because
of their two membrane-microtubule attachment sites), and so
selected against—most simply by the chromosomes becoming
linear by the mechanism 1 previously suggested®. With linear
chromosomes odd as well as even numbers of crossovers will
give normal reciprocal recombinants thus terminating the
explosive burst of new genome creation.

40>

Selection for mcreased recombination efficiency would lead
to chromosome pairing mediated by a synaptmemal complex
Efficient pa:rmg would remove the necessity for having all
the DNA in one molecule (previously necessary to prevent
aneuplmdy) Indeed, positive selection for chromosome frag-
. mentation by the mechanism previously suggested® is likely

" because this will give increased recombination by independent

assortment of non-homologous chromosomes. Thus the most
distinctive features of eukaryote chromosomes, mitosis,
meiosis and sex probably all evolved in a very short space of
time, during the earliest stages of eukaryote evolution as a2
" direct consequence of the evolution of cytosis. Chloroplast
fusion®! was probably a late development.

Fig. 4 The evolution of plastids, mitochondria and nuclei by
fusion of DNA-associated thylakoids or endoplasrmc reticulum
cisternae. a, Plastids resulted from association of photo-
synthetic and plasmid-associated thylakoids to form a com-

partment containing DNA, ribosomes and Calvin cycle
enzymes. b, Mitochondria resulted from fusion of plasmid-
associated respiratory thylakoids to form a compartment
containing Krebs cycle and fatty acid metabolising enzymes.
¢, Cell at intermediate stage with three distinct compartments:
mitochondria (M), plastids (P) and nucleocytoplasm, whose
protonuclear envelope (N) with six linear chromosomes will
eventually fuse (d) to form a nuclear envelope separating the
cytoplasm with protein synthesising enzymes from the nucleus
with DNA and RNA synthesising and processing enzymes.
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Cell compartmentation and organelle origins
Increase in cell size and in diversity of cell components in
response to the selection pressures described above would
~~ dilute each component and lower the efficiency of reactions.
This could be prevented only by vastly increasing the amounts

Fig. 5 A possible pattern ofegkaryole diversification following the formation of the first true eukaryote (red algal-like) “proto-alga™.
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made and the total concentration of materials or by dividing
the cell into compartments. each specialising in different
functions. Cells adopting the latter course would have a
tremendous selective advantage. The-evolution of cytosis not
only provides the selective pressure but alse the mechanism
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[remained circular, because with, multiple, copies the selection
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for compartmentation. :

The early ribosome-covered protolysosomes (Fig. 1) were
already separate compartments (because of the need to secrete,
and protect the cell from, their hydrolases) and could very

__simply have_differentiated_into rough_and smooth endo-

plasmic reticulum, lysosomes, peroxisomes and Golgi ap-
paratus as shown in Fig. 3; they and the original thylakoids
could have formed the plastid, mitochondrial and nuclear
envelopes by fusion as shown in Fig, 4.

Initially ribosomes, DNA, RNA and nucleic acid poly-

" emerases were’ divided into” 3 compartments, Fig. 4c. The"

nuclecid in the cytoplasmic compartment was segregated by
microtubules and its DNA became linear and fragmented
as suggested above. Chloroplast and mitochondrial plasmids
were present always in large enough numbers per cell not to
require a special segregation mechanism, and so (generally)

pressure for linearity was much less. In both plastids and mito-
chondria, DNA, messenger RNA and ribosomes are in the
same compartment (as in bacteria) so would be expected to
retain many prokaryotic properties. By contrast nuclear DNA
and RNA became segregated from cytoplasmic RNA and
ribosomes (Fig. 4d) so ribosomes could no longer start trans-
lating messenger while it was still being made and new mech-
anisms were required for the transport of messenger and
nascent ribosomal subunits across the nuclear envelope.
(Nuclear pores allowing free passage of small and medium
sized molecules, but not larger ones and macromolecular com-
plexes®®, probably arose in response to the need to regulate
nucleocytoplasmic exchange.) Nucleocytoplasmic separation
would have imposed new selective forces on DNA and RNA.
Though it is premature to speculate on their nature 1 predict
that they will go far to explain other differences between
nucleocytoplasmic genetic systems on the one hand and
prokaryote/mitochondrial/plastid ones on the other.

The origin of the unique features of cytoplasmic ribosomes
and of nucleoli probably dates from the time when the pre-
alga became completely compartmented to form the first
true eukaryote—the proto-alga (Fig. 5). I suggest that originally
the pre-algal plasmids and nucleoid had identical ribosomal
DNA present in multiple tandem copies (many copies were
needed because of the large cel! size), and that this identity
was maintained by recombination involving a ribosomal DNA
episome (replicating as a rolling circle®®). But, after complete
compartmentation, DNA and ribosomes could no longer

cross the membranes (but proteins could be secreted directly”

across them by membrane-bound ribosomes!), so plasmid
and nuclear ribosomal DNA then evolved independently.
This predicts that gene amplification and rolling circle re-
plication of nucleolar DNA will be found universally in
cukaryotes. The existence of a distinct nucleolus is connected

with the need to transport both ribosomal and messenger RNA .

across the envelope.

Nucleocytoplasmic separation, the breakup of operon-like
gene clusters and the production of large amounts of re-
dundant DNA as suggested above, were probably encugh to
lead to completely novel systems of gene regulation in eukar-
yotes®® which would subsequently make possible the evolution

of highly differentiated multicellular organisms, In future

rescarch it will be Important to determine, by eareful com-
parison of primitive unicellular eukaryotes and differentiated
multicellular ones, which features (for example, giant hetero-
geneous nuclear RNA®, repetitious DNA®, palindromes®?)
are universal features of eukaryote genetic systems and

which are specifically associated with complex multicellular
differentiation.

Comparison with symbiosis theories

M;-r model is superior to symbiosis theories in three main ways.
F:rst. it explains how eukaryote nuclei evolved. In doing so
it provides a plausible selective advantage for the evolution
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of all major features of eukaryote nuclear structure and genetic
systems (except the presence of histones). According to my
theory the absence of sex in an entire major eukaryote group,
for example euglenoids®®, is the result of secondary loss and

_not_a primitive feature.. The absence of histones in dino-

flagellates® might also be a secondary feature perhaps _result~
ing from the loss of sex. If so the primary function of hxsl(?nt?s
could have been efficient packing of DNA to facilitate meiotic
pairing and segregation. 3

Second, it gives plausible reasons for the dlﬁ'erences'between
nucleocytoplasmic and prok_aryol,e/plastid,’mitochondnal'gene-
tic systems, This the symbiotic theories do not doj; they ignore
the fact that both kinds of genetic systems must have evolved
from prokaryote systems, and so resemblances are not at all
surprising?l. The real problem is why the nucleus is different,
which symbiosis does not explain.

_Third, it is far_simpler than any symbiotic theory. These
symbiotic origin of mitochondria and cl?ltgroplasts is.a possi-
bility (and one compatible with the origin of nuclei by the
mechanism proposed here), the resemblanc'es between them
and prokaryotes are to be expected on either theory. Tbc
symbiotic origin of flagella and the mitotic appgratus“f,'xs
untenable for many reasons®*, The idea that the compiexmes
of sex and meiosis evolved independenﬂy 27 times (Fig. 2-6
of ref, 7) in much the same way is incredible.

Eukaryote diversification :

| regard the absence of flagella in red algae (ppssxbly also
in higher fungi if they evolved from them by plasu'd.loss*_"). as
primary22L:2¢; they are probably the most primitive living
eukaryotes. Though some amoebae without flagella could
have evolved from primitive red algae by pl_astid‘loss, most
eukaryotes must be derived from a red algal line which evolv.ed
942 flagella from aggregates of microtubules. The selective
advantage is obvious: they could colonise a completely empty
niche as the first marine phytoplankton (or if, unlike today“f,
there were then blue-green algae in the open sea, become ttgelr
first predators) through their new ability to stay in suspension
and migrate to the level most suitable for photosynthesis
and (or) predation. By loss of phycobilins and the development
of other pigments a great variety of brownish and green
phytoflagellates were formed?®#42 These were the 'anccstgrs :
of all plants and, by plastid loss, of non-photosynt}getlc protists
and animals (Fig. 5). The generality of the circadian cl.ock in
eukaryotes (and possible absence in bacteria) is easiest to
understand if it evolved in a photosynthetic common ancestor
to maximise photosynthesis by day and division by night.
Complex polysaccharide-protein cell walls or surface coats, of}en i
secreted by the Golgiapparatus, evolved in many lines. Adhesxo.nﬂ
between such extracellular layers led to rulticellularity, in™
many separate lines??®4, : : i

Comparative studies clearly indicate that. centrioles are
derived from basal bodies!® and probably became secondar}ly
associated (perhaps on several independent occasic.ms)' with
the spindle poles, and are not essential for mitosis?*18,
Chromosome-to-pole spindle microtubules probably evolved
long after the origin of mitosis, but oniy in some eukaryote
groups®, Microtubules have also independently evolved m_t?
many other erganelles of motility, such as axostyles', axopods*®,
suctorian tentacles® and haptonemata™ as well as numerous
structural elements as in the cortex of protist .cells®?, the
phycoplast® or neurotubules®®, -

My view that the origin of all eukaryotic organellcs_ and
genetic systems can be traced back to two fundam.enta? inno-
vations, (1) cytosis involving actomyosin and (2) microtubules,
has many implications (too numerous to discuss .properly
here) which can be tested by observations on living organisms.
Unfortunately evidence from the fossil record**® will be very
hard to come by because the ancestral eukaryotes had no cell
walls and because the changes postulated could have occurred |
very rapidly indeed, possibly in a very restricted locality. J

postulate two to five Separate symbiotic events®. Though' the i



