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a b s t r a c t 

Endosymbiotic theory posits that some organelles or structures of eukaryotic cells stem from free-living 

prokaryotes that became endosymbionts within a host cell. Endosymbiosis has a long and turbulent his- 

tory of controversy and debate going back over 100 years. The 1967 paper by Lynn Sagan (later Lynn 

Margulis) forced a reluctant field to take endosymbiotic theory seriously and to incorporate it into the 

fabric of evolutionary thinking. Margulis envisaged three cellular partners associating in series at eu- 

karyotic origin: the host (an engulfing bacterium), the mitochondrion (a respiring bacterium), and the 

flagellum (a spirochaete), with lineages descended from that flagellated eukaryote subsequently acquir- 

ing plastids from cyanobacteria, but on multiple different occasions in her 1967 account. Today, the en- 

dosymbiotic origin of mitochondria and plastids (each single events, the data now say) is uncontested 

textbook knowledge. The host has been more elusive, recent findings identifying it as a member of the 

archaea, not as a sister group of the archaea. Margulis’s proposal for a spirochaete origin of flagellae was 

abandoned by everyone except her, because no data ever came around to support the idea. Her 1967 pro- 

posal that mitochondria and plastids arose from different endosymbionts was novel. The paper presented 

an appealing narrative that linked the origin of mitochondria with oxygen in Earth history: cyanobacteria 

make oxygen, oxygen starts accumulating in the atmosphere about 2.4 billion years ago, oxygen begets 

oxygen-respiring bacteria that become mitochondria via symbiosis, followed by later (numerous) mul- 

tiple, independent symbioses involving cyanobacteria that brought photosynthesis to eukaryotes. With 

the focus on oxygen, Margulis’s account of eukaryote origin was however unprepared to accommodate 

the discovery of mitochondria in eukaryotic anaerobes. Today’s oxygen narrative has it that the oceans 

were anoxic up until about 580 million years ago, while the atmosphere attained modern oxygen levels 

only about 400 million years ago. Since eukaryotes are roughly 1.6 billion years old, much of eukaryotic 

evolution took place in low oxygen environments, readily explaining the persistence across eukaryotic 

supergroups of eukaryotic anaerobes and anaerobic mitochondria at the focus of endosymbiotic theories 

that came after the 1967 paper. 

© 2017 Elsevier Ltd. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Lynn Margulis (1938–2011) did a lot for biology. There is much

to say about her 1967 paper “On the origin of mitosing cells”, pub-

lished under her name at the time, Lynn Sagan. She will be re-

ferred to here throughout as Lynn Margulis. It was a very impor-

tant paper in the development of endosymbiotic theory. The main

point of her proposal was that eukaryotes arose through symbio-

sis. The following passage aptly summarizes her 1967 version of

symbiotic theory for eukaryote origin in her words: 

“In keeping with the hypothesis, the following organisms should

have evolved: a free-living complex flagellar counterpart; a free-

living mitochondrion counterpart; and a heterotrophic prokaryote

capable of ingesting cells. Free-living cells co-descendant with eu-
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karyotic organelles might still contain cistrons homologous to those

in (9+2) homologues, mitochondria, and plastids. For example, we

may one day find different types of blue-green algae that are co-

descendant with typical chrysophysean and rhodophysean plastids,

which contain DNA with cistrons homologous to those in the plas-

tids. 

If the theory is correct all eukaryotic cells must be seen as

multi-genomed systems. This implies that a goal of cellular chem-

istry is understanding the way in which all biochemical reactions

are coded off the nucleic acid of the nucleus and the subcellular or-

ganelles. All eukaryotes must contain at least three specific types of

DNA: nuclear, mitochondrial, and (9+2) homologue. An additional

DNA that is associated with the chloroplasts must be found in all

eukaryotic plants.” ( Sagan, 1967 , p. 270). 

The purpose of this contribution is to commemorate her 1967

aper in the broader context of endosymbiotic theories and to see

http://dx.doi.org/10.1016/j.jtbi.2017.01.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jtbi
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2017.01.004&domain=pdf
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here theories for the origin of mitosing cells are 50 years later.

t is perhaps best to start by first recapping what Margulis’s 1967

aper said. The introductory quote sums it up. Margulis envis-

ged three cellular partners at eukaryotic origin: the host (an en-

ulfing bacterium), the mitochondrion (a respiring bacterium), the

agellum (a spirochaete), followed by a fourth partner, the plas-

id (a cyanobacterium) in the plant lineage. She very clearly says

hat new sets of genes entered the eukaryotic lineage via these

ymbioses and that, if her theory is correct, all eukaryotes are

multigenomed”. Multigenomed is a 1967 way of saying that all

ukaryotes arose through endosymbiosis, and that there should be

o eukaryotes out there that arose autogenously, that is, solely

y standard microevolutionary mechanisms (point mutation and

ene duplication) operating in a prokaryote without endosymbio-

is. “Multigenomed” is also a statement and prediction about a

articular kind of genomic chimerism that, if endosymbiotic the-

ry is correct, should exist in eukaryotes. In a different passage

p. 231) she wrote that “some attraction between nucleic acid of the

ost and that of the symbiont ” is required for her theory to work,

he was thus saying that genes should be found that were trans-

erred from endosymbionts to the host, although one could also

nterpret her mention of “attraction” to relate to (presumed) basal

ody DNA origin. The gene transfer idea might seem to have been

ay ahead of its time in 1967, but endosymbiotic theory has a long

istory and the concept of gene transfers from endosymbionts was

ut there in the literature decades earlier, even before we knew for

ure that genes are made of DNA, as a passage from Wallin attests:

“It appears logical, however, that under certain circumstances, in

harmony with chemical and physical laws, bacterial organisms

may develop an absolute symbiosis with a higher organism and

in some way or another impress a new character on the factors

of heredity. The simplest and most readily conceivable mechanism

by which the alteration takes place would be the addition of new

genes to the chromosomes from the bacterial symbiont.” ( Wallin,

1925 ; p. 144). 

Margulis’s 1967 paper starts out by acknowledging prior

ontributions in the field of symbiotic theory. She mentions

ereschkowsky (by way of mention in Wilson’s book), but not

hat he said: Mereschkowsky set forth powerful physiological

rguments for a symbiotic origin of plastids from cyanobacteria

 Mereschkowsky, 1905 ), but disfavoured a symbiotic origin of mi-

ochondria, whereby the traits we today attribute to mitochon-

ria he attributed to the nucleus, which he thought descended

rom an independent endosymbiosis that preceded the plastid

 Mereschkowsky, 1910 ). She also mentions Wallin, but not what he

aid: He argued for a symbiotic origin of mitochondria, but not for

lastids, as he thought the plastids of plants were transformed mi-

ochondria ( Wallin, 1927 ). Margulis’s 1967 paper can probably be

redited as having the first thorough formulation of endosymbi-

tic theory that has plastids and mitochondria both being derived

rom endosymbioses, but from different symbiotic associations in-

olving different bacterial symbionts. There was a very curious

aper by Goksøyr (1967) that also has mitochondria and chloro-

lasts descending from different endosymbionts, but the paper is

xtremely short and only has one reference (to work by Stanier

hat does not mention endosymbiosis) hence the literature and the

easoning underlying the conclusions in that paper remain some-

hat of a puzzle. Margulis’s 1967 paper also cites Ris and Plaut

1962) , a rare example of papers that appeared during the time

rom 1928 to 1967 that discussed the old endosymbiotic ideas of

ereschkowsky and others in a positive light. The first author of

hat paper, Hans Ris, is important for endosymbiotic theory be-

ause he taught Margulis genetics at the University of Wisconsin,

here she sat next to Jonathan Gressel (pers. comm.) and learned

bout endosymbiotic theory in Ris’s lectures. In addition, Walter
laut was Margulis’s thesis advisor ( Archibald, 2014 ) with whom

he published on protists ( Plaut and Sagan, 1958 ). 

The 1967 paper moves at a very quick tempo over its first pages

overing oxygen, aerobic bacteria, the origin of mitochondria, and

arger cells. By page 229 she has reached the main course — mito-

is and flagella — which continues through page 244. A half a page

n plastid origin from cyanobacteria (an established but controver-

ial concept at the time) is followed by several pages of crosscheck-

ng against available observations to see if the theory was inter-

ally consistent and consistent with geochemical evidence. After

hat come five pages on the accrual of oxygen on Earth history, a

opic of general interest still today but with a very different narra-

ive than in 1967 ( Lyons et al., 2014; Fischer et al., 2016; Lenton

t al., 2016; Reinhard et al., 2016 ), and the influence of oxygen

n microbial metabolism followed by a discussion of mitochon-

rial division (organelle division was the point of departure for

ereschkowsky’s theory for plastid origin), three pages on flagel-

ar division and its relationship to the postulated symbiotic origin

rom spirochaetes, a terse but convincing summary of plastid divi-

ion, and finally her section on predictions, from which stems the

ntroductory quote. 

She is uncompromising in her distinction between prokaryotes

nd eukaryotes. Mereschkowsky failed on that aspect by misinter-

reting the nucleus of fungi, as reviewed elsewhere ( Martin et al.,

001 ). She interprets the origin of mitochondria as corresponding

o the appearance of oxygen in the Earth’s atmosphere. The origin

f photosynthesis in eukaryotes is interpreted as symbiotic acquisi-

ion from cyanobacteria, however she surmises that “different pho-

osynthetic prokaryotes (protoplastids) were ingested by heterotrophic

rotozoans at various times during the evolution of eumitosis ” (p.

47). If we look at her Figure 1 carefully, we can count 20 inde-

endent origins of plastids. Those 20 independent “protoplastid”

ndosymbioses are labelled by plastid colour (red, green, yellow,

rown), much like Mereschkowsky’s reasoning in his 1910 series,

lthough he only had seven primary symbioses, all plastids of the

ame colour stemming from the same event. If we turn to her 1970

ook ( Margulis, 1970 ) for clarity on the number of plastid origins,

e find that on three subsequent pages her Figure 2–6 shows 10

rigins of plastids, her Figure 2–7 shows 15 origins of plastids, and

er Figure 2–8 shows one origin of plastids. 

On balance, Margulis’s paper is as much about Earth history,

xygen, mitosis, flagella and the spirochaete endosymbiont as it is

bout mitochondria and plastids. Her 1967 Figure 2 spans 14 pages

some full page, some half page) summarizing variants of chro-

osome division during mitosis across different eukaryotic groups.

he focus on mitosis is understandable, the paper was about the

rigin of mitosing cells. Overall it was quite a paper, for its time or

therwise. 

. Its impact 

Why did the paper have such a big impact? Clearly the 1967 pa-

er brought endosymbiosis back onto the evolutionary map, back

nto ’polite biological society’ to use Wilson’s famous 1925 words

quoted in Sagan (1967) , p. 226 in the footnote), but that is not

he whole story by far. The extremely broad appeal of the paper

ests in Margulis’s presentation of a more or less clearly articulated

arrative that linked Earth history both to microbial evolution and

o the prokaryote-eukaryote divide. Many people simply want to

now more about early evolution, and her broad-brushed account

f a possible series of evolutionary events linking endosymbiosis,

xygen, and the geological record connected a lot of dots. It proba-

ly had no precedent (the word ’probably’ is used here deliberately

ecause the literature is vast and nobody knows all of it). Virtually

othing was known about the workings of mitochondrial and plas-

id physiology when Mereschkowsky and Wallin were writing on
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endosymbiosis and the very first insights into the course of oxygen

accumulation during Earth’s history were just coming to the fore

in the 1960s. Margulis had the opportunity to put it all together,

which she did. In a nutshell, her synthesis was this: cyanobacteria

make oxygen, oxygen accumulates about 2.5 billion years ago, oxy-

gen begets oxygen-respiring bacteria that become mitochondria via

symbiosis, followed by later cyanobacterial symbioses (albeit in 20

different lineages independently) that bring photosynthesis to eu-

karyotes. That simple synthesis (if we disregard the 20 origins of

plastids, which she did not mention explicitly in the text), with

the link to Earth history, is perhaps what made the paper so ex-

citing in its day and the reason why it was so widely embraced.

Eukaryotic anaerobes did not fit into that narrative at all, however,

we will return to that in later sections. 

3. Endosymbiotic theory and the data 

Her synthesis resonated well, but it resonated best without the

spirochaete symbiont. In contrast to the mitochondrion (respiration

of oxygen) and plastids (production of oxygen), the spirochaete

flagellum had connections neither to physiology nor to Earth his-

tory. With the benefit of hindsight and many genomes worth of

data, we can look back from today’s standpoint and ask where

the 1967 paper hit the mark and where it missed. She had the

cyanobacterial origin of plastids right, though like Mereschkowsky

she had too many cyanobacterial symbioses. She had the single

bacterial origin of mitochondria right and she had mitochondria

stemming from a different endosymbiont than plastids. That is

possibly the only thing that Margulis maintained in her 1967 paper

upon which everyone would still agree today. The spirochaete part

of her theory, that had such a prominent place in the paper and in

all of her subsequent works, never found any support in evidence. 

What kind of evidence could have supported the spirochaete

idea? The presence of DNA in chloroplasts and mitochondria

played an important role in the formulation of her theory. Clearly,

Margulis was also predicting the presence of DNA in basal bodies.

There was one isolated report that seemed to provide evidence in

favor of basal body DNA ( Hall et al., 1989 ) but it turned out to be

an irreproducible artefact ( Johnson and Rosenbaum, 1990; Johnson

and Dutcher, 1991 ). 

Margulis did not anticipate an important development that

would allow scientists to make genes from trees and to test

the predictions of endosymbiotic theory: molecular phylogenetics.

Fitch and Margoliash’s paper on how to make trees from amino

acid sequence comparisons also made its debut in 1967 ( Fitch

and Margoliash, 1967 ). Endosymbiotic theory turned out to be an

important proving ground for molecular phylogenetics in that it

made a clear prediction: Sequences in organelle DNA should be

more similar to their prokaryotic counterparts than to DNA se-

quences in the nucleus. That proved to be true for plastids ( Bonen

and Doolittle, 1975 ) and for mitochondria ( Schwartz and Dayhoff,

1978 ). Competing theories to explain the presence of DNA in or-

ganelles did not make that prediction ( Raff and Mahler, 1972; Bo-

gorad, 1975; Cavalier-Smith, 1975 ). 

An incisive paper by John and Whatley (1975) made a strong

case based on comparative physiology that the mitochondrion an-

cestor should be sought among the purple nonsulfur bacteria, per-

haps in proximity to Paracoccus denitrificans , a member of the

group that later came to be named α-proteobacteria ( Stackebrandt

et al., 1998) in rRNA-based systematics. That mitochondria and

plastids branched with respiring bacteria and with cyanobacteria

respectively in phylogenetic trees ( Schwartz and Dayhoff, 1978 )

provided evidence in favor of endosymbiotic theory that was

strong enough to eventually quiet its many critics. There was also

a natural prediction that nuclear genes for organelle specific pro-

teins might derive from the organelle genome, having been trans-
erred to the nucleus, this kind of reasoning permeated Schwartz

nd Dayhoff’s (1978) interpretations of trees for cytochrome c . 

Thus, protein and gene sequence data supported the older the-

ries of Mereschkowsky and Wallin for plastid and mitochondrial

rigin via endosymbiosis, while also supporting Margulis’s incisive

ynthesis that the two organelles are descended from two different

ndosymbionts. There is still no consensus today on which lineages

f proteobacteria and cyanobacteria are most closely related to the

ncestors of mitochondria and plastids ( Zimorski et al., 2014 ), the

ack of consensus having to do with the number of genes inves-

igated ( Ku et al., 2015a ), with sampling issues ( Degli Esposti et

l., 2016 ), and with lateral gene transfer among prokaryotes after

he origin of organelles ( Ku et al., 2015b ). For plastids, genomic

ata point to heterocyst-forming cyanobacteria ( Dagan et al., 2013 )

or mitochondria the genomic data point to facultatively anaero-

ic proteobacteria ( Müller et al., 2012 ), respectively. However, Mar-

ulis’s idea of a spirochaete origin of flagella, which she defended

or over 40 years ( Marguils et al., 2006 ) on the basis of morpholog-

cal similarities, never found any real support in molecular, genetic

r biochemical evidence and has been abandoned by everyone else.

. The host 

The host for the origin of mitochondria in Margulis’s 1967 ver-

ion of endosymbiotic theory was a non-descript fermenting cell,

apable however of ingestion: “It is suggested that the first step

n the origin of eukaryotes from prokaryotes was related to sur-

ival in the new oxygen-containing atmosphere: an aerobic prokary-

tic microbe (i.e. the protomitochondrion) was ingested into the cyto-

lasm of a heterotrophic anaerobe. This endosymbiosis became obli-

ate and resulted in the evolution of the first aerobic amitotic amoe-

oid organisms.” ( Sagan, 1967 , p. 228). Today we would call the

ingestion” property phagocytosis. Phagocytosis is also how de

uve (1969) imagined the mitochondrion entering the host, Stanier

1970) saw it the same way (although he had plastids arising

efore mitochondria). Of course, the discovery of archaebacteria

 Woese and Fox, 1977 ), soon to be renamed archaea ( Woese et al.,

990 ), changed thoughts on the phylogenetic nature of the host

ecisively. Archaeal RNA polymerases ( Langer et al., 1995 ) and ri-

osomes ( Fox et al., 1980 ) clearly linked the eukaryotic lineage to

he archaea. The significance of that was immediately recognized

 Woese, 1981 ). Woese and colleagues, however, had the origin of

he host going right back to the days before there were individ-

al free-living cells such that eukaryote complexity was more or

ess a direct inheritance from the earliest phases of cell evolution

 Woese, 1981, 1998, 2002 ), with mitochondria tacked on to an oth-

rwise prefabricated, ready made eukaryotic lineage. This “three

omain” concept, traces eukaryotes basically back to the last uni-

ersal common ancestor. The view that eukaryotes represent an

ncient and independent lineage of descent encompassing complex

ells that existed long before mitochondria entered the eukaryotic

ineage still has many supporters today ( Kurland and Harish, 2015;

orterre, 2013; Penny et al., 2014 ). 

The rooted version of the three domain tree ( Woese et al., 1990 )

ad eukaryotes branching as sisters to the archaea and the three

omains (eukaryotes and two kinds of prokaryotes, bacteria and

rchaea) at equal rank. Margulis adapted her views on the host

o accommodate archaea by positing that the host was perhaps

 relative of Thermoplasma ( Margulis et al., 20 0 0, 20 06 ), as Den-

is Searcy (1992) had been suggesting for some time. But in do-

ng so, she modified the original formulation of the 1967 theory,

hich had mitochondria preceding the spirochaete flagellum, to

ave the spirochaete entering first into association with a Thermo-

lasma like host, giving rise to a nucleated cell that diversified into

escendant eukaryotic (mitosing) lineages lacking mitochondria
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anaerobes like Trichomonas for example) and later arising aerobic

ineages that acquired the mitochondrion. 

Views on the host have changed in recent years. Thanks to im-

roved phylogenetic methods ( Cox et al., 2008; Williams et al.,

013 ) and environmental sequencing ( Spang et al., 2015; Hug et

l., 2016 ), microbiologists are currently finding new lineages of ar-

haea whose ribosomal proteins branch more closely to the cy-

osolic ribosomes of eukaryotes than do those of other archaea.

his new ’tree of life’ result, which people are calling the two do-

ain tree, has an archaeal host. With respect to Margulis’s theory,

hat would mean either an archaeal host for the origin of flagella

 Margulis et al., 2006 ) or an archaeal host for the origin of mito-

hondria ( Sagan, 1967 ), depending on whether we take her older

r newer formulations of her theory. With regard to eukaryote ori-

ins, an archaeal host is closer to what Margulis had in mind than

o what Woese had in mind, and it is what I have been saying for

0 years ( Martin and Müller, 1998; Sousa et al., 2016 ). 

. Endosymbiosis works best in the currency of physiology 

In terms of physiology, Margulis got the plastid right, in terms

f numbers she missed the mark. In 1967, she had photosynthe-

is as a symbiotic acquisition whose origin traced to cyanobacte-

ia, albeit acquired by 20 different heterotrophic mitochondriate

osts, as suggested in her figure. Today, everybody would proba-

ly agree with the cyanobacterial part, but not with the multiple

rigins. The addition of the mitochondrion was a significant im-

rovement upon Mereschkowsky’s version of endosymbiotic the-

ry, because he missed the mitochondrion altogether (just like

allin missed the plastid). Similar to Mereschkowsky, who pos-

ulated seven independent plastid origins ( Mereschkowsky, 1910 ),

argulis 1967 paper had many different endosymbiotic plastid ac-

uisitions. Most of the independent plastid origins that both Mar-

ulis and Mereschkowsky postulated are today explained by the

ubsequent spread of plastids through secondary endosymbiosis

 Lee, 1977; Gibbs, 1978; Archibald, 2015 ). Molecular data have in-

icated a single plastid origin from cyanobacteria for some time

 Gould et al., 2008 ). 

She also got it right concerning the symbiotic origin of mito-

hondrial energy metabolism as it was known at the time: “oxida-

ion of glucose using molecular oxygen via the Krebs cycle (H atoms

rom organic acids combine with DPN, FAD, and cytochromes; ATP is

enerated; and water is eliminated) occurred only in the symbiotic

itochondrion under the direction of its own genes.” (p. 229). It is

ifficult to name an earlier statement about the origin of eukary-

tic respiration that was similarly explicit and that could be seen

s similarly accurate from today’s perspective. 

The spirochaete had a structural role, not a physiological role,

n the 1967 paper. In her later formulations it had a physiological

ole as well (sulfur metabolism), but in such a way as to generate

he nucleus and, more problematically, primitively amitochondri-

te eukaryotes ( Margulis et al., 20 0 0, 20 06 ). Today, the concept of

rimitively amitochondriate eukaryotes is no longer tenable, as all

f the major clades (also called supergroups) of eukaryotes harbor

itochondriate forms, tracing the mitochondrion to the eukaryote

ommon ancestor ( Martin and Müller, 1998; Embley and Martin,

006; Müller et al., 2012 ), which is much closer to that what Mar-

ulis had in mind in her 1967 paper than in her later writings. 

. Eukaryotic anaerobes, traditionally misplaced in 

ndosymbiotic theory 

To the same degree that she got the independent origin of

hloroplasts and mitochondria right, she got the evolutionary sta-

us of eukaryotic anaerobes wrong. In 1967 she wrote (p. 228)
hat the origin of mitosis “most likely occurred after the transi-

ion to the oxidizing atmosphere, since all eukaryotic organisms con-

ain mitochondria and are fundamentally aerobic”. Margulis, like ev-

ryone else, did not anticipate the discovery of hydrogenosomes

 Lindmark and Müller, 1973 ) or how they would impact endosym-

iotic theory. Hydrogenosomes are anaerobic, H 2 -producing forms

f mitochondria. The organelle of trichomonads harbors a short

ermentative pathway that generates one ATP per pyruvate via sub-

trate level phosphorylation yielding H 2 , CO 2 and acetate as end

roducts. From the standpoint of physiology, the organelles initially

esembled clostridia more than mitochondria ( Müller, 1980; What-

ey et al., 1979 ) and for a short time in history were thought to

epresent independent endosymbionts that were distinct from the

itochondrion. Everyone now agrees by virtue of physiological and

hylogenetic evidence that hydrogenosomes, and their even more

educed forms, mitosomes, are mitochondria ( Tovar et al., 1999,

003; Mai et al., 1999; Williams et al., 2002; Hrdy et al., 2004;

oxma et al., 2005; Embley and Martin, 2006; van der Giezen,

009; Müller et al., 2012 ). 

Until the mid 1990s the jury was still out on the evolutionary

rovenance of hydrogenosomes. The phylogeny of nuclear encoded

ydrogenosomal proteins ( Horner et al., 1996; Embley and Hirt,

998 ) and the presence of a mitochondrial genome in ciliate hy-

rogenosomes ( Boxma et al., 2005 ) resolved that issue, however.

argulis on the other hand, persistently denied that hydrogeno-

omes were mitochondria, maintaining that mitochondrial origin

ccurred after the diversification of eukaryotic lineages and corre-

ponded to oxygen-dependent lifestyle, with eukaryotes that have

erobic mitochondria arising late, while (some) eukaryotic anaer-

bes were both primitively amitochondriate and basal branching

n her view. That is to say, she placed eukaryotic anaerobes with

ydrogenosomes (and mitosomes) basal in eukaryote phylogeny;

ukaryotic anaerobes branched off before the acquisition of mito-

hondria in her schemes ( Margulis et al., 20 0 0, 20 06 ). She classi-

ed organisms with hydrogenosomes as lacking mitochondria be-

ause she did not accept a common origin for hydrogenosomes and

itochondria. In that regard, Margulis’s later view of mitochon-

rial origin (eukaryotic anaerobes being early-branching lineages,

he mitochondrion being phagocytosed by a nucleated host) was

imilar to that of the archezoa hypothesis, which was refuted by

ll data that was ever obtained to test it (reviewed by Embley and

artin (2006) ). In 1967, eukaryotic anaerobes were not salient to

er theory, on p. 271 she wrote that it would be futile to search for

eumitotic fossils dating from anaerobic times ”. de Duve (2007) also

as unwilling to accept a common origin for hydrogenosomes and

itochondria. 

Eukaryotic anaerobes and anaerobic forms of mitochondria have

een a problem for all versions of endosymbiotic theory where

xygen stands in the foreground, whether Sagan’s (1967 ) version or

ubsequent formulations. There are basically three ways to explain

he presence of mitochondria in eukaryotic anaerobes: we can la-

el them for convenience as anaerobes amitochondriate, anaerobes

ate, and facultative anaerobes early. 

The first possibility — anaerobes amitochondriate — is that eu-

aryotic anaerobes never possessed mitochondria ( Vossbrinck et

l., 1987 ; Cavalier-Smith, 1987 ; Margulis et al., 2006 ) and that mi-

ochondria correspond to the origin of the aerobic lifestyle in eu-

aryotes ( Sagan, 1967 ). That, however, does not mesh well with the

bservations that mitochondria and anaerobic forms of mitochon-

ria are present in all eukaryotic supergroups studied to date and

hat the eukaryotic anaerobes, both with and without mitochon-

ria, are spread out all across eukaryotic phylogeny ( Müller et al.,

012; Stairs et al., 2015 ). 

The second possibility — anaerobes late — is that the origin

f mitochondria corresponds to the origin of an obligately aero-

ic lifestyle in eukaryotes, like Margulis said in 1967, but that all
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eukaryotes are ancestrally obligate aerobes (taking the ubiquity of

mitochondria across eukaryotes into account) such that all eukary-

otes that inhabit anaerobic environments lacked the ability to col-

onize such habitats and therefore had to undergo some kind of lat-

eral gene transfer (LGT) in order to be able to gain access anaerobic

niches ( Stairs et al., 2015 ). That view, though very popular these

days (like eukaryote LGT narratives in general), does not however

mesh well with the observation anaerobes from across the differ-

ent eukaryotic supergroups always possess subsets of exactly the

same small set of about a dozen key enzymes to synthesize ATP

under anaerobic conditions ( Müller et al., 2012 ). Of course, one

could alternatively argue that anaerobic eukaryotes so diverse as

fungi, animals, Euglena , Trichomonas , Giardia and Entamoeba always

acquire exactly the same genes from prokaryotes in their indepen-

dent anaerobic transitions. 

In the case of ’anaerobes late’, though, the phylogenetically di-

verse eukaryotes that inhabit anaerobic environments would have

to be undergoing massively parallel LGT from the same donors

in recently diverged evolutionary lineages. There is no evidence

for the workings of such recent prokaryote to eukaryote LGT pro-

cesses in eukaryotic genomes ( Ku and Martin, 2016 ). As a fall-

back position, one could then alternatively argue that one lin-

eage of eukaryotes acquired the genes required for anaerobic en-

ergy metabolism and then subsequently passed them around by

some kind of eukaryote-to-eukaryote LGT. That kind of eukaryote-

to-eukaryote LGT is, however, also not found at the comparative

phylogenomic level ( Ku et al., 2015a ). The LGT claims for anaer-

obes late are founded in odd branching patterns observed in single

gene trees, which are inherently prone to phylogenetic errors. 

It is evident that there are two severe and general problems

with the ’anaerobes late’ theory: (i) The first problem is that if

LGT is the way that eukaryotes gain access to anaerobic habi-

tats, then genes for enzymes like cytochrome bd oxidase, a very

common bacterial terminal oxidase that is not inhibited by sul-

fide ( Forte et al., 2016; Korshunov et al., 2016 ), should be among

the very first and most frequent genes that eukaryotes acquire via

LGT when entering anaerobic environments. But in over 1.6 billion

years ( Parfrey et al., 2011 ), eukaryotes have never acquired bd ox-

idases (or sulfate reduction, or acetogenesis, or anaerobic photo-

synthesis, or methanogenesis or other pathways common among

anaerobic prokaryotes). Instead they have the same handful of en-

zymes for anaerobic energy metabolism that trace, in the currency

of gene presence, to the eukaryote common ancestor ( Müller et al.,

2012 ), any patchy distributions being readily attributable to differ-

ential loss ( Ku et al., 2015a; Ku and Martin, 2016 ). (ii) In the bigger

picture of Earth history, newer findings have it that oxygen arrived

in the oceans much later than Margulis or anyone else thought;

in fact geochemists have been telling us for two decades that the

oceans had very low oxygen levels and were subject to widespread

anoxia until about 580 million years ago ( Lyons et al., 2014; Rein-

hard et al., 2016 ) with more recent evidence indicating that the

rise to roughly our current atmospheric levels of O 2 were gener-

ated by early land plants only some 400 million years ago ( Lenton

et al., 2016 ). Thus, the Earth history narrative that was current in

1967 (oxygen early) has changed: oxygen is the latecomer in evo-

lution, not anaerobes. Of course, the new view of oxygen in Earth

history throws a monkey wrench into narratives that, like Mar-

gulis’s initial version in 1967, either linked the origin of mitochon-

dria, eukaryotes and atmospheric oxygen in a causal chain with

temporal proximity to the advent of atmospheric oxygen roughly

2.4 billion years ago, or that assume a strictly aerobic ancestral

state for eukaryotes from which anaerobic forms ostensibly arose

recently (via LGT). 

The third possibility — facultative anaerobes early — is that the

common ancestor of mitochondria and hydrogenosomes (i) was

a facultative anaerobic proteobacterium that was able to gener-
te ATP with or without the help of O 2 , whereby (ii) that en-

osymbiont was present in the eukaryote common ancestor, and

iii) as eukaryotes diversified into their descendant lineages (su-

ergroups one would say nowadays), they underwent ecological

pecialization to oxic and anoxic environments ( Martin and Müller,

998; Tielens et al., 2002 ; Mentel and Martin, 2008 ; Müller et

l., 2012 ), with differential loss accounting for the interspersed

hylogeny of eukaryotes with typical mitochondria, anaerobic mi-

ochondria, or hydrogenosomes. That view predicts the existence

f intermediate states such as facultative anaerobic mitochondria,

hich are found for example in Euglena ( Müller et al., 2012 ) and

ydrogen producing mitochondria, which are found for example

n some ciliates ( Boxma et al., 2005 ). It furthermore directly ac-

ounts for the unexpected presence of highly reduced organelles of

itochondrial ancestry (now called mitosomes) in eukaryotes that

ere once thought to lack mitochondria altogether ( Tovar et. al,

999 ; Mai et al., 1999 ; Williams et al., 2002 ; Tovar et al., 2003 )

hile also predicting the complete loss of mitochondria in some

erminal lineages, which was recently reported. In the bigger pic-

ure of Earth history, ’facultative anaerobes early’ fits seamlessly

ith the newer findings that oceans were oxygen poor and largely

noxic until about 580 million years ago ( Poulton et al., 2004;

yons et al., 2014; Planavsky et al., 2016 ). In the view of faculta-

ive anaerobes early, no convoluted LGT narratives are required to

eliver the same genes for anaerobic survival to many different eu-

aryotic lineages, rather the genes required to underpin anaerobic

rowth were present in the eukaryote common ancestor, whereby

ost symbiont genes were transferred to the host’s chromosomes

 Martin and Müller, 1998; Timmis et al., 2004; Ku et al., 2015a ),

 select few for components of the electron transport chain were

etained in organelles ( Allen, 2015 ), and the symbiotic origin of mi-

ochondria, not oxygen, was the decisive factor in eukaryote origin

 Lane and Martin, 2010 ). 

. What do people think now: is there consensus? 

The larger goal of Margulis’s 1967 paper was to explain the ori-

in of eukaryotes (mitosing cells) via endosymbiosis in an Earth

istory context. Fifty years later, there is still no consensus among

volutionary biologists regarding the origin of eukaryotes. Mar-

ulis believed that symbiosis was important as a mechanism of

hange (variation) in evolution. I completely agree ( Lane and Mar-

in, 2010; Martin et al., 2015 ), but she had a pinch too much sym-

iosis in her theory, the flagellum was unnecessary. Her opponents

elieved that endosymbiosis was altogether unnecessary in evolu-

ionary theory, arguing that one could account for the differences

etween prokaryotes and eukaryotes with a long series of point

utations ( Cavalier-Smith, 1975 ), and the DNA of chloroplasts and

itochondria could be explained by the budding off or sequestra-

ion of nuclear genes ( Bogorad, 1975 ). 

Arguably, the most radical aspect of Margulis’s 1967 paper, and

he aspect that was most difficult to accept for evolutionary bi-

logists (as in the days of Mereschkowsky and Wallin), was her

ecourse to symbiosis as a bona fide evolutionary mechanism. For

argulis, that mechanism entailed the combination of physiologi-

al capabilties having to do with oxygen (and in her later papers,

ulfur) and the combination of structures (the spirochaete flagel-

um) to produce novel lineages at the highest taxonomic rank via

ombination of existing cells. I could not agree more with Mar-

ulis’s main argument that endosymbiosis is itself an evolutionary

echanism, but I think that she got its main mechanisms of ac-

ion wrong in the cells whose origin she was striving to explain

eukaryotes). I maintain that the combination of anaerobic physi-

logical capabilities involving hydrogen, namely anaerobic syntro-

hy with a facultative anaerobic mitochondrial ancestor ( Martin

nd Müller, 1998 ), better accounts for observed eukaryote physiol-
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gy than does oxygen. I also maintain that the mere physical ori-

ntation of getting one cell inside another can itself lead to evo-

utionary novelty, via gene transfer from symbiont to host before

he origin of organelle protein import machinery, and via host (ar-

haeal) gene expression in the presence of bacterial lipid vesicles

n the archaeal cytosol ( Gould et al., 2016 ). Furthermore, I maintain

hat the physical, endosymbiosis-dependent transition from bioen-

rgetics at the plasma membrane (in prokaryotes) to bioenerget-

cs on the membranes of internal organelles in the eukaryote com-

on ancestor was crucial to the origin of cell biological complex-

ty in the eukaryote common ancestor, because major evolutionary

ransitions do not come from free, they come at an energetic price

 Lane and Martin, 2010 ). Those are by no means mainstream views.

In 2016, many if not most authors publishing on the topic of

ukaryogenesis still see no crucial role either for symbiosis or for

itochondria at eukaryote origin ( Gray, 2014; Keeling et al., 2015;

ooth and Doolittle, 2015; Forterre, 2011; Baum, 2015; Dacks et

l., 2016; Lynch and Marinov, 2015, 2016; Koonin, 2015; Martijn

nd Ettema, 2013 ). For some, “luck” is preferable to endosymbio-

is as an evolutionary mechanism ( Keeling et al., 2015; Booth and

oolittle, 2015 ). Other authors see an important role for mitochon-

ria at eukaryote origin, but also envisage other symbionts, typi-

ally the nucleus, preceding the mitochondrion ( López-García and

oreira, 2006 ). Still others see a decisive and mechanistically piv-

tal role for mitochondria at eukaryote origin ( Martin and Müller,

998; Lane and Martin, 2010; Lane, 2015; McInerney et al., 2014;

peijer, 2015; Blackstone, 2013; Degli Esposti, 2014; Radzvilavicius

nd Blackstone, 2015; Sousa et al., 2016 ). Thus, 50 years later, the

eld is still debating the role and the significance of endosymbiosis

n evolution. 

. On the origin of mitosing cells 50 years later 

The origin of mitosis is a very challenging topic. Trying to

ridge the evolutionary gap that separates prokaryotic and eukary-

tic cell organization, chromosome division and cell division with

he tools of logical inference is a daunting task. A look at the 14

ages of Margulis’s 1967 Figure 2 readily explains why: there is a

rightening breadth of observations for which to account. Margulis

nvoked processes related to the spirochaete origin of flagellae to

elp account for mitosis, but mitosis is only part of the story. 

Mitosis is the cell division segment of the cell cycle. During mi-

osis, centromere-containing chromosomes are shut down in their

ctivity, condensed, aligned and partitioned with the help of mi-

rotubules onto daughter cells. The formation of the nucleus that

ontains those eukaryotic chromosomes requires an endomem-

rane system for its formation. The eukaryotic endomembrane sys-

em in turn consists of membrane vesicles, which are in constant

ux throughout the cytoplasm and are made out of bacterial lipids.

ll of the above, in addition to meiosis, the mechanism by which

ukaryotes avoid extinction at the hands of Muller’s ratchet, are

issing in archaea, the lineage from which the host is descended. 

In the 50 years since Margulis’s 1967 paper, progress in under-

tanding the origin of organelles has been substantial ( Zimorski et

l., 2014; Lane, 2015 ), while progress in understanding the origin

f mitosis has been slow. More effort has been invested in try-

ng to unravel the origin of the eukaryotic endomembrane sys-

em (a set of structures) ( Dacks et al., 2016 ) than in trying to un-

avel the origin of mitosis itself (a process). The eukaryotic en-

omembrane system encompasses many functions, but the most

idely touted in the context of the prokaryote-eukaryote transi-

ion has been phagocytosis: the ability to engulf, digest and oxi-

ize other cells. Cavalier-Smith (1975, 2010) had argued for over

0 years that phagocytosis was the key invention at eukaryote ori-

in. Many biologists follow that argument and view the matter

imilarly, interpreting mitochondria and the other traits that dis-
inguish eukaryotes from prokaryotes as coming in the wake of a

primitive) phagocytotic feeding habit ( Martijn and Ettema, 2013;

oonin, 2015; Dacks et al., 2016 ). 

A problem with the phagocytosis theory is that it invariably

tarts from invaginations of the plasma membrane in a prokaryote,

hich no one has yet seen, even in reports that advertise evidence

or the existence of “complex” archaeal cells supposedly capable

f such invaginations ( Spang et al., 2015 ). Endosymbioses of one

rokaryote within another have been seen, though ( von Dohlen et

l., 2001 ), and such bacteria-within-prokaryote endosymbionts can

ven be repeatedly established during evolution ( Husnik and Mc-

utcheon, 2016 ), clearly indicating that a host cell need not be en-

ulfing to acquire a bacterial endosymbiont. There are also many

on-phagocytotic eukaryotes with endosymbionts ( Bianciotto et al.,

996 ; Kneip et al., 2008 ). I have always doubted that the en-

omembrane system arose as a preadaptation for eating bacteria.

 have also always doubted that the endomembrane system took

oot at the host’s plasma membrane, because the plasma mem-

rane is where prokaryotes make ATP via chemiosmosis; giving up

hat chemisomotic ATP synthesis before there were mitochondria

or internal chemisomotic ATP synthesis has never seemed to me

ither likely or natural. 

As a radically endosymbiotic alternative to phagocytosis first,

erhaps the endomembrane system took root not at the host ’s

lasma membrane, but at the mitochondrial endosymbiont ’s plasma

embrane ( Gould et al., 2016 ). Numerous bacteria and archaea

o produce vesicles at their plasma membranes, but the vesicles

re always excreted into the environment. They are called outer

embrane vesicles, or OMVs ( Deatherage and Cookson, 2012 ). If

he mitochondrial ancestor came to reside within an archaeal host,

MVs produced by the endosymbiont would naturally generate an

ndomembrane system in the host’s cytosol, forming from vesi-

les consisting of bacterial lipids with an ancestrally outward flux

 Gould et al., 2016 ). In that view, the endomembrane system is the

esult of endosymbiosis, one cell living inside the other, and a con-

equence mitochondrial origin, not its prerequisite. The functional

quivalent of OMVs are still pinched off into the cytosol by mito-

hondria today, they are called mitochondrial derived vesicles, or

DVs ( Soubannier et al., 2012 ). 

And mitosis? There is still no consensus on whence eukary-

tic mitosis arose. A recent proposal has it that mitosis arose from

eiosis ( Garg and Martin, 2016 ). Indeed, sex traces to the eukary-

te common ancestor ( Ramesh et al., 2005; Speijer et al., 2015 ),

ust like mitochondria and the endomembrane system do. Eu-

arotes display more variation in mitosis ( Parfrey and Katz, 2010 ;

aikov, 1994 ) as well-illustrated by her Figure 2 in Sagan (1967) ,

han they do in meiosis ( Ramesh et al., 2005; Speijer et al., 2015 ).

his suggests that mitosis arose as a shortened form of meiosis,

ypassing the recombination and reduction steps and that meiosis

rose as a rescue from Muller’s ratchet ( Garg and Martin, 2016 ),

ut there is no need to summarize that proposal here. It has lit-

le to do with Sagan (1967) — aside from the circumstance that it

s a radically symbiogenic model, even more radical than Sagan’s

1967) proposals, because it first derives a process more compli-

ated than mitosis, yet also more conserved, in the eukaryote com-

on ancestor (meiosis) and operates with a bare minimum of

ymbiotic partners: the mitochondrion and its archaeal host. It also

equires mitochondria to energetically finance the origin of evolu-

ionary novelties required for basic cell division to evolve from bi-

ary fission in prokaryotes to mitosis embedded within a cell cycle

n eukaryotes. 

Finally, I point out that Margulis assumed in her 1967 paper

hat anaerobic fermenting cells were ancestral, both for the origin

f life and as a host for the origin of mitochondria. ’Fermentation

rst’ is an old but seldom inspected set of assumptions. It goes

ack to Haldane (1929) and stems from a time when we knew
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very little either about how cells work in terms of conserving en-

ergy or about what substrates for microbial growth were available

on the early Earth. From the standpoint of energetics and physiol-

ogy, anaerobic autotrophs fit better as a starting point in evolution,

both as it concerns the host for the origin of mitochondria ( Martin

et al., 2015; Sousa et al., 2016 ) and at the origin of life ( Schönheit

et al., 2016 ). 

9. Conclusion 

Did Margulis’s 1967 paper change the views of a generation?

In some ways yes, in some ways no. She was able to make her

opponents (some grudgingly) admit that mitochondria and chloro-

plasts are descended from endosymbiotic bacteria. The importance

of endosymbiosis as an evolutionary mechanism is however still

debated, as many experts still prefer to bridge the prokaryote-

eukaryote transition without resorting to any evolutionary mech-

anism that departs from point mutation (or gradualism, more gen-

erally) to the degree that endosymbiosis does. Other schools are

quite comfortable with endosymbiosis as an evolutionary mech-

anism per se . When it comes to the origin of mitochondria and

plastids, there are limits as to what point mutation can achieve.

Respiration, photosynthesis, and organelle genomes in eukaryotes

are the product of endosymbiosis ( Allen, 2015 ), not point muta-

tion. Endosymbiotic origins of mitochondria and chloroplasts were

very rare events ( Lane, 2015 ), but they provided the entire back-

bone of eukaryote physiology. If not for mitochondria we would

not be here, and if not for plastids — primitive land plants, say

newer data ( Lenton et al., 2016 ) — we would not have oxygen to

breathe. Eukaryotic anaerobes that do not need to breathe oxygen

at all for a steady supply of ATP are spread out across the breadth

of eukaryote diversity. Their origin and evolution is not an issue

with which Margulis’s 1967 paper dealt. 
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