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A b s t r a c t  
 

Theory of symbiogenesis proposed 111 years ago by K.S. Mereschkowsky, postulated the 
emergence of plants through the integration of phototrophic microbes into heterotrophic host cells. 
To date, it has become apparent that this theory can be relevant to describe an extremely wide range 
of evolutionary processes induced in the systems of cooperative adaptation. We have proposed a new 
definition of symbiogenesis as of a multi-stage process converting the symbiotic system into the en-
tire organism (holobiont), based on the formation of an integral partners’ system of heredity. This 
system emerges in the course of transition of partners from facultative to obligatory symbiosis and 
evolves from the functional integrity, based on the signaling partners’ interactions (symbiogenome) to 
the structural integrity, based on the exchange of partners’ genes (hologenome). Trade-off between 
the proposed approach with the symbiogenesis theory of K.S. Mereschkowsky is shown using the 
material of paper «The nature and origin of chromatophores in the plant kingdom» (C. Mereschkow-
sky 1905. Über Natur und Ursprung der Chromatophoren im Pflanzenreiche. Biologisches Cen-
tralblatt 25: 593-604). We analyzed the relationship of traditional argumentation of symbiogenesis 
(genetic continuity of the cellular organelles based on their transmission in the host generations) 
with its current argumentation, used by the Theory of Serial Endosymbioses (TSE) proposed by 
L. Margulis: a) the presence of rudimental organelle genomes; b) phylogenetic kinship of organelles 
with the free-living and symbiotic microorganisms; c) identification of the transitional cellular forms 
bridging the free-living bacteria and organelles. Modern versions of TSE suggest that the introduction 
of aerobic -proteobacteria into anaerobic archaea gave rise to eukaryotes, which further evolved 
through the recruiting into their cellular structures of additional endosymbionts, including photo-
trophic cyanobacteria and viruses. The forms of archaea, close to the common ancestor of eukary-
otes, are represented by the newly discovered chemotrophic Lokiarchaeota which cells are character-
ized by a number of eukaryotic features, including the actin cytoskeleton and the ability for endocy-
tosis. Convincing evidence in favor of TSE was obtained in the study of cyanelles (phototrophic 
symbionts of protozoa, combining the properties of free-living cyanobacteria and plastids), as well as 
insects’ endocytobionts with the deeply reduced genome (less than 200 kb), which, in contrast to mi-
tochondria and plastids, retained the ability to implement autonomously the basic template processes — 
replication, transcription, translation. One of the intriguing destinations of modern TSE is the analy-
sis of the emergence of the nucleus and chromosomes, which may be associated with the introduc-
tion of highly organized «giant» DNA-viruses into ancestral cellular forms having RNA genomes (the 
hypothesis of viral eukaryogenesis). 

 

Keywords: symbiogenesis theory, evolution of bacterial genome, plastids and mitochondria, 
origin of eukaryotic cell, holobiont, hologenome and symbiogenome, theory of serial endosymbiosis 

 

Development of the theory of symbiogenesis is the milestone achieve-
ment of 20th century biology. It was conceived at the turn of 19th century based 
on a hypothesis on symbiotic origin of chloroplasts proposed by A.S. Famintsyn 
and K.S. Mereschkowsky. To date, the theory of symbiogenesis has developed into 
a general biological concept, which ascribes evolution of major cell organization 
forms to their symbiotic relations, represented by the formula: bacteria + archaea = 
eukaryotes. At the same time, the correlation between the classical theory of 
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symbiogenesis and its present-day versions, considering the formation of cell or-
ganelles as further evolution of symbiotic bacteria, representing various levels of 
their integration with host organisms, is still poorly understood. 

Our purpose was to perform a hindsight analysis of symbiogenesis concept, 
based on comparison of its classical version, presented by K.S. Mereschkowsky in 
1905-1910, with the theory of serial endosymbiosis, developed in 1960-1980, as 
well as with present-day hypotheses on origin of the main components of an eu-
karyotic cell, including the nucleus and chromosomes, founded on this theory. 
This approach allows us to give a new definition of symbiogenesis, as well as to 
demonstrate the continuity of various stages of integrative evolution, during 
which genetically independent organisms form supraspecific complexes with 
shared systems of heredity. 

In the authorized Russian translation of the first work of K.S. Me-
reschkowsky, which focused on symbiogenesis concept justification [1] and 
was published in German, several out-of-date taxonomic names are replaced 
by modern equivalents (doi: 10.15389/agrobiology.2016.5.746rus). The ad-
dendum published by K.S. Mereschkowsky two months after the main paper 
had its own reference list, and we took the liberty of combining it with the 
main reference list; the annotated strict English translation may be recom-
mended for clarifications (2). 

Notes in the text will be useful for comparison of out-of-date and mod-
ern terms and definitions.  

S y m b i o g e n e s i s  a s  a  k e y  s t r a t e g y  o f  e v o l u t i o n a r y  p ro c e s s  
(notes to translation). The theory of symbiogenesis proposed by K.S. Mereschkow-
sky 111 years ago [1] currently represents one of the best developed divisions of 
evolutionary biology. Development of this theory was preceded by works of 
A.S. Famintsyn and O.V. Baranetsky [3], who isolated the free-living green algae 
Trebuoxia apart from lichens which were previously considered as unitary organ-
isms. Based on these results, A.S. Famintsyn [4] attempted to prove that photo-
trophic components (chromatophores) extracted from another lower plant, i.e. algae 
Vaucheria, are able to exist independently; however, these attempts were fruitless. 

Nevertheless, the works of A.S. Famintsyn formed the basis for devel-
opment of symbiology [5], which was closely related to evolutionism from the 
very start. Anton de Bary [6] defined symbiosis as «the living together of differ-
ently named organisms», where mutualistic and antagonistic (parasitic) interac-
tions are connected by frequent evolutionary transitions [7]. Considering sym-
biosis as an analog of hybridization (in Greek symbiosis — living together, irreg-
ular marriage), A. de Bary preempted the development of symbiogenetics, ana-
lyzing supraspecific systems of heredity, which control the development of deep-
ly integrated superorganismic complexes (symbiotic, biocenotic, etc.) [8]. 

 

Properties of two plasmas — major cellular forms recognized by K.S. Mereschkowsky 
[9, 10] 

Mycoplasma (bacteria, cyanophyceaea, fungi) Amoeboplasma (animals, protozoa) 
Has the ability of protein formation from inorganic  
substances 

Has no ability of protein formation from inorganic 
substances 

Tolerates the temperatures up to 90 С and higher Does not tolerate the temperatures above 50 С  
Consume hydrocyanic acid, strychnine,  
morphine. High tolerance 

Hydrocyanic acid, strychnine, morphine are strong 
poisons. Low tolerance 

No amoeboid movement, no formation of pulsating vacuoles Amoeboid movement, formation of pulsating vacuoles 
Rich in nuclein Does not contain nuclein 
Can exist without oxygen Can not exist without oxygen 
N o t e. a — cyanobacteria. 

 

The symbiogenesis concept was formulated by K.S. Mereschkowsky in 
the context of the theory of two plasmas [9, 10], providing for existence of cell 
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organization forms with independent origin, which, however, are able to com-
bine into novel organisms (see table). According to K.S. Mereschkowsky, the 
plant living form appeared as a result of invasion of phototrophic representatives 
of mycoplasma (cyanobacteria) into heterotrophic amoeboplasma; the former 
give birth to cell organelles (chromatophores). K.S. Mereschkowsky considered 
genetic continuity of these cell components (binary fission and inability to dif-
ferentiate from unstructured protoplasm), related to vertical transmission of or-
ganelles during reproduction of hosts, as the main criterion of symbiogenic 
origin of these cell components [1, 9].  

Creation of the theory of symbiogenesis by K.S. Mereschkowsky became 
the culminating point of a 40-year long development of concepts of close coop-
eration between phototrophic and heterotrophic organisms. Based on the data on 
binary fission of chloroplasts provided by C. Nageli [11], as well as on the data 
on their development from colorless proplastids provided by A.F.W. Schimper 
[12, 13], K.S. Mereschkowsky [1, 9] came to a conclusion that chloroplasts are 
independent organisms, rather than plant cell organs, developing during its pro-
toplasm differentiation. The author's reference to genetic concepts, which was 
quite novel in the early 19th century, played an important role in substantiation 
of symbiotic origin of chloroplasts. 

Novelty of K.S. Mereschkowsky's approach was not associated with the 
hypothesis on symbiotic origin of chloroplasts proposed by him, as it was earlier 
formulated by A. Schimper [12, 13] and F. Schmidt (14); it was attributable to 
identification of possible ancestors of chloroplasts, i.e. cyanobacteria and zoo-
chlorellas (unicellular algae, photobionts of invertebrates). This opened up the 
possibility of verification of the theory of symbiogenesis. The conclusions on 
symbiogenic origin of differences between plant and animal living forms, ob-
served at the cellular, organismic and ecological levels, were also a breakthrough. 
The assumption that the presence of photosynthesizing symbionts can make an 
aggressive lion behave like a peaceful palm tree is a good example of the power 
of K.S. Mereschkowsky's scientific foresight. The hypothesis on direct origina-
tion of plants from animals by obtaining chloroplasts was not confirmed, but 
several cases of the presence of chloroplasts were revealed in animals, changing 
over to phototrophy. A shellfish named Elysia, which is capable of long-term 
preservation of chloroplasts obtained with vegetable food (kleptoplasts), is a well-
known example. At that, Elysia not only assimilates the products of photosynthe-
sis taking place in chloroplasts and completely refuses from heterotrophic nutri-
tion, but also obtains some chloroplast genes: the animal transforms into a func-
tional and genetic equivalent of plants [15]. 

Numerous provisions of K.S. Mereschkowsky's theory [1, 9, 10] which was 
well in advance of the experimental biology level of the early 20th century were 
subjected to severe criticism. For example, A.S. Famintsyn, whose works had 
formed the basis for development of the theory of symbiogenesis, did not accept 
the origin of chloroplasts from both cyanobacteria and zoochlorellas [as per 16]. 
Later both objections turned out to be inadequate: both primary plastids (originat-
ing from cyanobacteria), surrounded by 2 membranes, and secondary plastids 
(originating from green or red algae), surrounded by 3-4 membranes, were discov-
ered [17]. However, the heuristic potential of the symbiogenesis concept was high-
ly appreciated by some contemporaries of K.S. Mereschkowsky. Based on it, I.E. 
Wallin [18] proposed the hypothesis on symbiotic origin of mitochondria, which 
later proved to be relevant. E.B. Wilson [19], referred to by K.S. Mereschkowsky 
as his major opponent, admitted that the symbiogenesis concept, despite its specu-
lative nature, may «require detailed consideration» in future. 

In 1920-1950 the theory of symbiogenesis was hardly ever mentioned in 
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literature; however, accumulation of facts intended to prove it took place. 
Among them, the key role belonged to identification of fundamental differences 
in cell organization of prokaryotes and eukaryotes [20], as well as cytoplasmatic 
genes of eukaryotes, which turned out to be functionally related to plastids and 
mitochondria [21]. These works have set the background for rebirth of the sym-
biogenesis concept, strongly associated with the works of L. Margulis-Sagan [22, 
23]. She was guided by the data obtained in 1950-1960 on the presence of nu-
cleus-independent genomes and translation systems in plastids and mitochondri-
as, similar to those of bacteria (genome in the form of a circular DNA molecule, 
protein synthesis on 70S ribosomes). 

The new version of the symbiogenesis concept is known as the theory of 
serial endosymbiosis; this name reflected the multiple stages of symbiogenic 
evolution in eukaryotes. Introduction of aerobic -proteobacteria, which gave 
birth to mitochondria, into anaerobic archaea cells, which used endosymbionts 
as sources of ATP, forming during oxidative phosphorylation, is usually con-
sidered as its first stage [23]. When justifying the theory of serial endosymbio-
sis, L. Margulis referred to the theory of symbiogenesis, developed by K.S. Me-
reschkowsky [9, 10], as well as to the concepts of symbiogenesis as a universal 
evolutionary strategy, supported by natural selection, proposed by B.M. Kozo-
Polyanski [24]. According to L. Margulis, most, if not all, eukaryotic cell com-
ponents are of symbiotic origin irrespective of presence of their own genomes. 

In fact, it is currently evident that identification of semi-independent ge-
nomes is not a mandatory criterion for symbiotic origin of organelles: genome-
free mitochondria (mitosomes, hydrogenosomes) and plastids have been discov-
ered, which have preserved their cell structure and ability of binary fission, as 
well as the significant part of ancestor microorganisms proteome, coded by nu-
clear genes, which were obtained by the hosts from their endosymbionts [17, 
25]. At the same time, attempts to apply the symbiogenesis concept to ciliums 
and flagellums of eukaryotes (locomotive structures, which are the most ancient 
cell organelles, according to L. Margulis), as well as to peroxisomes, have found 
no confirmation: neither own genomes, nor proteins of bacterial origin were dis-
covered in these organelles [26, 27]. 

Identification of transitional forms, connecting nonsymbiotic bacteria with 
cell organelles, provided a convincing proof of the theory of symbiogenesis. They 
include cyanellas of protozoa Paulinella chromatophora (amoeba) and Cyanopho-
ra paradoxa (Glaucophyta). Cyanellas of P. chromatophora have preserved a ge-
nome of significant size (about 1,000 kbp, which amounts to 30 % of the ge-
nome of Synechococcus — nonsymbiotic equivalents of these cyanellas), contain-
ing a complete set of genes for basic template processes, i.e. replication, tran-
scription and translation [28]. Cyanellas of C. paradoxa are characterized with 
the size of genome similar to that of green algae plastids (less than 200 kbp); 
however, these cyanellas have preserved cytological traits of nonsymbiotic ances-
tors, i.e. murein cell wall and intracellular thylakoids with phycobilisomes [29]. 
It is important to note the absence of nitrogen fixation genes in both types of 
cyanellas, which are present in their nonsymbiotic relatives, presumably due to 
incompatibility of nitrogenase reaction with metabolic processes taking place in 
the host cell cytoplasm. 

Intracellular symbionts (endocytobionts) of insects can also be consid-
ered as an example of transitional forms between nonsymbiotic bacteria and or-
ganelles [30]. They provide their hosts with essential nutrients (amino acids, co-
factors), and the size of their genome is similar to that of permanent cell orga-
nelles: 140 kbp for Tremblaya (endocytobiont of scale insects), 160 kbp for Car-



750 

sonella (endocytobiont of psyllids). Interestingly, these bacteria are taxonomically 
unrelated to plastids and mitochondrias (Tremblaya is a β-proteobacterium, Car-
sonellais a γ-proteobacterium) which demonstrates the ability of representatives 
of all main bacteria groups to transform to cell organelles. 

Discovery of Lokiarchaeota, a group of anaerobic chemotrophic archaea 
with cytological organization similar to that of eukaryotes, was a triumph of the 
theory of symbiogenesis [31]. Unlike the other prokaryotes, Lokiarchaeota have 
actin cytoskeleton, are capable of intracellular membrane components formation 
and endocytosis, which probably ensured obtaining of symbiotic bacteria - an-
cestors of organelles. Genome of Lokiarchaeota contains more than 5300 pro-
tein-coding genes; only 26 % and 29 % of them show homology to known genes 
of archaea and bacteria, respectively, while more than 30 % code previously un-
known proteins. According to molecular phylogeny methods, Lokiarchaeota and 
eukaryotes had a common ancestor, which confirms the hypothesis on origin of 
eukaryotes from anaerobic organisms, which obtained mitochondrias as a result 
of endosymbiosis with aerobic -proteobacteria [32]. 

L. Margulis emphasized in one of final studies that symbiogenesis does 
not come down to exchange of trophic or signal factors, but the combination is 
based on assimilation of microsymbiont genomes by a host, leading to formation 
of a supraspecific system of heredity [33]. Later it was called hologenome and 
was considered as a set of genes of closely interacting symbiotic partners [34]. 
Developing this approach we have proposed the term “symbiogenome” [8], de-
fining it as a product of initial stages of partners coevolution, i.e. functional inte-
gration of their inherited material as a result of development of inter-organismic 
signal interaction systems [35]. 

Thus, based on the present-day data, symbiogenesis can be defined as a 
multiple stage process of formation of a new functionally integrated individual 
with a fused system of heredity formed by the interacting partners. The partners 
become more dependent on symbiosis in the course of evolution (faculta-
tiveecologically obligategenetically obligateabsolute) and integrity of their 
genetic material (functionalstructural) [35]. 

Summarizing the brief review of the symbiogenesis concept, it should be 
highlighted that its classical version, proposed by K.S. Mereschkowsky 111 years 
ago [1], has still preserved the huge heuristic potential. For example, the as-
sumption on symbiotic origin of the nucleus and chromosomes was recently de-
veloped within the theory of viral eukariogenesis [36, 37]. The classification of 
cell forms by mycoplasma and amoeboplasma, proposed by K.S. Mereschkowsky 
[10, 11], was not confirmed, but the presence of two different prokaryote types, 
i.e. bacteria and archaea, combination of which gave birth to eukaryotes, can be 
considered proved [23]. The hypothesis on independent origin of various cell or-
ganization forms, proposed by K.S. Mereschkowsky, was not confirmed as well: 
multiple data indicate that bacteria and archaea had a common ancestor, pre-
sumably an anaerobic organism [38] with RNA genome [36]. However, the basic 
idea of K.S. Mereschkowsky with regard to symbiogenic origin of eukaryotic cell 
organelles have stood the test of time and determined the main direction of de-
velopment in biology for decades to come. 

It should be noted that the first work of K.S. Mereschkowsky, which fo-
cused on symbiogenesis concept justification, evoke wide response among biolo-
gists of various specializations. This work can be rightly considered as a master-
piece of scientific literature: it combines in-depth theoretical analysis with an 
easily accessible form, and novel approach to the problems of evolutionary biol-
ogy with extremely correct references to works of predecessors and opponents. 
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