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Abstract

The origin of organelles (mitochondrion, chloroplast and nucleus) remains enigmatic.
The endosymbiotic hypothesis that chloroplasts, mitochondria and nuclei descend
from the endosymbiotic cyanobacterium, bacterium and archaebacterium respectively
is dominant yet uncompelling, while our discovery of de novo organelle biogenesis in
the cyanobacterium TDX16 that had acquired its green algal host Haematococcus
pluvialis’s genome disproves this hypothesis. In light of organelle biogenesis in the
cyanobacterium TDX16 in combination with the relevant cellular and molecular
evidence, we propose genome hybridization hypothesis (GHH) that the origin of
organelles and origin of eukaryotes as well as the diversification of organelles and
speciation of eukaryotes are unified and achieved by genome hybridization: the
endosymbiotic cyanobacteria/bacteria obtain their archaebacterial/eukaryotic hosts’
genomes and hybridize with their own ones resulting in expanded genomes containing
a mixture of hybrid prokaryotic genes and eukaryotic genes, and thus the
cyanobacteria/bacteria have to compartmentalize to accommodate different genes for
specialized function of photosynthesis (chloroplast), respiration (mitochondrion) and
DNA preservation (nucleus), and consequently turn into photosynthetic/heterotrophic
eukaryotes. Accordingly, eukaryotes and their organelles are of multiple origin, while
the formation of cancer cells is the speciation of eukaryotes as cancer cells are new
species of unicellular eukaryotes arising from bacteria. Therefore, GHH provides a
theoretical framework unifying evolutionary biology, cancer biology and cell biology
and directing the integrated multidisciplinary research.
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1. Introduction

The origin of DNA-containing organelles (organelles, thereafter), including nucleus,
mitochondrion and chloroplast, has been an enigma ever since their discovery with
light microscopes. To explain this puzzle numerous hypotheses have been proposed,
which are basically categorized into two types: the endosymbiotic hypothesis and the
autogenous hypothesis.

1.1 The endosymbiotic hypothesis

The endosymbiotic hypothesis proposes that chloroplasts and mitochondria were
derived from an endosymbiotic cyanobacterium and an endosymbiotic bacterium
respectively. This hypothesis was initially proposed by Mereschkowsky for
chloroplast in 1905 (Mereschkowsky, 1905) and Wallin for mitochondrion in
1923(Wallin, 1923) based on the similarities between chloroplasts/mitochondria and
cyanobacteria/bacteria, restated in the early 1960s accompanying the detection of
DNA in chloroplasts (Ris and Plaut, 1962) and mitochondria (Nass et al., 1965) with
electron microscopes, and popularized in the late 1960s by Margulis (Sagan) (Sagan,
1967).

Aside from the endosymbiotic origin of chloroplast, Mereschkowsky also
speculated that nucleus evolved from a prokaryote (mycoplasma) engulfed by an
amoeboid cell (Mereschkowsky, 1905), which received less attention as nucleus,
unlike chloroplast and mitochondrion, is unique in nature and not analogous to any
prokaryotes. Yet with the identification of archaebacteria (\Woese and Fox, 1977), it is
found that the eukaryote genome is a chimera containing both archaebacterial and
bacterial genes (Woese, 1981). As such, it is postulated that nucleus arose from an
archaebacterium engulfed by or symbiotic with gram-negative bacteria (Lake and
Rivera, 1994; Gupta and Golding, 1996; Moreira and Ldpez-Garc®h, 1998,
L&pez-Garc B and Moreira, 2020).

1.2 The autogenous hypothesis

The autogenous hypothesis postulates that mitochondrion and chloroplast originated
by compartmentalizing a proto-eukaryote’s cytoplasmic DNA with the invaginated
cell membrane (Raff and Mahler, 1972; Uzzell and Spolsky, 1974) or thylakoid
membrane within a cyanobacterial cell (Cavalier-Smith, 1975; Taylor, 1976).
Similarly, nucleus arose by enclosing the cellular DNA with the internalized plasma
membrane (Cavalier-Smith,1988) or thylakoid membrane (Cavalier-Smith, 1975;
Taylor 1976) and or bacterial vesicle membrane (Gould et al., 2016).

1.3 The endosymbiotic hypothesis is dominant but not compelling

The existence of DNA in chloroplasts and mitochondria and the resemblance of
chloroplast/mitochondrial genes and protein synthesis systems (e.g., ribosome) to
those of cyanobacteria/bacteria are in favor of the endosymbiotic hypothesis but not
the autogenous hypothesis that imply that all genes in eukaryotic cells arose solely by
gene duplication. Hence, the endosymbiotic hypothesis for the origin of chloroplast



and mitochondrion has become dominant since the late 1970s (Schwartz and Dayhoff,
1978), while the endosymbiotic hypothesis for the origin of nucleus is now prevailing.
Nevertheless, the endosymbiotic hypothesis is countered by increasing cellular and
molecular evidence and thus not compelling.

2.Evidence contradicting the endosymbiotic hypothesis

2.1 The organelle envelopes are not derived from the prokaryotic cell envelops

The double-membraned envelopes of mitochondria and chloroplasts are interpreted to
derive from the cell envelopes of the endosymbiotic bacterium and cyanobacterium
respectively (Cavalier-Smith 1987; 1988). This interpretation is entirely false because
the prokaryotic cell envelope consists of cell wall and cytoplasmic membrane that are
structurally and functionally different compartments separated by the periplasmic
space (Silhavy et al., 2010). The cell wall of cyanobacteria and gram-negative bacteria
comprises an outer membrane, an inner peptidoglycan layer and an intervening space
(Golecki, 1977; Beveridge, 1999). If the outer membrane becomes the corresponding
membrane of chloroplast and mitochondrial envelopes, the peptidoglycan layer must
be degraded, which is, however, impossible as synthesis inhibition (e.g., by penicillin
and other B-lactam antibiotics) or degradation (e.g. by lysozyme) of the peptidoglycan
layer results in cell lysis (Vollmer et al.,, 2008). So, the double-membraned
mitochondrial and chloroplast envelopes are not derived form the cell envelopes of
the endosymbiotic bacterium and cyanobacterium, which is why many enzymes for
synthesizing chloroplast lipids are not of cyanobacterial origin (Sato, 2019). The
double-membraned nuclear envelope derives neither from the cell envelope of the
endosymbiotic archaebacterium since its membrane lipids are ether-linked instead of
ester-linked as those of bacteria/cyanobacteria and eukaryotes (Woese, 1981), nor
from the cell envelope of bacterial host for the same reason as discussed above for
chloroplast and mitochondrial envelopes.

2.2 The eukaryotic cytoplasmic matrix can not be formed

If the nucleus is derived from an archaebacterium within a bacterium, then, how the
eukaryotic cytoplasmic matrix that is compositionally and functionally distinct from
the prokaryotic cytoplasm forms and replaces the original bacterial cytoplasm? This is
an unanswered yet crucial question as nucleus can not work in the prokaryotic
cytoplasm and the eukaryotic cell is not simply the prokaryotic cytoplasm containing
a nucleus and other organelles. If the endosymbiotic archaebacterium keeps intact, the
eukaryotic cytoplasmic matrix can not be formed, while if the endosymbiotic
archaebacterium ruptures for the presumptive merger with the bacterial host, the
nucleus can not derive from the archaebacterium.

2.3 Only simultaneous origin of organelles is reasonable yet unattainable

The nucleus, mitochondrion and chloroplast are supposed to originate individually in
separate symbiotic events. As such the origin order of these organelles has become an
issue of debate, particularly the origin sequence of nucleus and mitochondrion. For



heterotrophic eukaryotes, it is traditionally assumed that the nucleus came first and
later mitochondrion was formed in the nucleus-bearing cell (Cavalier-Smith, 1987),
this scenario is argued to be unfeasible due to the insufficient energy supply in the
absence of mitochondrion to underpin nucleus development; it is then proposed that
mitochondrion predated nucleus in origin and was formed in a prokaryote (Lane and
Martin, 2010). Such a scenario is, however, also unattainable, because mitochondria
arose putatively from the endosymbiotic bacterium by losing and transferring genes
into the nucleus and works only in the eukaryotic cytoplasmic matrix that is quite
distinct from the prokaryotic cytoplasm, otherwise it is a bacterium rather than a
mitochondrion. Hence, only simultaneous origin of nucleus and mitochondrion seems
to be reasonable. Likewise, it is also the case for photosynthetic eukaryotes, in which
the ancestral chloroplast, nucleus and mitochondrion were formed simultaneously.
Nonetheless, simultaneous origin of these organelles means intact integration of an
archaebacterium and a bacterium into a bacterial host cell for the origin of
heterotrophic eukaryotes and an additional cyanobacterium into the same bacterial
host cell at the same time for the origin photosynthetic eukaryotes, which is
mechanically and cell biologically unachievable.

2.4 The genomes of mitochondrion, chloroplast and nucleus are not bacterial,
cyanobacterial and archaebacterial ones

Different organelles have common DNA sequences termed promiscuous DNA (Ellis,
1982), particularly mitochondria and chloroplasts in photosynthetic eukaryotes (Stern
and Lonsdale, 1982; Lonsdale et al., 1983; Stern and Palmer, 1984; Unseld et al.,
1997; Notsu et al., 2002; Goremykin et al., 2009; Alverson et al., 2010; lorizzo et al.,
2012; Straub et al., 2013; Spooner et al., 2017; Zhang et al., 2019; Wee et al., 2022; Li
et al., 2023), e.g. mitochondrial and chloroplast genomes of Haematococcus lacustris
are made up of nearly identical repetitive DNA sequences (Zhang et al., 2019), and
mitochondria and nuclei in heterotrophic eukaryotes (van den Boogaart et al., 1982;
Farrelly and Butow,1983; Gellissen and Bradfield, 1983; Kristensen and Prydz, 1986;
Lopez et al., 1994; Bensasson et al., 2001; Richly and Leister, 2004; Hazkani-Covo et
al., 2010; Wei et al., 2022; Kuprina et al., 2024), where even entire mitochondrial
DNA s reside in the nuclei of human (Wei et al., 2022), rodent (Kuprina et al., 2024)
and HeLa cell (cancer cell) (Kristensen and Prydz, 1986). Hence the genomes of
mitochondrion, chloroplast and nucleus are not bacterial, cyanobacterial and
archaebacterial ones. This is why the genome organization structures of chloroplasts
and cyanobacteria are different (Sadovsky et al., 2020).

2.5 The proteomes of mitochondrion, chloroplast and nucleus are not bacterial,
cyanobacterial and archaebacterial ones

Only a small fraction of the mitochondrial proteins have bacterial homologs, while the
rest display no homology to bacterial proteins and thus is not of bacterial origin
(Karlberg, et al., 2000; Kurland and Andersson, 2000; Gabald& and Huynen, 2003;
Szklarczyk and Huynen, 2010; Huynen et al., 2013; Gray, 2015). Also, promiscuous
proteins are widespread among organelles. A number of mitochondrial proteins reside



in chloroplasts of photosynthetic eukaryotes (Peeters and Small, 2001; Carrie and
Small, 2013; Guan et al., 2020) but nuclei of heterotrophic eukaryotes (Monaghan and
Whitmarsh, 2015; Tang, 2015). Thus, the proteomes of mitochondrion, chloroplast
and nucleus are also not bacterial, cyanobacterial and archaebacterial ones.

2.6 Mitochondria present in chloroplasts of photosynthetic eukaryotes but nuclei
of heterotrophic eukaryotes

The presence of mitochondria in chloroplasts of photosynthetic eukaryotes (Vesk et al.,
1965; Pulich and Ward, 1973; Bonzi and Fabbri, 1975; Montes and Bradbeer, 1976;
Brown et al., 1983; Carvalho et al., 2011) but nuclei of heterotrophic eukaryotes
(Hoffman and Grigg, 1958; Brandes, 1965; Matsuyama and Suzuki, 1972; Oliva et al.,
1973; Jensen et al., 1976; Takemura et al., 1997; Bakeeva et al., 2001; Eldarov et al.,
2020) have been frequently observed, yet the reason and mechanism remain unclear.
It is most likely that mitochondria are formed in the chloroplasts and nuclei, since
detachment of mitochondria or mitochondrion-like bodies from chloroplasts in
photosynthetic eukaryotes (Wildman et al., 1962; Bonzi and Fabbri, 1975) but nuclei
in heterotrophic eukaryotes (Hoffman and Grigg, 1958) have also been detected.

Obviously, the endosymbiotic hypothesis fails to account for the above evidence.
The origin of organelles is, in essence, the biogenesis of organelles in prokaryotes and
thus is cellular events (a topic of cell biology). Yet, such cellular events or the like and
even the intermediate state of cells had not been observed previously. In this
circumstance, it is trying to infer the cellular events of organelle origin by comparing
the similarity between extant eukaryotes’ organelles and prokaryotes in morphology,
structure, physiology, genes/genome, proteins/proteome and other molecular data,
which is inevitably highly or even completely speculative and indeed unachievable,
because how the extant eukaryotes/organelles descend from the ancestral
eukaryotes/organelles, the basic mechanism necessary for inference, is unknown.

In our previous studies, we have found de novo organelle biogenesis in the
endosymbiotic cyanobacterium TDX16 that had acquired its green algal host
Haematococcus pluvialis’s total DNA (genome), resulting in the transition of
prokaryote TDX16 into a new species of eukaryote TDX16-DE (Dong et al., 2020).
This is the first case of organelle biogenesis in prokaryotes observed so far, which
provides an unprecedented reference for inferring the origin of organelles.

3. De novo organelle biogenesis in the cyanobacterium TDX16

In brief, organelle biogenesis in the cyanobacterium TDX16 initiated with cytoplasm
compartmentalization, followed by de-compartmentalization, DNA hybridization and
allocation, and re-compartmentalization, as such only two composite organelles-the
primitive chloroplast and primitive nucleus sequestering minor and major fractions of
cellular DNA respectively were formed. Thereafter, the eukaryotic cytoplasmic matrix
was built up from the matrix extruded from the primitive nucleus; mitochondria were
assembled in and segregated from the primitive chloroplast, whereby the primitive
nucleus and primitive chloroplast matured into nucleus and chloroplast respectively,



leading to the transition of prokaryotic cyanobacterium TDX16 into a new eukaryotic
green alga TDX16-DE (Dong et al., 2020) that is taxonomically assigned as
Chroococcidiorella tianjinensis (Dong and Xing, 2020). Hence, de novo organelle
biogenesis in the cyanobacterium TDX16 is a cellular event for the formation of new
organelles (organelle diversification) and new eukaryotic species (speciation), which
disproves the endosymbiotic hypothesis and sheds light on the questions that is crucial
for inferring the origin of organelles:

(1) Endosymbiosis is prokaryotes’ way for bulk acquisition of foreign DNA (i.e., the
host cell’s total DNA), which is different from conjugation, transformation and
transduction (Chen et al., 2005) that are prokaryotes’ ways for piecemeal acquisition
of DNA fragments.

(2)Prokaryotes can hybridize the obtained eukaryotic genome with its own one,
resulting in loss and retention of some genes as well as synthesis of new hybrid
prokaryotic genes and eukaryotic genes, and allocate the retained and hybrid genes
selectively into different compartments during compartmentalization.

(3) Chloroplast, nucleus and mitochondrion are formed all at once in a short period of
time by enclosing the allocated DNA with the membranes synthesized by fusion,
flattening and extension of the small vesicles. Such that, the envelope of these
organelles inevitably comprise two unit membranes if the vesicles are bounded by one
unit membrane (e.g., vesicles derived from the cytoplasmic membrane and
thylakoids), but four unit membranes (e.g., the nuclear envelop of TDX16-DE), if the
vesicles are bounded by two unit membranes (e.g., vesicles derived from the primitive
chloroplast envelope).

(4)Chloroplast and mitochondrion are both developed from the primitive chloroplast.
(5)The eukaryotic cytoplasmic matrix and nuclear matrix both originate from the
matrix of primitive nucleus.

(6)Thylakoids in cyanobacteria are developed initially from the osmiophilic granules
assembled on the cytoplasmic membrane (primary thylakoids) and subsequently from
the primary-thylakoid-derived vesicles or segments (secondary thylakoids).

(7) Thylakoids in chloroplasts are developed originally from the modified osmiophilic
granules-the plastoglobuli generated on the transitional secondary thylakoids.

(8) The cristae in mitochondria are formed by fusing, flattening and elongating the
single-membrane-bounded vesicles, and thus, like chloroplast thylakoids, are single
membrane-bounded sacs, rather than the folds of inner mitochondrial membrane.

4. Presentation of the hypothesis

4.1 Concept definition: origin/diversification of organelles and origin/speciation
of eukaryotes

Conceptually, the origin of organelles (biogenesis of organelles in prokaryotes without
the involvement of eukaryotes) and diversification of organelles (biogenesis of
organelles in prokaryotes with the involvement of eukaryotes) are two similar yet
different cellular events resulting in the origin of eukaryotes (formation of eukaryotes
from prokaryotes without the involvement of other eukaryotes) and speciation of



eukaryotes (formation of new eukaryotic species with the involvement of other
eukaryotes) respectively.

4.2 The origin/diversification of organelles is the origin/speciation of eukaryotes

Currently, the relationship between the origin/diversification of organelles and the
origin/speciation of eukaryotes remains controversial owing to the assumption of
separate origin of organelles. While de novo organelle biogenesis in cyanobacterium
TDX16 (Dong et al., 2020) demonstrates that nucleus, mitochondrion and chloroplast
are formed all at once rather than separately, as such the origin/diversification of
organelles surely leads to the origin/speciation of eukaryotes. Hence the origin of
organelles and the origin of eukaryotes as well as the diversification of organelles and
the speciation of eukaryotes are two sides of the same coin and thus unified.

4.3 The origin/speciation of eukaryotes is the origin/speciation of unicellular
eukaryotes

Eukaryotes comprise unicellular eukaryotes (protists) and multicellular eukaryotes,
while the latter derives from the former. So, the origin of eukaryotes is undoubtedly
the origin of unicellular eukaryotes. While the speciation of eukaryotes is usually
considered to be the speciation of multicellular eukaryotes (e.g., animals and plants)
that are easy to observe owing to their visible morphological and structural traits. This
view is, however, incorrect. In truth, the speciation of eukaryotes is the speciation of
unicellular eukaryotes that determines the speciation of multicellular eukaryotes (or in
other words, the speciation of multicellular eukaryotes depends on the speciation of
unicellular eukaryotes), because multicellular eukaryotes descend from unicellular
eukaryotes. This is really true as in the rare case that a new species of multicellular
eukaryote is formed by sexual hybridization of two different species of multicellular
eukaryotes (inter-species hybridization), e.g., a mule is the infertile hybrid species of a
horse and a donkey, the hybrid multicellular species is also derived form a single
celled zygote formed by fusion of two unicellular germ cells. As such, the
origin/speciation of eukaryotes can only be observed microscopically and are
extremely difficult to capture. So, it is not surprise that organelle biogenesis in
cyanobacterium TDX16 (Dong et al., 2020) is the only case of eukaryote speciation
observed so far.

4.4 The origin/diversification of organelles share the same or similar mechanism

Organelle biogenesis in cyanobacterium TDX16 (Dong et al., 2020) is, as described
above, a cellular event of organelle diversification/eukaryote speciation, showing that
a cyanobacterium (prokaryote) turns into a new species of alga (eukaryote) by de
novo biogenesis of new organelles after endosymbiotic acquisition of a preexisting
alga’s genome and hybridization of the acquired genome with its own one. Such that,
the diversification of organelles for the speciation of eukaryotes, like the origin of
organelles for the origin of eukaryotes, is also achieved by de novo biogenesis of
organelles in prokaryotes, suggesting that the origin and diversification of organelles
share the same or similar cellular and molecular mechanism.



4.5 Genome hybridization hypothesis

In light of organelle biogenesis in the cyanobacerium TDX16 in combination with
cellular and molecular evidence, we propose genome hybridization hypothesis (GHH)
that the origin and diversification of organelles as well as the origin and speciation of
eukaryotes are unified and achieved by genome hybridization: the endosymbiotic
cyanobacteria/bacteria obtain the senescent/necrotic archaebacterial/eukaryotic hosts’
genomes and hybridize with their own ones resulting in expanded genomes containing
a mixture of hybrid prokaryotic genes and eukaryote specific genes, and thus the
cyanobacteria/bacteria have to compartmentalize to accommodate different genes for
specialized function of oxygenic photosynthesis (chloroplast), aerobic respiration
(mitochondrion) and DNA preservation (nucleus), and consequently turn into
photosynthetic/heterotrophic unicellular eukaryotes.

Table 1 Symbioses involved in the origin of organelles and eukaryotes

Endosymbionts Hosts (aerobic)  Origin of organelles Origin of eukaryotes

Nucleus, mitochondrion,
chloroplast

1 Cyanobacteria  Archaebacteria Photosynthetic

eukaryotes

2 Bacteria Archaebacteria  Nucleus, mitochondrion Heterotrophic

eukaryotes

Table 2 Symbioses involved in the diversification of organelles and speciation of eukaryotes

Endosymbionts Hosts (aerobic)

Diversification of organelles

Speciation of eukaryotes

1 Cyanobacteria  Photosynthetic Nucleus, mitochondrion, Photosynthetic
eukaryotes chloroplast eukaryotes

2 Cyanobacteria  Heterotrophic Nucleus, mitochondrion, Photosynthetic
eukaryotes chloroplast eukaryotes

3 Bacteria Heterotrophic Nucleus, mitochondrion Heterotrophic
eukaryotes eukaryotes

4 Bacteria Photosynthetic Nucleus, mitochondrion, Heterotrophic
eukaryotes abnormal compartments* eukaryotes

* occasionally formed structures with irregular shape and function.

Cyanobacteria and bacteria symbiotic with archaebacteria are involved in the origin
of organelles and origin of eukaryotes (Table 1); while cyanobacteria and bacteria
symbiotic with eukaryotes are responsible for the diversification of organelles and
speciation of eukaryotes (Table 2). The origin and diversification of nucleus and
mitochondrion take place in both bacteria and cyanobacteria, while the origin and
diversification of chloroplast occur only in cyanobacteria. This is because the capacity
for organelle biogenesis depends on the metabolic capability of genome-recipient
cyanobacteria and bacteria, but not genome-donor archaebacteria and eukaryotes.
Bacteria are capable of respiration in which only mitochondrion can be formed; while
cyanobacteria are capable of photosynthesis and respiration in which chloroplast and
mitochondrion can be developed.



Archaebacteria and eukaryotes (hosts) involved are all aerobic, because the
endosymbiotic cyanobacteria/bacteria are oxygen-generating/requiring prokaryotes
(aerobic) and thus can not inhabit oxygen-sensing/free anaerobic hosts. The
archaebacteria and eukaryotes shelter the endosymbiotic cyanobacteria/bacteria from
harsh conditions, e.g., high or low temperature; and in turn the endosymbiotic
cyanobacteria/bacteria facilitate hosts’ metabolism (e.g., synthesis of metabolites or
nitrogen-recycling) rather than confer hosts the ability of photosynthesis or respiration.
The hosts impose efficient control over the endosymbiotic cyanobacteria/bacteria
under normal conditions, but turn senescence and lose control of these endosymbionts
under adverse conditions. Such that the endosymbiotic cyanobacteria/bacteria take up
their senescent/necrotic host’s total DNA (genome) and retain the obtained DNA in a
membrane-bounded heterogenous globular body (HGB) like those of TDX16 (Dong
et al., 2020) so as to keep from degradation.

After liberation from the ruptured necrotic host cell, the endosymbiotic
cyanobacteria/bacteria hybridize the obtained DNA that was released from HGB with
their own one, resulting in an expanded genome comprising the hybrid prokaryotic
genes (e.g., hybrid 16S rRNA) and the completely novel or modified eukaryote
specific genes (e.g., 18S rRNA). Such that, the cyanobacteria/bacteria are confronted
with two problems:

(1) the expanded genome, a mixture of prokaryotic and eukaryotic genes, can no
longer be deposited simply in the nucleoid, and must be categorized and preserved
separately.

(2) the prokaryotic systems of respiration and photosynthesis are energetically less
efficient to operate the expanded genome (genome expression) for upgraded cell
functions. The endosymbiotic bacteria, like their archaebacterial hosts, perform
respiration in cytoplasmic membranes, which have a low energy-generating capacity
due to the limited respiratory membrane surface, and so a specialized compartment
with large and adjustable surface area for respiration is needed. The endosymbiotic
cyanobacteria perform both photosynthesis and respiration in thylakoid membranes
(Lea-Smith, et al., 2013), which are also incapable of producing enough energy,
because the concurrence of photosynthesis and respiration in thylakoid membranes
reduce their energetic capacity and efficiency, and so photosynthesis and respiration
must be performed separately in different compartments.

To tackle these two problems, DNA fragments with hybrid prokaryotic genes
encoding constituents specific for photosynthesis and respiration (e.g., photosynthetic
and respiratory electron transport chains), and essential components of prokaryotic
protein synthesis systems (e.g., 16SrRNA, tRNA and ribosomal proteins) are sorted
out and enclosed separately with membrane for specialized function of photosynthesis
(chloroplast) and respiration (mitochondrion); while all the rest of DNA fragments
containing eukaryote specific genes and nonfunctional DNA sequences are totally
encased with membrane for management (nucleus). As a result, the organelle-less
cyanobacteria and bacteria suddenly turn into organelle-containing photosynthetic
eukaryotes and heterotrophic eukaryotes respectively.

4.6 The way of organelle biogenesis in cyanobacteria and bacteria



The biogenesis of chloroplast, nucleus and mitochondrion in cyanobacteria that had
acquired their archaebacterial/eukaryotic hosts” genomes for the origin/speciation of
photosynthetic eukaryotes proceeds in the same way as organelle biogenesis in the
cyanobacterium TDX16 (Dong et al., 2020); while the biogenesis of nucleus and
mitochondrion in bacteria that had obtained their archaebacterial/eukaryotic hosts’
genomes for the origin/speciation of heterotrophic eukaryotes follows the hypothetical
way of organelle biogenesis in bacteria for the formation of cancer cells (Dong and
Xing, 2018).

5. Testable predictions

5.1 Multiple origins of eukaryotes and organelles

A photosynthetic/heterotrophic eukaryote origins from a cyanobacterium/bacterium
by de novo biogenesis of organelles after acquisition of an archaebacterium’s genome.
There is no reason to think that only one or a limited number of cyanobacteria,
bacteria and archaebacteria are involved in the origin of organelles and eukaryotes. In
fact, the simple prokaryotes have a natural tendency to upgrade to complex
eukaryotes and theoretically all aerobic bacteria, archaebacteria and cyanobacteria can
participate in the origin of organelles and eukaryotes. So, eukaryotes and their
organelles are of multiple origins, which sets the fundamental basis for biodiversity.

5.2 Organellar genomes are patchworks of diverse organisms’ DNA sequences

During the origin and speciation of eukaryotes, genomic DNAs of diverse organisms
including archaebacteria, bacteria, cyanobacteria and eukaryotes are intermingled,
fragmented and hybridized resulting in a mixture of DNAs, which is subsequently
partitioned into different compartments. So, each organelle’s genome is a patchwork
of diverse organisms-derived DNA sequences (so is the eukaryote’s whole genome)
and each organism-derived DNA sequences exist in all organelles’ genomes. For
example, a photosynthetic eukaryote’s three organellar genomes are all assembled
with diverse organisms’ DNA sequences and if a cyanobacterium’s gene presents in
the mitochondrial genome, then similar or different DNA sequences derived from this
cyanobacterium also exist in the chloroplast genome and nuclear genome.

5.3 Single source of archaebacterial DNAs in each eukaryote

Archaebacteria involve only in the origin but not the speciation of eukaryotes, and so
all archaebacterial DNAs in each eukaryotic species come definitely form a single
archaebacterium, which is important for identifying the archaebacterium and inferring
the origin or speciation of the eukaryotic species.

5.4 Multiple sources of eubacterial and eukaryotic DNAs in each eukaryote

During eukaryote speciation, genomic DNAs of one eubacterium (cyanobacterium or
bacterium) and one eukaryote that contains other eubacteria and euakaryotes’ DNAs
are introduced into the new species. Hence, eubacterial and eukaryotic DNAs in each
eukaryotic species come from multiple eubacteria and eukaryotes except that the



eukaryotic species is formed in origin (one of the ancestral eukaryotes).
5.5 Different cellular traits of photosynthetic and heterotrophic eukaryotes

Photosynthetic eukaryotes and heterotrophic eukaryotes are different in origin and
speciation and thus exhibit different cellular traits:

(1) The cytoplasmic membrane comprises one unit membrane in heterotrophic
eukaryotes, but two unit membranes in photosynthetic eukaryotes.

(2) The nucleus is enclosed with two unit membranes (one set of envelope) in
heterotrophic eukaryotes but four unit membranes (two set of envelopes) in
photosynthetic eukaryotes. The outer nuclear envelope is flexible in structure. For
example, the chloroplasts in some algae are surrounded by four unit membranes (two
set of envelopes) (Gibbs, 1981) and inferred as the secondary chloroplasts formed in
the secondary endosymbiosis, with the two membranes of the outer envelope being
derived from the plasma membrane of the endosymbiotic algae and the phagosomal
membrane of the secondary host (Archibald and Keeling, 2002). The inference is false
as the endosymbiotic hypothesis is disproved by our discovery (Dong et al., 2020).
Virtually, these chloroplasts have only one double-membraned envelope, while the
additional envelope is the outer nuclear envelope that extends around the chloroplast.
(3) Mitochondria can be formed de novo in the nuclei of heterotrophic eukaryotes but
in the chloroplasts of photosynthetic eukaryotes.

5.6 Different content of heterotrophic and photosynthetic eukaryotes’ genomes

Heterotrophic eukaryotes’ genomes contain only bacterial and archaebacterial but no
cyanobacterial DNAs except those bearing the so-called non-photosynthetic plastids
and their descendants. By contrast, photosynthetic eukaryotes’ genomes contain
cyanobacterial and archaebacterial or additional bacterial DNASs if heterotrophic
eukaryotes are involved in speciation. So, photosynthetic eukaryotes fall into two
categories: categoryl contain only cyanobacterial and archaebacterial DNAs, while
category 2 contain cyanobacterial, archaebacterial and bacterial DNAS.

5.7 The heterotrophic eukaryote’s nucleus contains a mitochondrial genome

Mitochondria are assembled in the primitive nucleus during the origin and speciation
of heterotrophic eukaryote, and after origin or speciation an entire mitochondrial
genome (intact or fragmented mitochondrial DNA) remains in the nuclear genome
enabling de novo biogenesis of mitochondria in the nucleus under stress conditions.
So, the presence of entire mitochondrial DNA (mitochondrial genome) in nuclei is not
confined to the known cases (Kristensen and Prydz, 1986; Wei et al., 2022; Kuprina et
al., 2024), but a general phenomenon in heterotrophic eukaryotes.

5.8 The photosynthetic eukaryote’s chloroplast contains a mitochondrial genome

Different from the case of heterotrophic eukaryotes, mitochondria are assembled in
the primitive chloroplast during the origin and speciation of photosynthetic eukaryote.
So, after origin or speciation, the chloroplast genome retains an entire mitochondrial
DNA (a backup copy) so as to develop mitochondria from scratch in the chloroplast



under abnormal conditions, e.g., no functional mitochondria is available.

5.9 Mitochondrial proteomes reside in nuclei of heterotrophic eukaryotes but
chloroplasts of photosynthetic eukaryotes

The reason for the presence of some mitochondrial proteins in nuclei of heterotrophic
eukaryotes (Monaghan and Whitmarsh, 2015; Tang, 2015) but chloroplasts of
photosynthetic eukaryotes (Peeters and Small, 2001; Carrie and Small, 2013; Guan et
al., 2020) as described in section 2.5 is unclear. In fact, like the case of DNA, it is also
because mitochondria can be formed de novo in nuclei of heterotrophic eukaryotes
but chloroplasts of photosynthetic eukaryotes. So, not just some but actually all of the
mitochondrial proteins, the mitochondrial proteomes, reside in nuclei of heterotrophic
eukaryotes but chloroplasts of photosynthetic eukaryotes.

5.10 The formation of cancer cells is the speciation of eukaryotes

It has been proposed that cancer cells are new species of protists (e.g., HeLa cell)
arising from bacteria (Dong and Xing 2018): the endosymbiotic bacteria turn into
primary cancer cells for cancer initiation after acquisition and hybridization of the
normal somatic cell’s genome and de novo biogenesis of organelles; likewise the
endosymbiotic bacteria turn into secondary cancer cells (new species of protists
different from the primary cancer cells) for cancer progression (e.g., invasion and
metastasis) after acquisition and hybridization of the primary cancer cell’s genome
and de novo biogenesis of organelles. Hence, the formation of cancer cells is the
speciation of eukaryotes that is achieved by de novo biogenesis of organelles in
bacteria after acquisition and hybridization of the eukaryotic host’s genome. Such that,
cancer biology, evolutionary biology and cell biology are unified, while cancer cells
provide the experimental material not only for cancer research but also for studying
the de novo biogenesis of organelles in prokaryotes and speciation of eukaryotes.

5.11The non-photosynthetic plastids are not plastids

The presence of chloroplast-related genes in unicellular heterotrophic parasites, e.g.,
apicomplexan parasites (McFadden et al., 1996; Kdnler et al., 1997; Wilson 2002) and
heterotrophic algae (Sekiguchi et al., 2002; Tartar and Boucias 2004; Borza et al.,
2005) is putatively ascribed to the non-photosynthetic plastids. These putative
non-photosynthetic plastids are, however, not plastids but abnormal compartments. As
summarized in Tableland 2, chloroplasts can not be developed in bacteria due to their
incapacity of photosynthesis. So, if bacteria endosymbiotically acquire photosynthetic
eukaryotes’ genomes, the chloroplast-related genes might be lost or deposited in
abnormal compartments and or in nuclei or mitochondria if there is no abnormal
compartments. For example, the putative genome-less non-photosynthetic plastid of
the heterotrophic green alga Polytomella spp (Smith and Lee, 2014) does not exist,
while the chloroplast-related genes were lost or deposited in mitochondria. Therefore,
the so-called non-photosynthetic plastids are not plastids but abnormal compartments
formed in bacteria that aberrantly obtain photosynthetic eukaryotes’ genomes and in
essence the heterotrophic algae are not algae but bacteria-derived protists.



5.12 The amitochondriate eukaryotes congenitally lack mitochondrion

The presence of mitochondrion-related genes in amitochondriate eukaryotes
(anaerobic protists) is ascribed to the putatively lost mitochondria. In truth, these
putative mitochondria do not exist for the similar reason as discussed above for
non-photosynthetic plastids. Anaerobic bacteria are incapable of aerobic respiration in
which mitochondria can not be formed. Such that the anaerobic bacteria that
endosymbiotically obtain their aerobic eukaryotic hosts’ genomes turn into
amitochondriate anaerobic protists with the mitochondrion-related genes being lost
(Karnkowska et al., 2016) or deposited after hybridization in nuclei (Hirt et al., 1997;
Roger et al., 1998; Arisue et al., 2002) and or in abnormal compartments, e.g.,
hydrogenosome (Akhmanova et al., 1998). Therefore, the amitochondriate eukaryotes
congenitally lack mitochondrion, and the putative mitochondrion-derived organelles
(Mai et al., 1999) and mitochondrial remnants (Tovar et al., 1999; Williams et al.,
2002; Tovar et al., 2003) are not true.

5.13 The inferred organelle-to-organelle gene transfers do not exist

The homologous DNA sequences/genes in different organelles as described above in
section 2.4 is inferred as the results of organelle-to-organelle gene transfers during or
after the transition of the endosymbiotic cyanobacterium and bacterium into the
chloroplast and mitochondrion, termed endosymbiotic gene transfer (Timmis et al.,
2004), interorganellar/intercompartmental gene transfer (Schuster and Brennicke,1988;
Kleine et al., 2009) and intracellular gene transfer (Park et al., 2015). The inferred
organelle-to-organelles gene transfers, however, do not exist, because chloroplasts and
mitochondria are not derived from the endosymbiotic cyanobacteria and bacteria as
evidenced by de novo organelle biogenesis in the cyanobacterium TDX16 (Dong et al.,
2020). Indeed, the homologous DNA sequences/genes in different organelles result
from genome hybridization and allocation of the hybrid DNA for organelle biogenesis
during the origin and speciation of eukaryotes. Hence, the homologous DNA
sequences/genes exist in organelles from the start of their assembly, reflecting their
relationships in biogenesis. For example, mitochondria are assembled in the primitive
nuclei of heterotrophic eukaryotes but the primitive chloroplasts of photosynthetic
eukaryotes, and so mitochondria share more common DNA sequences with nuclei in
heterotrophic eukaryotes but chloroplasts in photosynthetic eukaryotes.

5.14The inferred prokaryote/eukaryote-to-eukaryote gene transfers do not exist

The presence of homologous DNA sequences/genes in a eukaryote and a prokaryote
or in two different eukaryotes is inferred as the results of prokaryote-to-eukaryote or
eukaryote-to-eukaryote horizontal/lateral gene transfers (HGT/LGT) (Keeling and
Palmer, 2008). The inferred HGT/LGT are, however, unattainable, because eukaryotes
are naturally resistant to foreign DNA. In fact, a eukaryote’s genome is shaped during
its origin or speciation by hybridizing the genomes of two parental organisms (two
prokaryotes or a prokaryote and a pre-existing eukaryote) and thus inevitably contains
DNA sequences/genes homologous to those of its parental prokaryote and eukaryote.
Therefore, the homologous DNA sequences/genes exist in a eukaryote from the start



of its origin or speciation but are not transferred from other organisms after its origin
or speciation, which provides clues for inferring the eukaryote’s origin or speciation.

5.15 The inferred phylogenies of eukaryotes and organelles are false

Each eukaryotic species arises directly from a cyanobacterium or a bacterium by de
novo biogenesis of organelles after endosymbiotic acquisition and hybridization of an
archaebacterium or a pre-existing eukaryote’s genome. So, each eukaryote has two
parental organisms, one is a cyanobacterium or a bacterium (genome-recipient), and
the other is an archaebacterium or a eukaryote (genome-donor), and is formed by
genomically hybridizing two into one instead of splitting one into two, a process
similar in mechanism to sexual hybridization and sexual reproduction of eukaryotes,
and thus the origin of sex seems to start from the origin and speciation of eukaryotes.
While, current phylogenetic analyses are based on the wrong fundamental assumption
that all eukaryotes and organelles descend directly from other eukaryotes and other
organelles by putative gene duplication and point mutation. Therefore, the currently
inferred phylogenies of eukaryote and organelles are false and misleading regardless
of what algorithms have been applied.

5.16 The prokaryote-eukaryote evolutionary relationship is a web but not a tree

As described above, each heterotrophic/photosynthetic eukaryote arises from a
bacterium/cyanobacterium that endosymbiotically acquires an archaebacterium or a
eukaryote’ genome. Thus, all eukaryotes (heterotrophic eukaryotes and photosynthetic
eukaryotes) are evolutionarily linked with prokaryotes (archaebacteria, bacteria and
cyanobacteria) in anon-hierarchical manner, and the evolutionary relationship of
prokaryotes and eukaryote represents a truly interconnected web (web of life) rather
than a bifurcating tree (tree of life), which is different, in essence, from the putative
LGT/HGT-based net (reticulated tree) (Doolittle, 1999) or web (Soucy et al., 2015).

6. Conclusion

The discovery of de novo organelle biogenesis in the cyanobacterium TDX16 (Dong
et al., 2020) invalidates the endosymbiotic hypothesis and prompts an evidence-based
reconsideration of the true origin of organelles and its association with the origin of
eukaryotes and relationship with the diversification of organelles and speciation of
eukaryotes that are important but unclear. GHH is a paradigm shift in understanding
these questions. According to GHH, the origin/diversification of organelles and the
origin/speciation of eukaryotes are unified and achieved by de novo biogenesis of
organelles in bacteria/cyanobacteria after endosymbiotic acquisition and hybridization
of their archaebacterial/eukaryotic hosts’ genomes, while the formation of cancer cells
is the speciation of eukaryotes as cancers are new species of unicellular eukaryotes
arising from bacteria (Dong and Xing, 2018). Thus, GHH unifies evolutionary biology,
cancer biology and cell biology and can account for all the evidence contradicting the
endosymbiotic hypothesis and be verified with the testable predictions.



Reference

Akhmanova, A., Voncken, F., van Alen, T., van Hoek, A., Boxma, B., Vogels, G,
Veenhuis, M., Hackstein, J.H.P (1998) A hydrogenosome with a genome. Nature, 396:
527-528

Alverson, A.J., Wei, X.X., Rice, D.W., Stern, D.B., Barry, K and Palmer, J.D (2010)
Insights into the evolution of mitochondrial genome size from complete sequences of
Citrullus lanatus and Cucurbita pepo (Cucurbitaceae). Molecular Biology and
Evolution, 27: 1436-1448

Archibald, J. M and Keeling, P. J (2002) Recycled plastids: a green movement in
eukaryotic evolution. Trends in genetics, 18: 577-584

Arisue, N., Sanchez, L. B., Weiss, L. M., Mdler, M and Hashimoto, T (2002)
Mitochondrial-type hsp70 genes of the amitochondriate protists, Giardia intestinalis,
Entamoeba histolytica and two microsporidians. Parasitology International, 51: 9-16.

Bakeeva, L.E., Skulachev, V.P., Sudarikova, Y.V and Tsyplenkova, V.G. (2001)
Mitochondria enter the nucleus (one further problem in chronic alcoholism).
Biochemistry (Moscow), 66: 1335-1341

Bensasson, D., Zhang, D. X., Hartl, D. L and Hewitt, G. M (2001) Mitochondrial
pseudogenes: evolution’s misplaced witnesses. Trends in Ecology & Evolution
16:314-321

Beveridge, T. J (1999) Structures of gram-negative cell walls and their derived
membrane vesicles. Journal of Bacteriology, 16: 4725-4733

Bonzi, L.M and Fabbri, F (1975) Chloroplast protrusions in Arisarum proboscideum
(L.) Savi. Caryologia , 28, 407—426.

Borza, T., Popescu, C.E and Lee, R.W (2005) Multiple metabolic roles for the
nonphotosynthetic plastid of the green alga Prototheca wickerhamii. Eukaryotic Cell,
4: 253-261

Brandes, D., Schofield, B.H and Anton, E (1965) Nuclear mitochondria? Science, 149:
1373-1374

Brown, R. H., Rigshy, L. L and Akin, D. E (1983) Enclosure of mitochondria by
chloroplasts. Plant Physiology, 71: 437-439

Carrie, C and Small, I (2013) A reevaluation of dual-targeting of proteins to
mitochondria and chloroplasts. Biochimica et Biophysica Acta, 1833: 253-259

Carvalho, A. O., Da Cunha, M., Rodrigues, R., Sudré C. P., Santos, I. S., Fernandes,
K. V. S,, Rabelo, G. R and Gomes, V. M (2011) Ultrastructural changes during early
infection of Vigna unguiculata and Phaseolus vulgaris leaves by Xanthomonas
axonopodis pv. Phaseoli and an unexpected association between chloroplast and
mitochondrion. Acta Physiologiae Plantarum, 33: 2025-2033



Cavalier-Smith, T (1975) The origin of nuclei and of eukaryotic cells. Nature, 256:
463-468.

Cavalier-Smith, T (1987) The simultaneous symbiotic origin of mitochondria,
chloroplasts, and microbodies. Annals New York Academy of Sciences, 503: 55-71.

Cavalier-Smith, T (1988) Origin of the cell nucleus. BioEssay, 9:72—78.

Chen, 1., Christie, P.J and Dubnau, D (2005) The ins and outs of DNA transfer in
bacteria. Science, 310:1456-1460

Dong, Q. L and Xing, X. Y (2018) Cancer cells arise from bacteria. Cancer Cell
International, 18: 205

Dong, Q. L., Xing, X.Y,, Han, Y., Wei, X.L and Zhang, S (2020) De novo organelle
biogenesis in the cyanobacterium TDX16 released from the green alga
Haematococcus pluvialis. CellBio, 9, 29-84

Dong, Q. L and Xing, X. Y (2020) Chroococcidiorella tianjinensis gen. et sp. nov.
(Trebouxiophyceae, Chlorophyta), a green alga arises from the cyanobacterium
TDX16. American Journal of Plant Sciences, 11, 1814-1826

Doolittle, W. F (1999) Phylogenetic classification and the universal tree. Science, 284:
2124-2128

Ellis, J (1982) Promiscuous DNA-chloroplast genes inside plant mitochondria.
Nature, 299: 678-679

Eldarov, C.M., Vangely, I.M., Vays, V.B., Sheval, E.V., Holtze, S., Hildebrandt, T.B.,
Kolosova, N.G., Popkov, V.A., Plotnikov, E.Y., Zorov, D.B., Bakeeva, L.E and
Skulachev, V.P (2020) Mitochondria in the nuclei of rat myocardial cells. Cells. 9,
712.

Farrelly, F and Butow, R (1983) Rearranged mitochondrial genes in the yeast nuclear
genome. Nature, 301: 296-301.

Gabald&, T and Huynen, M.A (2003) Reconstruction of the proto-mitochondrial
metabolism. Science, 301: 609.

Gellissen, G.., Bradfield, J. Y., White, B. N and Wyatt, G.. R (1983) Mitochondrial
DNA sequences in the nuclear genome of a locust. Nature, 301:631-634.

Gibbs, S. P (1981) The chloroplast endoplasmic reticulum: structure, function, and
evolutionary significance. International Review of Cytology, 72:49-99

Golecki, J.R (1977) Studies on ultrastructure and composition of the cyanobacterium
Anacystis nidulans. Archives of Microbiology, 114: 35-41

Goremykin, V.V., Salamini, F., Velasco, R and Viola, R (2009) Mitochondrial DNA of
Vitis vinifera and the issue of rampant horizontal gene transfer. Molecular Biology
and Evolution , 26: 99-110.



Gould, S.B., Garg, S.G and Martin, W. F (2016) Bacterial vesicle secretion and the
evolutionary origin of the eukaryotic endomembrane system. Trends in Microbiology,
24: 525-534

Gray, M.W (2015) Mosaic nature of the mitochondrial proteome: implications for the
origin and evolution of mitochondria. Proceedings of the National Academy of
Sciences of the United States of America, 112: 10133-10138

Guan, X., Okazaki, Y., Zhang, R., Saito, K and Nikolau, B. J (2020) Dual-localized
enzymatic components constitute the fatty acid synthase systems in mitochondria and
plastids. Plant Physiology, 183:517-529.

Gupta, R. S and Golding, G. B (1996) The origin of the eukaryotic cell. Trends in
Biochemical Science, 21: 166-171

Hazkani-Covo, E., Zeller, R. M and Martin, W (2010) Molecular poltergeists:
mitochondrial DNA Copies (Numts) in sequenced nuclear genomes. PLOS Genetics,
6, €1000834.

Hirt, R. P., Healy, B., Vossbrinck, C. R., Canning, E. U and Embley, T. M (1997)
Mitochondrial Hsp70 orthologue in Vairimorpha necatrix: molecular evidence that
microsporidia once contained mitochondria. Current Biology, 7: 995-998

Hoffman, H and Grigg, GW (1958) An electron microscopic study of mitochondria
formation. Experimental Cell Research, 15: 118-131

Huynen, M.A., Duarte, | and Szklarczyk, R (2013) Loss, replacement and gain of
proteins at the origin of the mitochondria. Biochimica et Biophysica Acta (BBA)-
Bioenergetics, 1827: 224-231.

lorizzo, M., Grzebelus, D., Senalik, D., Szklarczyk, M., Spooner, D and Simon, P
(2012) Against the traffic, the first evidence for mitochondrial DNA transfer into the
plastid genome. Mobile Genetic Elements, 2: 261-266

Jensen, H., Engedal, H and Saetersdal, T. S (1976) Ultrastructure of
mitochondria-containing nuclei in human myocardial cells. Virchows Archiv B Cell
Pathology, 21: 1-12

Karlberg, O., Canb&k, B., Kurland, C.G and Andersson, G. E (2000) The dual origin
of the yeast mitochondrial proteome. Yeast , 17: 170-187.

Karnkowska, A., Vacek, V., Zub&ova, Z., Treitli, S.C., Petrzelkovd, R., Eme, L.,
Nov-dk, L., Zarsky, V., Barlow, L.D., Herman, E.K. et al. (2016) A eukaryote without
a mitochondrial organelle. Current Biology, 26: 12741284

Keeling P. J and Palmer, J. D (2008) Horizontal gene transfer in eukaryotic evolution.
Nature Reviews Genetics, 9: 605-618.

Kleine, T., Maier, U.G and Leister, D (2009) DNA transfer from organelles to the
nucleus: the idiosyncratic genetics of endosymbiosis. Annual Review of Plant Biology,
60:115-138.



Kdhler, S., Delwiche, C. F,, Denny, P. W., Tilney, L. G. Webster, P., Wilson, R. J. M.,
Palmer, J. D and Roos D. S (1997) A plastid of probable green algal origin in
Apicomplexan parasites. Science, 75:1485-14809.

Kristensen, T and Prydz, H (1986) The presence of intact mitochondrial DNA in HelLa
cell nuclei. Nucleic Acids Research, 14: 2597-2609.

Kuprina, K., Smorkatcheva, A., Rudyk, A and Galkina, S (2024) Numerous insertions
of mitochondrial DNA in the genome of the northern mole vole, Ellobius talpinus.
Molecular Biology Reports, 51:36

Kurland, C. G and Andersson, S. G. E (2000) Origin and evolution of the
mitochondrial proteome. Microbiology and Molecular Biology Reviews, 64: 786-820

Lake, J. A and Rivera, M. C (1994) Was the nucleus the first endosymbiont?
Proceedings of the National Academy of Sciences of the United States of America, 91:
2880-2881.

Lane, N and Martin, W (2010) The energetics of genome complexity. Nature, 467:
929-934.

Lea-Smith, D.J., Ross, N., Zori, M., Bendall, D.S., Dennis, J.S., Scott, S.A., Smith,
A.G and Howe, C. .J (2013) Thylakoid terminal oxidases are essential for the
cyanobacterium Synechocystis sp. PCC6803 to survive rapidly changing light
intensities. Plant Physiology, 162: 484-495.

Li, J. X,, Chen, Y. L., Liu, Y. L., Wang, C., Li, L and Chao, Y. H (2023) Complete
mitochondrial genome of Agrostis stolonifera: insights into structure, Codon usage,
repeats, and RNA editing. BMC Genomics, 24:446

Lonsdale, D. M., Hodge, T. P., Howe, C. J and Stern, D. B (1983) Maize
mitochondrial DNA contains a sequence homologous to the ribulose-1,5-bisphosphate
carboxylase large subunit gene of chloroplast DNA. Cell, 34: 1007-1014

Lopez, J. V., Yuhki, N., Masuda, R., Modi, W and O’Brien, S. J (1994) Numt, a recent
transfer and tandem amplification of mitochondrial DNA to the nuclear genome of the
domestic cat. Journal of Molecular Evolution, 39:174-190.

Lpez-Garcm, P and Moreira, D (2020) The Syntrophy hypothesis for the origin of
eukaryotes revisited. Nature Microbiology, 5: 655-667.

McFadden, G., Reith, M., Munholland, J and Lang-Unnasch, N (1996) Plastid in
human parasites. Nature, 38: 482.

Mai Z., Ghosh, S., Frisardi, M., Rosenthal, B., Rogers, R and Samuelson, J (1999)
Hsp60 is targeted to a cryptic mitochondrion-derived organelle ‘Crypton’ in the
microaerophilic protozoan parasite Entamoeba histolytica. Molecular and Cellular
Biology, 19: 2198-2205.

Matsuyama, M and Suzuki, H (1972) Seizing mechanism and fate of intranuclear
mitochondria. Experientia, 28: 1347-1348.



Mereschkowsky, C (1905) Uber Natur und Ursprung der Chromatophoren im
Pflanzenreiche. Biol. Centralbl. 25: 593-604.

Monaghan, R.M and Whitmarsh, A. J (2015) Mitochondrial proteins moonlighting in
the nucleus. Trends in Biochemical Sciences, 12: 728-735

Montes, G and Bradbeer, J. W (1976) An association of chloroplasts and mitochondria
in Zea mays and Hyptis suaveolens. Plant Science Letters, 6: 35-41.

Moreira, D and Lez-Garcr, P (1998) Symbiosis between methanogenic archaea
and &-proteobacteria as the origin of eukaryotes: the syntrophic hypothesis. Journal of
Molecular Evolution, 47: 517-530

Nass, M.M.K., Nass, S and Afzelius, B. A (1965) The general occurrence of
mitochondrial DNA. Experimental Cell Research, 37: 516-539.

Notsu, Y., Masood, S., Nishikawa, T., Kubo, N., Akiduki, G., Nakazono, M., Hirai, A
and Kadowaki, K (2002) The complete sequence of the rice ( Oryza sativa L.)
mitochondrial genome: frequent DNA sequence acquisition and loss during the
evolution of flowering plants. Molecular Genetics and Genomics, 268: 434-445.

Oliva, H., Valle, A., Flores, L.D., Rivas, M.C (1973) Intranuclear mitochondriae in
Hodgkin’s disease. Virchows Arch. Abt. B Zellpath. 12, 189-194.

Park, S., Grewe, F., Zhu, A., Ruhlman, T. A., Sabir, J., Mower, J. P., Robert, K and
Jansen, R. K (2015) Dynamic evolution of Geranium mitochondrial genomes through
multiple horizontal and intracellular gene transfers. New Phytologist, 208:570-583

Peeters, N and Small, | (2001) Dual targeting to mitochondria and chloroplasts.
Biochimica et Biophysica Acta, 1541: 54-63

Pulich, W. M and Ward, C. H (1973) Physiology and ultrastructure of an
oxygen-resistant Chlorella mutant under heterotrophic conditions. Plant Physiology,
51: 337-344

Raff R.A and Mahler H.R (1972) The non symbiotic origin of mitochondria. Science
177: 575-582.

Richly, E and Leister, D (2004) NUMTs in Sequenced Eukaryotic Genomes.
Molecular Biology and Evolution, 21(6):1081-1084.

Ris, H and Plaut, W (1962) Ultrastructure of DNA-containing areas in the chloroplast
of Chlamydomonas. Journal of Cell Biology, 13: 383-391.

Roger, A. J., Svad, S. G, Tovar, J., Clark, C.G., Smith, M.W., Gillin, F.D and Sogin,
M.L (1998) A mitochondrial-like chaperonin 60 gene in Giardia lamblia: evidence
that diplomonads once harbored an endosymbiont related to the progenitor of
mitochondria. Proceedings of the National Academy of Sciences of the United States
of America, 95:229-234.

Sadovsky, M.G., Senashova, M.Y and Malyshev, A.V (2020) Amazing symmetrical



clustering in chloroplast genomes. BMC Bioinformatics 21(Suppl 2):83

Sagan, L (1967) On the origin of mitosing cells. Journal of Theoretical Biology, 14:
225-274

Sato, N (2019) Endosymbiotic theories of organelles revisited: retrospects and
prospects. Springer, Singapore

Sekiguchi, H., Moriya, M., Nakayama, T and Inouye, | (2002) Vestigial chloroplasts
in heterotrophic stramenopiles Pteridomonas danica and Ciliophrys infusionum
(Dictyochophyceae). Protist, 153:157-167.

Schuster, W and Brennicke, A (1988) Interorganellar sequence transfer: plant
mitochondrial DNA is nuclear, is plastid, is mitochondrial. Plant Science, 54:1-10

Schwartz, R. M and Dayhoff, M.O (1978) Origins of prokaryotes, eukaryotes,
mitochondria, and chloroplasts. Science, 199: 395-403.

Silhavy, T. J., Kahne, D and Walker, S (2010) The bacterial cell envelope. Cold Spring
Harbor Perspectives in Biology, 2(5):a000414.

Smith, D.R and Lee, R. W (2014) A plastid without a genome: evidence from the
nonphotosynthetic green algal genus Polytomella. Plant Physiology, 164:1812-1819.

Soucy, S. M., Huang, J and Gogarten, J. P (2015) Horizontal gene transfer: building
the web of life. Nature reviews Genetics,16: 472-482

Spooner, D.M., Ruess, H., lorizzo, M., Senalik, D and Simon, P. (2017) Entire plastid
phylogeny of the carrot genus (Daucus, Apiaceae): Concordance with nuclear data
and mitochondrial and nuclear DNA insertions to the plastid. American Journal of
Botany, 104: 296-312

Stern, D.B and Lonsdale, D.M (1982) Mitochondrial and chloroplast genomes of
maize have a 12-kilobase DNA sequence in common. Nature, 299: 698-702.

Stern, D.B. and Palmer, J.D. (1984) Extensive and widespread homologies between
mitochondrial DNA and chloroplast DNA in Plants. Proceedings of the National
Academy of Sciences of the United States of America, 81: 1946-1950.

Straub, S.C.K., Cronn, R.C., Edwards, C., Fishbein, M and Liston, A (2013)
Horizontal transfer of DNA from the mitochondrial to the plastid genome and Its
subsequent evolution in milkweeds (Apocynaceae). Genome Biology and Evolution,
5:1872-1885.

Szklarczyk, R and Huynen, M.A (2010) Mosaic origin of the mitochondrial proteome.
Proteomics, 10: 4012—4024.

Takemura, G., Takatsu, Y., Sakaguchi, H and Fujiwara, H (1997) Intranuclear
mitochondria in human myocardial cells. Pathology Research and Practice, 193:
305-311

Tang, B.L (2015) Mitochondrial protein in the nucleus. CellBio, 4, 23-29.



Tartar, A and Boucias, D. G (2004) The non-photosynthetic, pathogenic green alga
Helicosporidium sp. has retained a modified, functional plastid genome. FEMS
Microbiology Letters, 233:153-157

Taylor, F.J.R (1976) Autogenous theories for the origin of eukaryotes. Taxon, 25:
377-390.

Timmis, J.N., Ayliffe, M.A., Huang, C.Y and Martin, W (2004) Endosymbiotic gene
transfer: organelle genomes forge eukaryotic chromosomes. Nature Reviews Genetics,
5:123-135

Tovar, J., Fischer, A and Clark, C. G (1999) The mitosome, a novel organelle related
to mitochondria in the amitochondrial parasite Entamoeba histolytica. Molecular
Microbiology, 32: 1013-1021.

Tovar, J., Len-Avila, G, Sdochez, L. B., Sutak, R., Tachezy, J., van der Giezen, M.,
Hern&dez, M., MUler, M and Lucocq, J. M (2003) Mitochondrial remnant organelles
of Giardia function in iron-sulphur protein maturation. Nature , 426: 172-176

Unseld, M., Marienfeld, J.R., Brandt, P and Brennicke, A (1997) The mitochondrial
genome of Arabidopsis thaliana contains 57 genes in 366,924 nucleotides. Nature
Genetics, 15: 57-61

Uzzell, T and Spolsky, C (1974) Mitochondria and plastids as endosymbionts: A
revival of special creation? American Scientist, 62: 334-343

van den Boogaart, P., Samallo, J and Agsteribbe, E (1982) Similar genes for a
mitochondrial ATPase subunit in the nuclear and mitochondrial genomes of
Neurospora crassa. Nature, 298:187-189.

Vesk, M., Mercer, F.VV and Possingham, J.V (1965) Observations on the origin of
chloroplast and mitochondria in the leaf cells of higher plants. Australian Journal of
Botany, 13: 161-169

\ollmer, W., Blanot, D., de Pedro, M. A (2008) Peptidoglycan structure and
architecture. FEMS Microbiology Reviews, 32: 149-167.

Wallin, I. E (1923) The mitochondria problem. The American Naturalist, 57: 255-261

Wee, C. C., Nor Muhammad, N. A., Subbiah, V. K., Arita, M., Nakamura, Y and Goh,
H. H (2022) Mitochondrial genome of Garcinia mangostana L. variety Mesta.
Scientific Reports, 12, 9840

Wei, W., Schon, K. R., Elgar, G, Orioli, A., Tanguy, M., Giess, A., Tischkowitz, M.,
Caulfield, M, J and Chinnery, P. F (2022) Nuclear-embedded mitochondrial DNA
sequences in 66,083 human genomes. Nature, 611:105-114.

Woese, C.R and Fox, G. E (1977) Phylogenetic structure of the prokaryotic domain:
the primary kingdoms. Proceedings of the National Academy of Sciences of the
United States of America, 74: 5088-5090



Woese, C. R (1981) Archaebacteria. Scientific American, 244: 98-125.

Wildman, S. G, Hongladarom, T and Honda, S. | (1962) Chloroplasts and
mitochondria in living plant cells: cinephotomicrographic studies. Science, 138:
434-436.

Williams, B. A., Hirt, R. P., Lucocqg, J. M and Embley, T. M. (2002) A mitochondrial
remnant in the microsporidian Trachipleistophora hominis. Nature, 418: 865-869.

Wilson, R. J. M (2002) Progress with parasite plastids. Journal of Molecular Biology,
319: 257-274.

Zhang, X., Bauman, N., Brown, R., Richardson, T. H., Akella, S., Hann, E., Morey, R.
and Smith, D.R (2019) The mitochondrial and chloroplast genomes of the green alga
Haematococcus are made up of nearly identical repetitive sequences. Current Biology,
29: R715-R737.



