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Even though the origin of cells remains largely unresolved, the serial endosymbiont theory is
widely accepted as the means by which two organelles, mitochondria and chloroplasts, came to
be. The serial endosymbiont theory hypothesizes that mitochondria and chloroplasts were
derived from ancient bacteria that were engulfed by an ancient, nucleated cell and took up
residence in the cytoplasm of the nucleated cell, until over time these internalized cells became
organelles. Several lines of evidence support the serial endosymbiont theory and associations
between several species of insects and various microbes also provide convincing examples of
intermediates in the process by which a microorganism becomes an organelle. The pervasive-
ness of endosymbiosis in nature suggests that organisms have a tendency to form mutually
beneficial relationships. This tendency to form such relationships reflects the goodness that
God imparted to creation and is somewhat antithetical to traditional Neo-Darwinism. Alter-
natively, the data suggest that more purposeful forces or principles might guide the formation
and subsequent maturation of such relationships.

T
he origin of cells is a subject of intense

debate within biology, but most crea-

tionists and intelligent design theorists

find the formation of any cell from nonliving

molecules simply impossible.1 Nevertheless

there is substantial agreement, at least among

the majority of mainstream scientists, on the

origin of two subcellular structures within

some cells.

According to contemporary evolutionary

thinking, two compartments inside cells, mi-

tochondria and chloroplasts, are descended

from bacteria that were engulfed by ancient

cells and took up residence inside their hosts.

Normally the predatory cell would digest

the bacteria as food, but for some reason the

invaders were not digested this time. The

two cells began a mutually beneficial rela-

tionship in which the hitchhiking bacterium

gave chemical energy to the host and the

host protected the tiny interloper. Over time,

this relationship grew into one of mutual

dependence until the bacterial invader be-

came recognizable only as an organelle, or

miniature organ, within a host cell that

depended heavily upon the activity of the

newly-minted organelle for its survival.

The idea outlined above is called the

serial endosymbiosis theory (SET). A. F. W.

Schimper first proposed this idea in 1883,2

but Lynn Margulis gave it its modern expres-

sion.3 Since then, the endosymbiont theory

has received nearly universal acceptance as

an explanation for the origin of mitochon-

dria and chloroplasts. Even though the

evidence used to support the endosymbiont

theory is deep and broad, this theory pro-

poses that mutually beneficial associations

between organisms is a major driving force

behind the formation of new species.4 Such

an evolutionary mechanism is somewhat non-

Darwinian, and even represents a challenge

to modern neo-Darwinian thought.5

It is the goal of this article to present the
data used to support the endosymbiont the-
ory, especially the flood of new sequence
data. However, the data that corroborates
the endosymbiont theory also show that
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mitochondria and chloroplasts contain features that are
not easily explained by contemporary neo-Darwinism.
In fact, some aspects of the origins of these organelles
might be better described by an appeal to a less orthodox
explanation that requires purposeful, but not necessarily
supernatural forces at work. Furthermore, SET supports
a tendency for organisms to form interdependent and
mutually beneficial relationships, which is not predicted by
Darwin’s theory of evolution via natural selection. Thus,
even though creation contains cruel and harsh elements,
it also features organisms working together rather than
against each other.6 In this way, creation displays how
people should work together in humility and mutual
dependence, acknowledging our differential giftedness.7

Endosymbiosis and Creation
In The Origin of Species, Darwin issued this challenge to

his readers:

Natural selection cannot possibly produce any modi-

fication in any one species exclusively for the good of

another species; though throughout nature one spe-

cies incessantly takes advantage of, and profits by,

the structure of another … If it could be proved that

any part of the structure of any species had been

formed for the exclusive good of another species,

it would annihilate my theory, for such could not

have been produced through natural selection.8

The selfish character of natural selection seems to

contradict the way cooperative associations between very

different organisms can mutually benefit each other. Cer-

tainly natural selection can account for the establishment

of some mutualistic relationships,9 but the extent to which

we observe endosymbiotic relationships in nature may

cause one to ask if some other principle is at work. Nor-

mally bacterial cells are food for single-celled, nucleated

organisms. Why would an organism form a metabolic bond

with an organism it normally views as food?

Despite the pain and suffering in our world, it still

declares the glory of God the Creator.10 It displays the

power of God, which in the words of theologian John

Rankin, is “the power to give.”11 This power to give is part

of our being made in the image of God, since we can

procreate or give life to another and give of ourselves

to others. We show the ability to work cooperatively with

mutual interdependence, which, in theory, is most clearly

demonstrated in the church. Likewise nonhuman creation,

or “nature,” is endowed with the power to give, but it also

displays the power to take and to destroy human life.

Nevertheless, these same organisms still show the power

to associate and form mutually beneficial relationships

and this is, in an important way, a reflection of the glory

of their Creator.

If evolutionary theory has taught theology anything, it

is that death is usually necessary to make life possible.12

This principle even applied in Eden, where, even if vege-

tarian diets were the rule, Adam and Eve still needed to

eat plants, which required the death of part of the plant.

This principle seems to work spiritually as well, since the

skin of a dead animal was required to cover the naked

bodies of Adam and Eve after they sinned.13 Likewise the

death of Jesus provides the free option of eternal life for all

who embrace his call.14 Since organisms are able to work

together for their own mutual benefit without necessarily

killing one another, endosymbiosis seems to be an alterna-

tive to the principle of life for one organism arising from

the death from another.

Since organisms are able to work

together for their own mutual benefit

without necessarily killing one another,

endosymbiosis seems to be an alternative

to the principle of life for one organism

arising from the death from another.

Despite the explanatory power of natural selection and

the successes it has had in explaining animal and human

behavior, there are elements of human and nonhuman

behavior that presently are inexplicable by natural selec-

tion alone.15 There are clear examples of human self-

sacrifice that fly in the face of selectionist explanations,

since, as sociobiologist Michael Ghiselin claims, if natural

selection were true and sufficient as an explanation for

human behavior, then there should be no genuinely disin-

terested behavior.16 Symbiosis is a major force that drives

biodiversity, both presently and in the past.17 Could it

be that the tendency for organisms to associate for each

other’s mutual benefit is another reflection of design in

our world? Testing such a hypothesis would be difficult,

but is worth pursuing.

Nature is a reflection of the Creator, even if it some-

times seems a cruel and unforgiving world. The ability of

our world to make beauty and goodness from death and

suffering is itself an illustration of the grace of God. We

can do no less than embrace the good and fight the evil as

stewards of the Gospel. We can also do no less to search

for his ways within the world, even when they are hidden

from plain view.
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Background
All living things are composed of cells and

all cells come from pre-existing cells. This

simple but elegant statement constitutes the

cell theory. It is the culmination of the work

of Robert Hooke (1635–1703), who first

described microscopic cell remnants from a

slice of cork in his popular 1665 book Micro-

graphia; Antony van Leeuwenhoek (1632–

1723), who described the first observations

of living microorganisms using a simple

microscope; Matthias Schleiden (1804–1881),

who showed that different plant structures

were made of cells in 1838; Theodor Schwann,

(1810–1882) who extended Scheiden’s obser-

vations to animals and embryos in 1839; and

Rudolph Virchow (1821–1902), who demon-

strated in 1858 that all cells come from previ-

ously existing cells. The cell theory remains

a foundational concept of contemporary cell

biology.

Modern organisms are composed of two

distinct cell types. The prokaryotic cell type

is a relatively simple cell that lacks internal

compartments and contains a chromosome

devoid of extensive secondary structure.

Prokaryotes are well represented today by

bacteria. The eukaryotic cell type contains

an array of internal, membrane-bound com-

partments dedicated to specific functions.

Because of their specialization, these com-

partments are called organelles.18 Eukaryotic

cells compose all vertebrate and invertebrate

animals, land plants, algae, fungi, and

protozoans.

One particular compartment in eukary-

otic cells, the nucleus, houses the cell’s

genetic information. Cells store genetic

information in the form of a molecule called

deoxyribonucleic acid or DNA, which is

assembled into compact, linear macro-

molecular structures called chromosomes

(Figure 1A). The entire complement of genes

contained within the nuclei of the cells of an

organism is called the genome and a branch

of genetics called genomics entails the study

of the entire genome of an organism. With

the advent of high-throughput automated

sequencing, we can determine the sequence

of the entire genome of organisms. Today

we have the completed sequence for the

genomes of over 160 microorganisms and

almost twenty-five multicellular organisms,

ranging from fungi to humans.19

Accessing the genetic information stored

in DNA requires the synthesis of an infor-

mational intermediate molecule called ribo-

nucleic acid (RNA). The DNA molecule serves

as a template or pattern for the synthesis of

RNA molecules, and RNA synthesis requires

a large protein complex called RNA poly-

merase (Figure 1B). Some RNA molecules

called messenger RNAs (mRNAs) are used

to make proteins, but RNAs can also per-

form other tasks.

To make proteins, mRNAs are trans-

ported from the nucleus and come into

contact with a structure called a ribosome.

Ribosomes are the protein-synthesizing

machines of the cell and are an assembly of

proteins and special RNA molecules called

ribosomal RNAs (rRNAs). The ribosomes of

eukaryotic cells are distinct from those of

bacteria. Herein lies the reason why we can

treat diseases with certain antibiotics like

erythromycin, tetracycline, and streptomycin

that inhibit protein synthesis in bacteria but

not in people—ribosomes from bacteria are

susceptible to these antibiotics, but such

drugs do not affect our own ribosomes.20

Ribosomes cannot make protein by them-

selves. Instead, they must have an mRNA to

direct the synthesis of the protein, and with-

out the mRNA, the ribosome is impotent to

work. The sequence of the mRNA is a copy

of one of the strands of the DNA molecule,

and the ribosome uses this sequence to

construct the protein. To make the protein,

the ribosome needs the building blocks of

proteins called amino acids. Small RNA

molecules called transfer RNAs or tRNAs

ferry the amino acids to the ribosome. Each

specific tRNA carries a particular amino acid

and the tRNA-amino acid conjugate comes

to the ribosome when the ribosome has

engaged a particular three-base sequence or

codon in the mRNA. If the three-base codon

corresponds to the sequence to which the

tRNA can bind, then the tRNA delivers its

amino acid payload to the ribosome and the

ribosome attaches it to the growing protein

(Figure 1C).

Ribosomes also receive assistance from

some accessory proteins during the process

of protein synthesis. One group of accessory

proteins called initiation factors help the

ribosome begin protein synthesis. A second
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Figure 1. The Flow of Genetic Information. These three figures illustrate the basic elements of molecular biology and how genetic informa-
tion is stored and accessed by the cell. (A) A DNA or deoxyribonucleic acid molecule. DNA is a polynucleotide molecule, which is to say
that it is composed of a repeating chain of nucleotides. Nucleotides consist of three chemical entities; a phosphate, sugar, and nitrogenous
base. The bases of DNA also show extremely specific rules of interaction; the base adenine always pairs with a thymine and cytosine always
pairs with guanine on the opposing strand. Exceptions to these rules occur at the ends of some linear chromosomes. (B) Transcription or
the synthesis of RNA from DNA. DNA is used as the pattern for RNA synthesis. The enzyme RNA polymerase synthesizes RNA from
DNA and the enzyme must unwind the double helix before it can synthesize RNA. RNA polymerase uses the bases of DNA to synthesize an
RNA molecule that is matched to one of the strands of the DNA molecule. RNA polymerase accesses the DNA at specific sequences called
promoter sequences, which act as entry points for RNA polymerase. RNA is typically a single-stranded molecule. (C) Translation or the
synthesis of protein from an RNA molecule by a ribosome. Most RNA molecules are messenger RNA molecules, which are used as a pat-
tern for protein synthesis, although some RNAs play structural or regulatory roles. The protein synthesis machines of the cell are ribosomes,
which are composed of two subunits, a small and large subunit. The ribosome “reads” the RNA three bases at a time and carrier molecules
called tRNAs bring amino acids, the building blocks of proteins, to the ribosome, and the ribosome links these amino acids together to make
a protein. Each messenger RNA has a distinct sequence, and from this sequence the ribosome makes a protein with a specific amino acid se-
quence. How does the ribosome know which amino acid should be added next? The tRNAs that carry the amino acids have a loop at the
front of the molecule with a three-base sequence (anticodon). This front-loaded three-base sequence must match the three-base sequence
(codon) of the messenger RNA at the ribosome. If it does not match, then the tRNA cannot bind to the ribosome. If it does, then the tRNA
binds and its amino acid is added to the growing protein chain. Specific tRNAs with specific three-base sequences in their front loop carry
specific amino acids, which means that only the amino acid coded for by the mRNA gets added to the growing protein. The ribosome also
gets help during protein synthesis from a cloud of proteins that help start (initiation factors), maintain (elongation factors) and terminate
(termination factors) translation. Also specific enzymes called aminoacyl-tRNA synthetases link the amino acids to their specific tRNAs.



group called elongation factors help the ribo-

some execute the actual synthesis of proteins,

and a third group known as termination

factors help end the process of protein

synthesis. Finally proteins called aminoacyl-

tRNA synthetases attach the amino acids to

the tRNAs for use in protein synthesis. All of

these accessory proteins play crucial roles in

carrying out and regulating protein synthe-

sis. After proper translation of the mRNA,

the protein is potentially ready to perform

its function.

The Endosymbiont Theory
and Its Evidence
Mitochondria and chloroplasts are two

organelles in modern eukaryotic cells that

are thought to have originated from bacteria

that entered a proto-eukaryotic host cell and

became part of it. Mitochondria are found

inside almost all eukaryotic cells, and they

appear as small sacs surrounded by two

membranes. Mitochondria are the power-

houses of the cell, since they make the bulk

of the chemical energy required by the cell

for its life-sustaining processes (Figure 2A).

Chloroplasts, on the other hand, are only

found in plants and algae. Green plants con-

tain the pigment chlorophyll, which they use

for the process of photosynthesis, and the

green, tubular organelles called chloroplasts

house chlorophyll and the photosynthetic

machinery (Figure 2B). Without chloroplasts

plants are unable to carry out photosynthe-

sis and lose their green coloration.

If mitochondria and chloroplasts in mod-

ern cells descended from bacteria that came

into larger cells and stayed, then these

organelles should show similarities to bacte-

ria. Dyer and Obar outline six specific crite-

ria that should be met if chloroplasts and

mitochondria descend from bacteria. First,

the proteins and enzymes from mitochon-

dria and chloroplasts should be more similar

to those from bacteria than any other

eukaryote. Second, we would expect these

organelles to have retained their own

genome and these genomes, including the

genes they encode and their mechanisms of

gene expression should be more like those of

bacteria than eukaryotes. Third, the inheri-

tance patterns of mitochondria and chloro-

plasts should be separate and distinct from

the inheritance pattern of the nuclear genome.

Fourth, the RNAs used by each organelle—

the rRNAs, tRNAs, and mRNAs—should

resemble those from bacteria more than

they do those from eukaryotes. In the case

of rRNAs, which are the essential structural

and catalytic elements of ribosomes, the

ribosomes of mitochondria and chloroplasts

and their accessory proteins should also

more closely resemble those from bacteria

in size, structure, and function than those

of eukaryotic cells. Fifth, we should be able

to find a living bacterium that genetically

resembles each organelle. Finally, we should

be able to find evidence of organisms that

have secondarily lost these organelles.21

Proteins are composed of chains of amino

acids. By comparing the amino acid sequence

of one protein to another, we can quantita-

tively determine the similarities between

two proteins. With the aid of computers,

we can compare the amino acid sequence
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Figure 2. The internal organization of mitochondria and chloroplasts. (A) The
internal structure of a mitochondrion. The central core region, or matrix, is sur-
rounded by two membranes, a selectively permeable inner membrane and a rela-
tively permeable outer membrane. The matrix contains the enzymes of the Krebs
cycle and the mitochondrial genome. The components of the electron transport
chain that are used for oxidative phosphorylation are embedded in the inner mem-
brane, and this membrane is highly infolded in creases called cristae to increase its
surface area. (B) The internal structure of a chloroplast. Like the mitochondrion,
chloroplasts are surrounded by two membranes, but the inner membrane is not
folded. The space surrounded by the inner membrane, the stroma, contains en-
closed sacs called thylakoid membranes that are organized into stacks called
grana. The stroma contains the enzymes of the Calvin cycle and the chloroplast
genome. The thylakoid membranes contain the photosynthetic machinery and the
electron transport chains that allow photophosphorylation.



similarities between groups of proteins and such compari-

sons can tell us a great deal about evolutionary relation-

ships between organisms.22 If we use this approach to

compare the amino acid sequences of proteins from mito-

chondria, with a variety of other extant organisms, the

greatest similarities are found with proteins from a spe-

cific group of bacteria called the �-proteobacteria, particu-

larly the Rickettsia subdivision of the �-proteobacteria.23

Similar comparisons with proteins from chloroplasts show

that the most similar proteins are found in a photo-

synthetic group of bacteria called the cyanobacteria.24

Thus, the amino acid sequences of mitochondrial and

chloroplast proteins are most similar to those from specific

groups of bacteria.

Mitochondria and chloroplasts also contain their own

genomes, and these genomes are every bit as important to

the cell as that of the nucleus.25 In fact, the DNA chromo-

somes found in the majority of chloroplasts and mitochon-

dria consist of circular DNA molecules, much like the

chromosomes of most bacteria,26 although the size and

gene content of mitochondrial and chloroplast genomes

vary tremendously (Table 1).27

In many cases, the genes encoded by the DNA chromo-

somes of mitochondria and chloroplasts are arranged in

the same order as those found in bacteria.28 Several molec-

ular similarities exist between the genomes of chloroplasts

and those of cyanobacteria, since the gene clusters from

chloroplast genomes resemble those from cyanobacteria in

both organization and structure. In chloroplast genomes,

many genes contain promoters that greatly resemble bac-

terial promoters. When RNA polymerase begins making

an RNA copy of the DNA, it always begins at a specific

DNA site called the promoter. Promoters are specific DNA

sequences that tell the RNA polymerase when and where

to begin making RNA. These promoter-like sequences have

also been demonstrated to play an essential role in the

expression of chloroplast genes.29 Some chloroplast genes

also contain Shine-Dalgarno sequences, which are peculiar

to bacteria and found at the front ends of messenger RNAs.

Shine-Dalgarno sequences bind to the termini of 16S

rRNAs and help ribosomes fasten to the mRNA so that it

can use the RNA molecule to direct its protein synthesis.30

Not only do mitochondria and chloroplasts possess

their own genomes, but the inheritance patterns of these

genomes are distinct from that of the nuclear genome.

In most species, the inheritance of mitochondrial and

chloroplast genomes is marked by uniparental inheri-

tance, which is to say that the offspring of a mated individ-

ual possesses the mitochondrial or chloroplast genome of

one parent, typically the mother.31 To illustrate this, classic

experiments with frogs from the genus Xenopus showed

that interspecific matings produced progeny with the

mitochondrial DNA of the mother (Figure 3).32 Similar

results are commonly observed in other vertebrates.33

Similarly for chloroplast genomes, matings between vari-

ous strains of the single-celled green alga Chlamydomonas

reinhardii have demonstrated uniparental inheritance of

many chloroplast-encoded traits.34 These modes of inheri-

tance for organelle-based stand in stark contrast to the

Mendelian inheritance patterns observed with genes from

nuclear genomes.

All the RNAs found in mitochondria and chloroplasts,

be they mRNAs,35 rRNA,36 or tRNAs are much more simi-

lar to those found in specific groups of bacteria than any
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Organism Size (base pairs) Number of genes
encoded

Mitochondrial or
chloroplast genome

Homo sapiens
(Human beings)

38
16,569 37 Mitochondrial

Saccharomyces cerevisiae
(Baker’s yeast)

39
85,779 35 Mitochondrial

Marchantia polymorpha
(The common liverwort—
a moss-like plant)

40

186,608 75 Mitochondrial

Marchantia polymorpha
41

121,025 128 Chloroplast

Arabidopsis thaliana
(A flowering plant)

42
366,924 57 Mitochondrial

Arabidopsis thaliana
43

154,478 136 Chloroplast

Porphyra purpurea
(Red alga)

44
~191,000 255 Chloroplast

Zea mays
(Domestic corn)

45
140,387 104 Chloroplast

Table 1. The Size and Number of Genes Encoded by Mitochondrial and Chloroplast Genomes From Distinct Organisms.



eukaryote.37 In fact the arrangement of the

rRNA genes in chloroplast genomes bear

exquisite similarities to those of cyano-

bacteria.46 Mitochondria and chloroplasts

also contain their own ribosomes and their

ribosomes are much more similar to those

from bacteria than the cytoplasmic ribo-

somes in eukaryotic cells.47 For example,

ribosomal subunits, the ribosomal accessory

factors that assist ribosomal function and

aminoacyl-tRNA synthetases from bacteria

and chloroplasts are completely interchange-

able. Such interchangeability also applies to

mitochondrial ribosomes, but to a lesser

extent.48 Ribosomes from mitochondria and

chloroplasts are also susceptible to the same

antibiotics that typically inhibit bacterial ribo-

somes but never affect eukaryotic ribosomes.49

With respect to a living representative,

the protein and RNA sequences of mito-

chondria show the greatest similarities to

those found in the microbiological agent of

epidemic typhus, Rickettsia prowazekii.50 Fur-

thermore, genomes from mitochondria of

the jakobid protist Reclinomonas americana

resemble a miniaturized version of a bacte-

rial genome and show striking genetic affini-

ties to the genome of Rickettsia prowazekii.51

Thus in the case of mitochondria, we not

only have a microorganism that most closely

resembles modern mitochondria, but a

eukaryote whose mitochondrial genome

looks like a miniature version of the genome

of Rickettsia prowazekii. For chloroplasts,

repeated comparisons of chloroplast proteins

and genomes from green plants with those of

extant bacteria have demonstrated that the

cyanobacteria are the most similar to

chloroplasts, even though it is difficult to

determine the exact organism that is the

most similar to modern chloroplasts.52

Finally, there are copious examples of

organisms that contain no mitochondria but

have retained copies of mitochondrial genes

in their nuclei,53 and some that possess mito-

chondrial remnants.54 For chloroplasts, there

are non-photosynthetic, parasitic flowering

plants, like Epifagus virginiana, whose chloro-

plast genomes have lost the photosynthetic

genes,55 and heterotrophic euglenoids like

Astasia longa and parasitic protozoa that con-

tain plastids with genomes that are clearly

derived from chloroplasts.56 Thus there are

plenty of examples of secondary loss of these

organelles. Hence mitochondria and chloro-

plasts contain proteins, genomes, RNAs, and

ribosomes whose most similar counterparts

are from bacteria. There are also extant

organisms that resemble these organelles

more than any other living thing and many

examples of secondary loss of these

organelles. These data corroborate the endo-

symbiont theory.

Intermediates between
Cytoplasmic Micro-
organisms and Organelles
Another prediction of the endosymbiont

theory is that we should be able to find

organisms in the process of forming an inter-

dependent relationship with an indwelling

microorganism in which the microbe has yet

to completely lose its cellular identity. Such

an association would constitute an interme-

diate to the formation of a cellular organelle.

Insects form extensive associations with

bacteria and fungi,57 and by carefully exam-
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ining several insect species and their indentured microbial

servants, scientists have found what many think are such

intermediates.

Small insects called aphids pierce plant tissues with

syringe-like mouthparts and withdraw sap from the vas-

cular elements of the plant. Consequently aphids can

cause extensive damage to plants and pass plant viruses

between plants, and are justly designated as plant pests.

As a diet, plant sap is very rich in sugars but rather poor in

amino acids, the building blocks of proteins. Therefore the

aphid has a diet that is good for energy but poor for mak-

ing proteins, since the insect cannot synthesize all of the

amino acids it needs to stay alive. Instead the insect has

a bacterium called Buchnera that lives inside the cells of

its body that makes the amino acids it needs to live and

reproduce.58

Buchnera are small, round bacterial cells, which live

inside specialized cells that compose a bilobed structure

within the body cavity of the aphid called the bacteriome

(Figure 4A). The bacteriome is composed of 60 to 90 large

cells called bacteriocytes or mycetocytes (Figure 4B), and

within each bacteriocyte live thousands of Buchnera (Fig-

ures 4B, 4C). These bacteria are vital to the growth and

propagation of the aphids. In fact the hitchhiking Buchnera

cells are passed from the aphid mother to her progeny.59

If aphids are treated with antibiotics that kill off the bacte-

rial cells, the insects show a rapid reduction in growth

and eventually become sterile. Antibiotic-treated aphids

without their bacterial symbionts can only grow if they

are supplemented with amino acids.60

Buchnera species that reside in different types of aphids

are much more similar to each other than they are to any

other organism. This strongly suggests that the ancestor of

all modern aphids formed a symbiotic relationship with

the ancestor of all modern Buchnera species that was then

passed on to all the descendents of this aphid progenitor.

Secondly, the microorganisms most closely related to

Buchnera are members of the �-proteobacteria group,

which includes such familiar organisms as Escherichia coli

(E. coli).61

A particular Buchnera strain called APS (formally

referred to as Buchnera sp. APS) inhabits the body of the

pea aphid, Acyrthosiphon pisum. The sequenced genome of

Buchnera sp. strain APS is approximately four times

smaller than that of E. coli K-12, and lacks genes for the

biosynthesis of particular bacterial cell-surface compo-

nents, regulatory systems that control gene expression

during changes in environmental conditions and host

defense systems that protect bacterial cells from viral

infections. The gene order of Buchnera sp. APS is so similar

to that of E. coli that the Buchnera genome looks like a

diminutive version of the E. coli genome. The genome of

Buchnera sp. APS also includes the genes necessary for the

biosynthesis of all ten amino acids that are essential to the

aphid host, but lacks the genes for the biosynthesis of all

amino acids that are nonessential to the aphid.62 These

data show the complementarity of the symbiosis between

Buchnera and the aphids—the endosymbiont provides the

aphid with the materials that it cannot make or acquire

from its diet and the host provides the endosymbiont with

those materials that it cannot synthesize. Thus, aphids and

their Buchnera symbionts fit each other like a hand and a

glove. Nevertheless, Buchnera show definite affinities with

the �-proteobacteria and probably descended from them.

Thus, Buchnera represents, in the minds of many biolo-

gists, an organism that is on its way to becoming an

organelle, just like mitochondria or chloroplasts, and is

intermediate between those organisms that have become

internal compartments in cells, like mitochondria, and those

that have yet to completely lose their cellular identity.
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Figure 4. Aphid bacteriome and individual bacteriocytes and
Buchnera cells. (A) Drawing of Aphid body with bacteriome
positioned in the abdomen of the insect. The bacteriome is ven-
trally located, underneath the insect ovaries. It is also in contact
with the insect hemolymph, the fluid that serves as the insect blood.
The amino acids synthesized by the Buchnera are released into the
hemolymph and carried to various parts of the body and the sugars
acquired by feeding arrive to the bacteria via the same means.
(B) Electron micrograph of an individual bacteriocyte. Each
tiny dot in the cytoplasm of this cell is a Buchnera cell. The large dot
in the center is the bacteriocyte nucleus. (C) Electron micrograph
of an individual Buchnera cell from the cytoplasm of a bacte-
riocyte. Figure (A) was redrawn from M. B. Ponsen, “Alimentary
Tract,” Figure 2A in Aphids: Their Biology, Natural Enemies, and Con-
trol, ed. A. K. Minks and P. Harrewijn (Amsterdam: Elsevier, 1987),
79–97. Figures (B) and (C) were acquired from http://buchnera.
gsc.riken.go.jp/intro.html and used with permission.



It also should be emphasized that rela-

tionships between aphids and Buchnera are

not unusual among the insects. Aphids are

related to whiteflies and mealybugs, organ-

isms that also feed on plant sap and harbor

bacterial endosymbionts.63 Cockroaches,

tsetse flies, and carpenter ants also contain

endosymbionts that are different from

Buchnera and were probably acquired dur-

ing independent events.64 In fact, symbiotic

associations are found in many organisms in

a variety of ecosystems.65 Therefore, endo-

symbiosis appears to be a robust association

between eukaryotes and bacteria that

occurred in the past and continues today.

Endosymbiosis allows organisms to exploit

new food sources and lifestyles, and it cre-

ates situations that are mutually beneficial

to both organisms.

Organelle Origins and
Intelligent Design
Based on the present available data, an

endosymbiotic origin for mitochondria and

chloroplasts seems to be a reasonable con-

clusion despite the unanswered questions

that remain.66 Chloroplasts from a variety of

photosynthetic organisms show very similar

features and have kept many of their bacte-

rial features. It is difficult to convincingly

explain these bacterial features in a non-

historical manner. Despite this, it seems

somewhat uncertain why some mitochon-

drial genomes are so different from their

bacterial ancestors while chloroplast genomes

have retained so many bacterial features. It

could be that mitochondria were established

much earlier in the eukaryotic lineage while

chloroplasts are relative newcomers to

eukaryotic cells. Even if this possibility is

granted, it still does not explain the extensive

remodeling of mitochondrial genomes versus

chloroplast genomes, even though the larger

size of chloroplast genomes might have

more to do with their function.

Nevertheless, the remodeling of mito-

chondrial genomes seems to follow certain

principles. First of all, molecular biologists

have predicted that over time all the genes in

organelles should experience transfer to the

nucleus and deletion from the mitochondrial

genome. The reason for this is a principle

called Muller’s ratchet, whereby deleterious

mutations accumulate much more rapidly in

asexually propagated genomes than in sexu-

ally propagated ones, where recombination

is possible. Therefore, the asexually propa-

gated mitochondrial genome is much more

subject to gene decay than the nuclear

genome, and natural selection should favor

the transfer of essential mitochondrial genes

to the nuclear genome, where recombination

can protect it from gene decay.67

Perhaps a more pressing problem is the

difficulty that one might have conceiving

how genes from an enclosed compartment

like the mitochondrion can migrate to

another closed compartment of the cell, like

the nucleus. Nevertheless several lines of

evidence strongly argue that such transfers

do occur. First, genomic sequencing projects

have definitively demonstrated several cases

where unequivocal copies of portions of the

mitochondrial genome are inserted into the

nuclear genomes of Arabidopsis, felines and

humans.68 Secondly, the transfer of marked

chloroplast genes to the nucleus has actually

been observed in transgenic tobacco plants,

and at a rate that is comparable to the spon-

taneous mutation rate of nuclear DNA.69

Given the frequency of gene transfer from

chloroplasts to nuclei, it seems likely that the

rates of gene transfer between mitochondria

and nuclei are similar, especially since stud-

ies in yeast have observed a similar rate.70

Balancing this tendency for nuclear transfer

is the need for the maintenance of genomes

in organelles so that they can detoxify dan-

gerous reactive oxygen species that are

side effects of their energy production

mechanisms.71

Investigations into the transfer of genes

from mitochondrial genomes to the nuclear

genome have revealed surprisingly that this

relocation seems to occur in some kind of

hierarchical fashion.72 If we examine the

mitochondrial ribosomal protein genes and

determine if they are encoded by the mito-

chondrial or nuclear genome, we observe a

loose hierarchy of transfer of genes to the

nucleus. For example, the genes that encode

the mitochondrial ribosomal proteins are

designated rps for ribosomal protein small

subunit, and numbered. The rps1 gene typi-

cally undergoes nuclear transfer before all

the other rps genes. The transfer of the rps10

gene from the mitochondrial genome to the

nuclear genome usually follows after rps1
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was transferred, and rps11 goes to the nucleus after rps10,

and so on. There are exceptions to this order, but the over-

all trend seems to argue for a hierarchy of gene transfer

from the mitochondrion to the nucleus (Table 273). Like-

wise the components of respiratory chain complex I also

show an order to their nuclear transfer.74 In both cases, the

order of transfer does not correlate with the size of the

gene or its genomic location (Table 2).

The observed order of transfer is also not an artifact of

biological history, since mitochondrial genomes that

encode a limited number of genes retain similar sets of

genes, regardless of their phylogenetic placement. The

transfer of genes to the nucleus differs within distinct evo-

lutionary lineages and can also vary tremendously within

particular lineages. For example, two prasinophyte green

algae, Nephroselmis olivacea and Pedinomonas minor possess

mitochondrial genomes that radically differ in size, gene

content, and order.75 In the green plants, gene content

comparisons of the mitochondrial genomes of four differ-

ent organisms provide ample examples of differences in

gene transfer within this evolutionary lineage (Table 3).

Similar discrepancies are seen in these and other evolu-

tionary lineages. However many genes are transferred to

the nucleus; they are typically transferred in the order sug-

gested in Table 2.

While the prevailing model of neo-Darwinian evolu-

tion has tremendous explanatory power, it is difficult to

determine how a force like natural selection might drive
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1 2 3 4 5 6 7 8 9 10 11 12 13 14

rps1 + + – – – – – – – – – – – –

rps10 + + + + – – – – – – – – – –

rps11 + + + + + – – – – + – – – –

rps2 + + + + + + – – – – – – – –

rps7 + + + + + + – – + – – – – –

rps8 + + + + + + + – - – – – – –

rps4 + + + + + + + – + – – – – –

rps19 + + + + + + + + – – – – – –

rps13 + + + + + + + + – – – – – –

rps14 + + + + + + + + – – – – – –

rps12 + + + + + + + + + + – – – –

rps3 + + + + + + + + + + + + – –

The “+” signifies that the mitochondrial genome of the designated organism encodes the indicated ribosomal protein and

“–” signifies that the mitochondrial genome of the organism does not encode the indicated ribosomal protein.

Legend:

(1) Reclinomonas americana, a jakobid protozoan.

(2) Marchantia polymorpha, a moss-like plant called a liverwort.

(3) Nephroselmis olivacea, a motile, single-celled green alga.

(4) Phytophthora infestans, a stramenopile, a group that includes the oocytes or water molds and algae with two different

flagella.

(5) Acanthamoeba castellanii, a single-celled amoeba.

(6) Thraustochytrium aureum, a stramenopile.

(7) Monosiga brevicollis, a choanoflagellate (a protozoan that looks like a small piece of sponge tissue).

(8) Tetrahymena pyriformis, a ciliated, single-celled organism.

(9) Arabidopsis thaliana, a flowering plant.

(10) Porphyra purpurea, a rhodophyte (red alga).

(11) Allomyces macrogynus, a chytrid, an aquatic fungus with motile gametes.

(12) Schizosaccharomyces pombe, a single-celled fungus (yeast).

(13) Plasmodium falciparum, an apicomplexan (parasitic single celled organism that causes malaria).

(14) Homo sapiens, human beings.

Table 2. Small Subunit Ribosomal Protein Genes Encoded by Mitochondrial Genomes.



the transfer of genes from the mitochondrion

to the nucleus in a hierarchical manner and

at disparate rates. This suggests that another

mechanism drives the hierarchical transfer

of these genes to the nucleus.

Perhaps the new model of Intelligent

Design (ID) could test its tenets in this case.

ID is a somewhat recent proposal which pos-

its that particular aspects of living organ-

isms and the universe as well, are best

explained by intelligent causes.76 Despite

the strongly theistic overtones of such a

proposal, ID advocates tend to disavow any

attempt to identify the designer. Instead, ID

proponents wish to consider certain aspects

of living organisms as having been purpose-

fully made rather than fashioned by wholly

impersonal forces. Many scientists have

strongly objected to this proposal because

of its perceived introduction of supernatural

explanations into science.77 However, a
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Table 3. The Partial List of Protein-Coding and tRNA Gene Content of Mitochondrial
Genomes of Various Plants

Mitochondrial
genes

Marchantia
polymorpha

(Liverwort)
78

Arabidopsis

thaliana
79

Oryza sativa

(Rice)
80

Beta vulgaris

(Sugar Beet)
81

rps1 + – + –

rps10 + – – –

rps11 + – – –

rps2 + – + –

rps7 + + + +

rps8 + – – –

rps4 + + + +

rps19 + – + –

rps13 + – + +

rps14 + – – –

rps12 + + + +

rps3 + + + +

rpl2 + + + –

rpl5 + + + +

rpl6 + – – –

rpl16 + + + –

ccmB
82

+ + + +

ccmC + + + –

ccmFN + – + +

ccmFN1 – + – –

ccmFN2 – + – –

nad7 – + + +

Glycine tRNA + + – +

Phenylalanine
tRNA

+ – + +



commitment to ID does not necessarily commit one to

miraculous creation, and purposeful forces that are wholly

natural in their scope and activity could account for the

origin of various intelligently designed structures or phe-

nomena.83 ID has not won many converts in the journals to

date, but this is not all that surprising, since ID advocates

have mainly reinterpreted already existing data and have

yet to formulate a list of predictions that can evince future

experimental success at this time.84

Can ID help explain the hierarchical

transfer of rps or nad genes from

mitochondrial to the nuclear genome?

Perhaps it can …

The field of mitochondrial evolution might be a place

where ID advocates can make some predictions and test

them. If the evolution of mitochondria is driven largely by

natural selection acting on mutations, then the random

changes in mitochondrial genomes should be either incon-

sequential and carried on, selected for and inherited in the

majority of cases, or selected against and not inherited in a

certain percentage of the cases. Changes in mitochondrial

genomes should be steady with rare “quantum” events

(large deletion, insertion, or inversion) that greatly change

the structure of the mitochondrial genome. If, however,

some kind of purposeful principle guides the sculpting of

mitochondrial genomes, then we might expect a step-like

series of changes in the structure of the mitochondrial

genome until the genome becomes a kind of “optimal

size” or “optimal structure.” We should keep in mind that

natural selection and ID need not be mutually exclusive,

since the two could just as easily work side-by-side.85

The difficulty is determining the contribution of natural

selection as opposed to a contribution from some sort of as

yet unidentified underlying principle that might guide

mitochondrial genomic evolution.

Can ID help explain the hierarchical transfer of rps

or nad genes from mitochondrial to the nuclear genome?

Perhaps it can if we consider that ribosomes work as inte-

grated wholes with “several well-matched, interacting

parts that contribute to the basic function.”86 Given Mul-

ler’s ratchet, we might predict that the genes most crucial

to basic ribosomal function should experience the earliest

transfer to the nucleus in order to protect them from gene

decay, and those genes less constrained by amino acid

specificity should experience later transfer to the nucleus.

The rps1 gene typically is the first to experience trans-

fer to the nucleus and ribosomal protein S1 has RNA

unwinding activity,87 is important for the binding of

mRNA to the ribosome, influences the affinity of ribo-

somes for different mRNA initiation sequences, and is

required for the translation of most or all natural mRNAs

in bacteria.88 Thus S1 ranks quite high in importance to the

ribosome. The second gene to go to the nucleus is usually

rps10, and this protein is not only an important ribosomal

protein, but is also an inhibitor of transcription termina-

tion.89 The third and fifth proteins to go to the nucleus are

rps11 and rps7 and these proteins work together in the

ribosome to control translational fidelity.90 The fourth rps

gene to go to the nucleus is rps2, and S2 assists in the incor-

poration of S1 into the 30S ribosomal subunit.91 S8 is

encoded by the sixth gene to experience transfer to the

nucleus, rps8, and S8 plays a key role in assembling the

small ribosomal subunit. S8 binds independently of other

ribosomal proteins to the central domain of 16S rRNA dur-

ing 30S subunit assembly and with proteins S6, S11, S15

and S18 forms the side projection of the 30S subunit.92

The seventh ribosomal protein gene, rps4, encodes S4,

a protein that plays key roles in 30S subunit assembly and

translational fidelity.93 The next two rps genes transferred

to the nucleus, rps19 and rps13 encode proteins that inter-

act.94 S19 constitutes part of the so-called “A” site of the

ribosome,95 and both proteins bind the 16S rRNA. The

tenth and twelfth rps genes to go to the nucleus are rps14

and rps3. In vitro studies have shown that these two

proteins are required for ribosomal assembly, but not

absolutely required for translation.96 Therefore, these two

ribosomal proteins are not as important as the others and

there is less need to move them to the nucleus. The elev-

enth rps gene to experience transfer to the nucleus, rps12,

encodes the famous S12 protein, which is the protein that

undergoes alteration when bacterial cells become resistant

to the antibiotic streptomycin.97 However, mutations in

rps12 can actually increase translational accuracy.98 There-

fore, despite its importance in translation, the need for the

cell to preserve rps12 from gene decay is lower than other

rps genes. Thus it appears that ribosomal protein genes are

transferred to the nucleus in a hierarchy conditioned by

the importance each gene to the function of the ribosome.

This hierarchy is not irrevocable, but merely exists as a

trend; since all ribosomal proteins are functionally impor-

tant to the ribosome at some point in its activity. Thus the

loose order of transfer is predicted.

ID theory also could potentially answer why chloro-

plast genomes are so homogenous relative to mitochon-

drial genomes and so bacterial in structure. Why should

chloroplast genomes, which are so far removed from their

cyanobacterial ancestors, keep their bacterial features?

Could it be that the bacterial nature of chloroplast

genomes is required for their function? This is a hypothe-

sis that is testable and several experiments designed to
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evaluate it might provide ready answers.

For example, we might expect that muta-

tions that affect chloroplast function are

lesions in some sort of bacterial-like regula-

tion system. Furthermore, we might expect

that complementation of chloroplast-specific

mutations should work better with a bacte-

rial gene rather than with a eukaryotic gene.

Such experiments are readily workable in

the single- celled alga Chlamydomonas, where

a chloroplast-specific genetic system and a

chloroplast transformation system are avail-

able.99 Clearly these are questions for further

research and it is possible that less orthodox

ways of thinking about the origins of these

organelles might be useful for further inves-

tigation and consideration.

Conclusion
Two organelles from contemporary eukar-

yotic cells, mitochondria and chloroplasts,

probably descend from ancient bacterial

cells that were engulfed by other, larger

ancient nonbacterial cells and formed sym-

biotic relationships with their captors. The

contemporary biological world contains

many examples in which endosymbiotic

relationships are in the process of forming

and the creation of interdependent relation-

ships could be one of the primary forces

driving species diversification. Furthermore,

the tendency of organisms to form mutually-

dependent relationships is at odds with a

pure, neo-Darwinian view of nature, and is

probably part of the original goodness God

builds into creation as he makes it. Because

the formation of mitochondria and chloro-

plasts was probably due to purposeful

rather than wholly purposeless processes,

investigations into the evolutionary and

genetic behavior of these organelles is poten-

tially better aided by ID theory rather than

bald neo-Darwinism. �
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