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All cells that have a nucleus [4], including plant, animal, fungal cells, and most single-celled
protists, also have mitochondria. Mitochondria are particles called organelles found outside
the nucleus [4] in a cell's cytoplasm. The main function of mitochondria is to supply energy to
the cell, and therefore to the organism. The theory for how mitochondria evolved, proposed by
Lynn Margulis in the twentieth century, is that they were once free-living organisms. Around
two billion years ago, mitochondria took up residence inside larger cells, in a process called
endosymbiosis, becoming functional parts of those cells. Within each mitochondrion is the
mitochondrial DNA (mtDNA), which is different from the DNA in the cell's nucleus [4] (nDNA).
Organisms inherit their mitochondria only from their mothers via egg [5] cells (oocytes).
Mitochondria contribute to the development of oocytes, the release of the oocyte [6] from the
ovary [7] (ovulation [8]), the union of oocyte [6] and sperm [9] (fertilization [10]), all stages of
embryo formation (embryogenesis [11]), and growth of the embryo after fertilization [10].
Sub-cellular organelles, such as mitochondria, were first detected using the light microscope
[12] as early as 1841. Friedrich Gustav Jacob Henle, who studied anatomy and pathology in
Germany, described granules in human muscle cells. Scientist referred to the sub-cellular
granules by a variety of names such as plastochondria and microsomes. Richard Altmann,
who studied pathology in Germany in 1890, noted the similarity between bacteria and the
granular-looking organelles. Some scientists criticized Altmann's claims that the granularlooking organelles were living components of cells. Altmann proposed that they were the
fundamental particles of life, and in 1894 called them bioblasts. Altmann proposed that
bioblasts were once free-living cells that were now living inside eukaryotic cells, a
phenomenon that scientists in the twentieth century called endosymbiosis.
With the development of dyes to stain cells and their parts, such as Janus Green B in 1900,
discovered by Leonor Michaelis in Germany, and crystal violet in 1901, discovered by Carl
Benda in Germany, scientists observed organelles in almost every type of eukaryotic cell.
Benda, in 1901, named the organelles mitochondria from Greek mitos, meaning thread, and
chondros, meaning grains. In 1914, Francis Cavers, who studied plants in Scotland, noted a
similarity of mitochondria structures across different cell types and plant and animal species.
Researchers in the last decades of the nineteenth and early decades of the twentieth century
proposed theories of bacteria living in close proximity to other cells for the mutual advantage
of both, a phenomenon called symbiosis. They also proposed that a larger cell engulfed
smaller cells and survived to the mutual advantage of both. The scientists called the theory
endosymbiosis, and they proposed that it occurred in the photosynthetic organelles of plants
(chloroplasts). In 1883 Andreas Franz Wilhelm Schimper, who studied plants in Germany,
noted that the chloroplasts of plants propagated by division, separate from the nucleus [4]. The
chloroplast propagation suggested that chloroplasts were somewhat independent from the cell
as a whole. Schimper proposed that plants arose from a symbiotic union of two organisms. In
1905, Konstantin Mereschkowski, who studied plants in Russia, following Schimper?s work,

hypothesized that chloroplasts were once free-living cyanobacteria that eukaryotic cells
engulfed through endosymbiosis, a union that became mutually advantageous to both cells.
In 1923, Ivan E. Wallin, a researcher who studied anatomy in the United States, extended the
theory of endosymbiosis from chloroplasts in plants to include mitochondria in animals.
Scientists didn't much revisit the endosymbiosis hypothesis for fifty years. In 1962 at the
Rockefeller University [13], in New York, New York, Hans Ris [14] and Walter Plaut, using the
electron microscope [15], discovered DNA in chloroplasts. In 1963, at the Rockefeller University
[13], in New York, New York, Margit Nass and Sylvan Nass discovered DNA in mitochondria.
Lynn (Sagan) Margulis, a graduate student working in Ris?s laboratory, independent of earlier
scientists, developed an endosymbiotic theory and detailed it in "On the Origin of Mitosing
Cells" in 1967 and Origin of Eukaryotic Cells in 1970. The debate about Margulis's
endosymbiotic hypothesis continued for more than a decade, with some researchers saying
that the organelles developed from the primitive eukaryotic cell itself or de novo, and others
saying that the organelles developed by symbiosis between two different cells. By the 1990s,
most biologists accepted the endosymbiotic theory of plastids, plants (chloroplasts) and algae,
and mitochondria.
Mitochondrial research expanded in the late twentieth century after the invention of the
electron microscope [15], and with the development of molecular genetic techniques, such as
DNA sequencing and the use of enzymes that cut DNA at certain sites, called restriction
endonuclease enzymes. In 1980 at Stanford University [16] in Stanford, California, Richard E.
Giles, Hugues Blanc, Howard M. Cann, and Douglas C. Wallace used restriction
endonuclease enzymes on human mtDNA, and they compared the mtDNA fragments from
three different families across three generations (grandparents, parents, and children). Giles,
Blanc, Cann, and Wallace analyzed the mtDNA fragments and concluded that humans [17]
inherit their mitochondria only from their mothers.
Mitochondria function in cell processes including the metabolism of lipids and amino acids,
cell signaling, the cell cycle, cell division, differentiation [18], regulation [19] of programmed cell
death (apoptosis [20]), and development of the oocyte [6]. Research documents the role of
mitochondria in energy production, and mitochondria?s function in the oocyte [6] and in the
embryo became a focus of investigation in the last decade of the twentieth century. In the
1990s and 2000s, James M. Cummins at Murdoch University in Perth, Australia, Jonathan
Van Blerkom at the University of Colorado [21] in Boulder, Colorado, and other researchers
reported that mitochondrial activity contributes to the development and maturation of the
unfertilized oocyte [6]. In an immature human oocyte [6] mitochondria originate from a restricted
population of fewer than ten mitochondria. They are amplified during oocyte [6] development,
called oogenesis, to form the 100,000 to 600,000 mitochondria found in the mature oocyte [6].
Scientists call the amplification a mitochondrial bottleneck.

Mitochondria are the most abundant organelles in the mammalian oocyte [6] and early embryo.
There are far fewer mitochondria in sperm [9], with only fifty to one hundred mitochondria
located in a human spermatozoon?s mid-piece mitochondrial sheath. The entire sperm [9],
including the mid-piece mitochondrial sheath, enters the oocyte [6] at fertilization [10]. Male
mitochondria receive the protein ubiquitin during the final stages of sperm [9] production, called
spermatogenesis. The ubiquitin that attaches to the male mitochondria is a trigger for
elimination, or enzymatic destruction, of the sperm?s mitochondria by the zygote [22] or early
embryo. Mammals eliminate mitochondria in sperm [9] that are in the four to eight cell stages of
the early embryo sperm [9].
Mitochondria play a role in the first few divisions of the zygote [22] and embryo up to the hollow
ball stage, or blastula [23] stage. During the first two weeks of human embryonic development,
the zygote [22] divides multiple times to form the embryo. At each division into cells called
blastomeres, the cells? mitochondria separate into the two daughter cells, but the
mitochondria do not reproduce themselves. By the time the mitochondria begin to divide, each
cell is down to one hundred or fewer mitochondria. If the mitochondria?s production of the
energy currency, adenosine triphosphate (ATP), is too low to support development, the
embryo dies. Some researchers suggest that the dual role for mitochondria, to maintain life or
to enable apoptosis [20], represents a quality control system in early embryo development.
The mammalian mtDNA genome [24] codes for at least thirty-seven genes [25], thirteen proteins,
and twenty-four RNAs. The thirteen proteins help produce ATP. The enzyme systems of the
mitochondria require many more proteins than those produced from the mtDNA genome [24].
Most of the additional proteins needed for mitochondria functions come from the nuclear
genome [24] and are transported to the mitochondria. Researchers work to determine the exact
number of mitochondrial proteins coded in the nuclear genome [24]. Based on the role of
mitochondria in cellular physiology, dysfunction in any process involving mitochondria can
result in an abnormal pathological condition.
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All cells that have a nucleus, including plant, animal, fungal cells, and most single-celled
protists, also have mitochondria. Mitochondria are particles called organelles found outside
the nucleus in a cell's cytoplasm. The main function of mitochondria is to supply energy to the
cell, and therefore to the organism. The theory for how mitochondria evolved, proposed by
Lynn Margulis in the twentieth century, is that they were once free-living organisms. Around

two billion years ago, mitochondria took up residence inside larger cells, in a process called
endosymbiosis, becoming functional parts of those cells. Within each mitochondrion is the
mitochondrial DNA (mtDNA), which is different from the DNA in the cell's nucleus (nDNA).
Organisms inherit their mitochondria only from their mothers via egg cells (oocytes).
Mitochondria contribute to the development of oocytes, the release of the oocyte from the
ovary (ovulation), the union of oocyte and sperm (fertilization), all stages of embryo formation
(embryogenesis), and growth of the embryo after fertilization.
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