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“The Eukaryotic cell is a complex dynamic compartmentalised structure that originated through 
endosymbiotic events” 
 
The development of eukaryotic cells gave rise to an outstanding diversity of various 
morphologically different life forms from jelly fish to mammals. If it wasn’t for those cells that 
contain nucleus, mitochondria and a cytoskeleton, have huge genomes with non-coding regions and 
are able to engulf other cells by phagocytosis, humans, plants and animals would not exist on planet 
Earth. 
 
Cells were first discovered by Robert Hooke in 1665. He observed cork under a microscope, the 
structures he has seen resembled the rooms in the monastery that is why he decided to name them 
cells. As it is now known the structures he observed were not actual cells but rather cell walls of the 
dead plant. Hooke’s description was later published in Micrographia. Later on, Antony van 
Leeuwenhoek who did not have a higher education was raised in the family of tradesmen, excluded 
from the scientific society managed to earn himself a name of the father of microbiology when he 
witnessed and described the first living cells, single celled organisms which he called animalcules 
(they are referred to as microorganisms in the modern days). What is more, he first observed muscle 
fibres, bacteria, spermatozoa and blood flow in capillaries.  Ludolph Christian Treviranus 

and Johann Jacob Paul Moldenhawer proposed that cells are separated into individual units with 
Henri Dutrochet concluding that “The cell is the fundamental element of organization”.  And 
although Matthias Jakob Schleiden considered “Free cell formation” theory, spontaneous 
crystallization as a way of new cell production (which was then proved wrong by Rudolf Virchow 
who concluded that new cells can only form from pre-existing cells), he, Theodor Schwann and 
Rudolf Virchow were credited for the invention of the classic cell theory which states that:  

1. All living organisms are made up of one or more cells.  

2. Cells are the basic unit of life. 

3. All cells arise from pre-existing cells. 

4. The cell is the unit of structure, physiology, and organization in living things.   

5. The cell retains a dual existence as a distinct entity and a building block in the construction of 
organisms. 

As microscopy and knowledge of cells improved, some additions and improvements were made to 
the theory. The modern cell theory states that: 

1.The cell is the fundamental unit of structure and function in living organisms.   

2.All cells arise from pre-existing cells by division.   

3.Energy flow (metabolism and biochemistry) occurs within cells.   

4.Cells contain hereditary information (DNA) which is passed from cell to cell during cell 



division.  

5.All cells are basically the same in chemical composition in organisms of similar species.  

6.All known living things are made up of one or more cells.  

7.Some organisms are made up of only one cell and are known as unicellular organisms.   

8.Others are multicellular, composed of a number of cells.  

9.The activity of an organism depends on the total activity of independent cells.   

The age of the Earth is approximately 4,5 billion years, interestingly, appearance of the first life 
forms dates back to as early as 3,8 billion years ago. The question is how did those astoundingly 
simple organisms manage to generate enough energy to convert inorganic material into organic 
molecules? In the early 1970s after the discovery of the deep-sea vents along the Galapagos Rift 
German chemist Wachtershauser developed a theory that claimed that the reaction of hydrogen 
sulphide with iron resulting in the formation of mineral iron pyrites occurred spontaneously in the 
hydrothermal vents at the temperature of 400 degrees under pressure in extremely acidic conditions 
and provided enough energy to make organic matter needed for the life of sulphuric bacteria. His 
idea faced a lot of criticism partially because of the evolutionary breakthrough it was but also 
because it could not cover several problems. For instance, any organic molecules produced by 
“black smokers” as they were later named had to dissolve in the ocean where they were very 
unlikely to react with other organic substances and form more complex structures. And although 
Wachtershauser argued that reactions could occur on the surface of iron pyrites that did not seem to 
satisfy the opposing scientists as reactions cannot run to completion unless they are disconnected 
from the surface of the catalyst. At the Jet Propulsion Laboratory in the mid-1980s in Pasadena 
those problems were solved by Mike Russell who proposed other types of vents that arise from the 
collision of the plates, they are considerably different from the ‘black smokers’, they are strongly 
alkaline, no magma is involved as they are not volcanic and the temperatures are not as high, life 
forms (archaea) that live there derive the energy for their survival from the reaction between 
hydrogen (produced when water physically reacts with rocks from tectonic plates in the form of 
hydrogen sulfide) and  carbon dioxide. The disequilibria in vents supplies sufficient energy to 
derive hydrogen from hydrogen sulphide and add it onto carbon dioxide. Hydrogen gas can 
spontaneously undergo reactions to form organic molecules (even if very slowly) which 
automatically eliminates the problem of the first theory.  

After those events bacteria (prokaryotes) flourished, occupying every possible region on planet 
Earth but never evolving further. So how did more complex eukaryotic multicellular forms of life 
appear? There are two different approaches to this question: 

Direct filiation postulates that nucleus, mitochondria and chloroplasts evolved as a result of 
sequential accumulation of mutations in prokaryotes. The evidence supporting this theory lies in 
complex interrelationships between the organelles within eukaryotic cell.  

Endosymbiotic theory developed by a Russian biologist R.C. Mereschkowsky and later popularized 
by Lynn Margulis from Boston university suggests that around 1.75 billion years ago mitochondria, 
undulipodia (hair-like structures aiding in movement of eukaryotic cells) and chloroplasts which 
used to be free living aerobic bacteria were engulfed by another prokaryote and developed a 
symbiotic relationship where the host cell provided food in exchange for some of the energy and 
protection from oxygen and eventually became one organism. This process can be explained by an 



example of chloroplasts. All types of plastids originated from B-cyanobacterium. For the integration 
of two prokaryotes to happen the host cell had to learn to express the genes of bacteria and thus 
provide proteins when needed. At first, copies of genes from the endosymbiont would be 
transported to the host cell nucleus. They would then be expressed to produce proteins and transfer 
them across the membrane (probably through pore-forming complexes or vesicles) If proteins were 
provided in sufficient quantities, endosymbiont gene copy would have been lost which would 
indicate the end of the integration process. It is important to note that all of the above events highly 
depend on luck and the appearance of eukaryotes is truly a miracle. The evidence for endosymbiotic 
theory refers to separate and different DNA found in mitochondria, chloroplasts and undulipodia (it 
is not coated in proteins and is usually in a single strand as in bacteria) Furthermore, some 
mitochondria have the ability to replicate independently from the cell and RNA in some 
mitochondria is more related to bacterial RNA. 

So now that we know how eukaryotic cells evolved we can compare eukaryotes and prokaryotes 
and account for both their radical differences and peculiar similarities. Probably the most 
conspicuous distinction is the presence of a defined nucleus in eukaryotes and the absence of one in 
prokaryotes. Hypothesis suggested by Bill Martin and Eugene Koonin explains the reason for the 
appearance of the nucleus. This structure helps cells to separate the coding material DNA from the 
site of protein production (ribosomes in the cytoplasm). This is done to protect the genome from 
jumping genes which replicate very quickly and invade the DNA and may cause a disaster (non-
functioning proteins) if they are not spliced ot in time. Unfortunately, biological RNA scissors that 
are derived from jumping genes themselves are too slow, therefore, a nuclear envelope is needed to 
give time for the scissors to cut the unwanted genes before they are actually translated into proteins 
on the ribosomes. When all the jumping genes are spliced out, RNA leaves through the nuclear 
pores and proceeds to the cytoplasm for protein synthesis. This hypothesis not only explains the 
importance of the nucleus but also the reason why eukaryotic genomes are so much bigger 
consisting mostly of non-coding sequences (introns). It turns out that introns are the ‘dead’ jumping 
genes that were not cut out and are now imbedded in the eukaryotic DNA. Interestingly, trapped 
jumping genes gave eukaryotes a considerable advantage rather than a disadvantage as they allowed 
new combinations of genes to be translated into various proteins resulting in astounding variety of 
eukaryotic life forms.  

Another difficulty that eukaryotes managed to overcome was the ability to expand in size. 
Prokaryotes could not afford to become bigger because they produce ATP by generating an 
electrical charge over a membrane therefore, the bigger they get, the less the surface area to the 
volume ratio, the less the efficiency in energy provision. And although some bacteria have internal 
membranes that make them look like eukaryotic cells, they do not possess genes that can regulate 
those internal membranes and the production of ATP is still not effective enough. Absolutely all 
eukaryotes on the contrary contain (or at some point contained) mitochondria, sausage-shaped 
(about 1 micrometer in diameter) structures surrounded by a double-membrane.  Smooth outer 
membrane contains transport protein (porin) which forms channels enabling water-soluble 
molecules to pass into the cell. The inner membrane folds into finger-like cristae which significantly 
increasing the surface area for respiration. Cristae are surrounded by liquid matrix which contains 
enzymes that carry out reactions of TCA cycle (tricarboxylic acid cycle) and Krebs cycle. In 
glycolysis (the breakdown of glucose hydrogen is produced which is then added to the carriers 
NAD to form NADH2. An overall energy gain from this reaction is 2 ATP (anaerobic respiration). 
In aerobic respiration which involves the Krebs cycle more hydrogen molecules are bound to NAD 
to form NADH2. Those molecules then transport hydrogen to the cristae of the mitochondrion 
where cytochrome system which carries out final stages of aerobic respiration is situated. As a result 
of aerobic respiration 38 ATP molecules are produced. They can be converted to ADP (adenosine 
diphosphate) by hydrolysis to provide energy for the whole cell. All in all, the presence of 



mitochondria (and mitochondrial circular DNA that controls the production of enzymes which in 
turn helps generate ATP) allowed eukaryotic cells to expand in size and engulf other cells by 
phagocytosis, an ability of only eukaryotic cells (e.g. immune cells engulf pathogens).  

Interestingly, mitochondria share a lot of common features with bacteria. For instance, mitochondria 
and bacteria are similar in size (1-10 microns in length), they both replicate by binary fission, 
asexual reproduction (division in half). Bacterial cell membranes fold to form mesosomes that 
resemble cristae. What is more, inner mitochondrial membrane consists of the same proteins as 
bacterial plasma membrane. Both mitochondria and bacteria have their DNA in loops, they both 
have plasmids that allow random gene transfer. All of those similarities support the endosymbiotic 
evolution theory showing that mitochondria were likely to be bacteria in the past.  

Comparison of cyanobacteria (photosynthetic bacteria) and chloroplasts provide us with even more 
evidence in favour of the theory. Both contain chlorophyll a (pigment responsible for absorbing the 
light), double-stranded loosely-coiled DNA and 70s ribosomes. Last but not least, cyanobacteria 
and chloroplasts replicate by the same mechanism (binary fission). 

But although many resemblances can be found between bacteria and mitochondria, cyanobacteria 
and chloroplasts the eukaryotic cell that appeared after their integration is far more advanced and 
complex. While bacteria have their DNA in loops as single circular chromosomes, eukaryotes store 
their genetic information in chromosomes (DNA super coiled around histone proteins). Even though 
sizes of eukaryotes and prokaryotes slightly overlap. Prokaryotes are about 1-10 micrometers in 
diameter, eukaryotes range from 10 to 100 micrometers. Eukaryotes tend to be 10,000 to 100,000 
times the volume of prokaryotes. Eukaryotes have membrane-bound organelles that bacteria and 
archaea lack. For example, energy generators mitochondria and chloroplasts which were discussed 
earlier, rough endoplasmic reticulum a continuous membrane system that forms a series of flattened 
sacs with ribosomes on it that produce proteins, smooth endoplasmic reticulum responsible for 
metabolizing lipids such as hormones and phospholipids, which are then transported by the vesicles 
of the Golgi apparatus to different parts of the cell. In addition, ribosomes of prokaryotes are 70s 
whereas the ones of eukaryotes are bigger 80s. Unlike prokaryotes, eukaryotes have a cytoskeleton 
made of tubulin, actin and intermediate filaments which helps maintain the shape of the cell and 
provides mechanical support. Eukaryotic flagella are microtubule-based structures attached at the 
cell membrane by basal bodies or centrioles made of tubulin. It uses energy in the form of ATP to 
produce bending movement. Prokaryotic flagella are made of protein flagellin, they use proton 
gradient to generate energy for the rotatory movement of this organelle. Cell walls of prokaryotes 
are complex made of peptidoglycan while cell walls of eukaryotes are simpler and only present in 
plants and fungi. Another important difference is that eukaryotes divide by mitosis and meiosis 
(crossing over that results in the exchange of genes between chromosomes in prophase 1 and 
random assortment of homologous chromosomes enable astounding diversity among offsprings 
produced). Meiosis produces sex cells that fuse to form a zygote which then grows dividing by 
mitosis. Prokaryotes on the other hand replicate by binary fission (asexual reproduction) which 
involves the parent cell splitting into two genetically identical daughter cells. All of the features 
mentioned above allowed eukaryotes to develop into complex multicellular organisms 
morphological diversity of which still amazes biologists. 

According to the classification developed by Carl Woese in 1977 based on comparing nucleotide 
sequences derived from the small subunit of the ribosome, all living organisms can be divided into 3 
cellular domains: Archaea Bacteria and Eukarya. Surprisingly, Archaea were found to be closely 
related to eukaryotes and many scientists now think that they are the true host in the endosymbiotic 
theory which leads us to the conclusion that eukaryotes developed as an archaebacterial chimera. 
Eukaryotic domain is itself divided into 4 kingdoms: 



Protista (e.g. algae, amoeba proteus) mostly single-celled, microscopic, reproduce mostly asexually 
(but some are able to reproduce sexually) move with the help of cilia, flagella or pseudopodia, some 
can perform photosynthesis, some consume nutrients as heterotrophs, as all eukaryotes they have a 
nucleus and membrane-bound organelles.  

Fungi can be unicellular and multicellular(mostly) or dimorphic (unicellular or multicellular 
depending on the environment), their cell walls are composed of chitin, ergosterol (a steroid 
hormone) stabilizes the plasma membrane in fungi, in animal cells this function is performed by 
cholesterol, fungi are made of thread-like hyphae, structure that is unique for this kingdom.  

Plantae have cell walls comprised of cellulose molecules bundled into microfibrils, plant cells 
contain a permanent vacuole (enclosed by a membrane named tonoplast) that occupies 90 % of the 
volume of the mature cell, apart from mitochondria plant cells possesses plastids (e.g. chloroplasts 
used as a site of photosynthesis). Cytokinesis (the division of the cytoplasm after telophase) in 
plants differs from cytokinesis in animal cells. It happens when Golgi vesicles form at the equatorial 
plane, these vesicles (containing cell wall material) then fuse forming the new plasma membrane 
and cell wall splitting two newly formed daughter cells apart. 

Animalia cells do not contain a cell wall unlike plants and fungi, animal cell tissues are bound by 
collagen, their cells contain centrioles (only present in lower plants) which produce spindle fibres 
responsible for pulling chromosomes apart in mitosis and meiosis.  Cytokinesis in animal cells 
occurs when microtubule filaments form a concentric ring which constricts at the centre, pinching 
off the cell membrane forming two separate cells.  

In conclusion, bacteria were pioneers on the hot, volcanic, gaseous ball that planet Earth once was. 
They occupied all possible spaces, astounding scientists with their ability to survive in extreme 
conditions however they never evolved further. Later, a fateful encounter merging free living 
bacteria and an archaea together resulted in a miracle that is a eukaryotic cell. Unlike bacteria and 
archaea eukaryotes managed to flourish and develop into large complicated multicellular organisms, 
it is to them that we owe our life. 
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