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IN OCEANS, LAKES AND PONDS, LIVING THINGS
CAN BECOME WHAT THEY EAT
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Most of the world’s rich variety of life, called biodiversity, cannot
be seen by the naked eye. But just because it is small does not
mean itis boring or unimportant! Tiny organisms known as microbes,
which are often made up of only a single cell, have many impressive
abilities and weird qualities. A lot of the microbial diversity we
observe today was made possible by the sharing of DNA between
different species through a process called endosymbiosis—in which
one organism (the endosymbiont) becomes trapped inside another
(called the host). Indeed, an ancient endosymbiotic event resulted
in the chloroplasts that trees and green algae use to convert
sunlight into energy, for example. Chloroplasts were then passed
along, like Pokémon cards, to other organisms through more recent
endosymbiotic events, causing an explosion of photosynthesis across
the microbial world.
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EUKARYOTES

Organisms with
complex cell(s) that
contain organelles with
membranes, a hucleus
to hold DNA, and other
intricate characteristics.

Figure 1

(A) Prokaryotes, like
cyanobacteria, are
generally smaller and
less complex than
eukaryotic cells. They
do not have a nucleus
enclosing their DNA. (B)
Eukaryotes, like these
plant cells (stained
blue), have various
membrane-bound
structures called
organelles that perform
important functions
inside the cell. They
contain a nucleus
where the DNA is kept.
Eukaryotic cells are
typically around 100
times bigger than
prokaryotic
cells—about the size
difference between a
grain of rice and a
beach ball (Photo
credits: Wikipedia
Commons).

BIODIVERSITY

The variety of living
things in the world or in
a certain area.

MICROBES RULE THE WORLD

There are millions of species on Earth, most of which are microbes
and cannot be seen by the naked eye. All of this diversity comes
in two main flavors: prokaryotes and eukaryotes (Figure 1). Animals,
plants, and fungi, for example, are eukaryotes, which means their cells
contain sub-parts known as organelles. Organelles are surrounded by
membranes (barriers that let only certain things in and out) and they
perform specific tasks that keep cells alive and running. Organelles set
eukaryotes apart from “simpler” cells known as prokaryotes. Whereas,
eukaryotes can be made of one cell or many cells, prokaryotes are
almost exclusively one-celled (unicellular) organisms. Bacteria are
classic examples of prokaryotes. Another key difference between
eukaryotes and prokaryotes is that eukaryotes have an organelle called
the nucleus, which encloses their DNA, whereas prokaryotes do not
have a nucleus, meaning their DNA is more “free floating” inside the
cell. Through a microscope, eukaryotic cells are generally much larger
and more complex than prokaryotic cells (Figure 1).

A Prokaryotes (cyanobacteria)

B Eukaryotes (plant cells)

Endoplasmic
Nucleus \oticylum  Chloroplast jitochondrion

DNA

Other proteins and structures Golgi Body

Vacuole

Figure 1

There are millions of eukaryotic species on Earth [1], and most of them
are not animals or plants—they are microbes. Much of this microscopic
biodiversity exists because eukaryotic microbes love eating each
other. And in the case of microbes, sometimes you really are what
you eat!

In this article, we focus on plastids—a type of organelle found in
some eukaryotic cells. Plastids produce and store chemicals required
for survival. The chloroplasts found in plants and algae are a kind
of plastid that converts sunlight into sugar to be used as energy,
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PLASTID

A type of organelle that
evolved from an
endosymbiont. Plastids
produce essential
chemicals (such as
sugars) used by the cell
for energy.

Figure 2

(A) A eukaryote and a
cyanobacterium living
independently billions
of years ago.
Cyanobacteria convert
sunlight into energy
using photosynthesis.
(B) A eukaryote engulfs
a cyanobacterium. (C)
Primary endosymbiosis,
in which the bacterium
receives protection and
nutrients in return for
providing energy from
photosynthesis. Over
millions of years,
endosymbiotic gene
transfer (and gene loss)
causes the transfer of
endosymbiont genes to
the host's genome. (D)
The endosymbiont is
eventually an
organelle—a primary
plastid. (E)
Higher-order
endosymbiosis involves
a eukaryote without a
plastid engulfing
another eukaryote with
a primary plastid, in this
case a chloroplast that
can perform
photosynthesis.

ENDOSYMBIONT

An organism that lives
inside another
organism, often
involving the trading of
resources.

a process known as photosynthesis. Plastids are also responsible
for much of the biodiversity seen on Earth today, especially among
eukaryotic microbes.

BEFORE PLANTS AND ANIMALS

Long ago, before animals and plants existed, microbes dominated
Earth's oceans, lakes and ponds (Figure 2A). This was the case for
most of Earth’s history. Much like animals today, eukaryotic microbes
needed to eat to gain energy for survival. No eukaryote could use
sunlight to produce its own energy—only some bacteria, including a
type called cyanobacteria (Figure 1A), could perform photosynthesis.

Nutrients

Eukaryote

Photosynthetic eukaryote

Cyanobacterium with a primary plastid

Endosymbiotic
gene transfer

Endosymbiotic
gene transfer

Figure 2

More than a billion years ago, a eukaryote engulfed a photosynthetic
cyanobacterium (Figure 2B) [2]. Usually, this is no big deal—many
eukaryotes hunt and engulf their prey, digest it, extract nutrients,
and go on with their day. But not this time! For various reasons,
this particular cyanobacterium was not digested. In fact, over time it
continued to live inside the eukaryote. This type of relationship is called
endosymbiosis because one organism (called the endosymbiont)
lives inside another (called the host) and can result in each one
benefiting from the other. In this case, the eukaryote protected and
fed the cyanobacterium and, in return, the cyanobacterium provided
the eukaryote with energy produced via photosynthesis (Figure 2C).
As the host reproduced (dividing into new cells), the endosymbiont
remained inside the host and divided too. All the cells that were
descendants of the host contained an endosymbiont that produced
energy for them. Eventually, over millions of years, the descendants
of this cyanobacterium slowly lost all independence and gradually
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PRIMARY
ENDOSYMBIOSIS

The initial event more
than a billion years ago
when a prokaryote
known as a
cyanobacterium was
engulfed by a
eukaryote and
eventually became an
organelle known as

a plastid.

PRIMARY PLASTID

A plastid that evolved
from
primary endosymbiosis.

Figure 3

(A—C) Examples of
multicellular and
unicellular red algae
(Photo credits:
Encyclopaedia
Britannica; Wikipedia
Commons; Instruments
Direct Services
Limited). (D, E)
Examples of
multicellular and
unicellular green algae
(Photo credit:
Encyclopaedia
Britannica; Stevens
Point Department of
Biology, University of
Wisconsin). (F) A
glaucophyte,
freshwater algae with
primary plastids (Photo
credit: Wikipedia
Commons). (G)
Dinoflagellates seen
through an electron
microscope (Photo
credit: Flickr). (H, I)
Diatoms seen through
an electron microscope
(Photo credit: Randolph
Femmer, USGS Library
of Images From Life;
Wikipedia Commons).

changed from an endosymbiont (a separate organism) to just another
part of the eukaryotic cell—an organelle we now call a plastid (Figure
2D).

This event is known as primary endosymbiosis because it involved a
prokaryote (the cyanobacterium) and gave rise to a primary plastid.
Scientists believe mitochondria evolved by a similar process, where
an ancestor of eukaryotes engulfed a bacterium, which eventually
became the organelle we call a mitochondrion. However, this
mitochondria primary endosymbiosis happened much longer ago
than plastid primary endosymbiosis. Three main groups of life arose
from this primary plastid endosymbiotic event: red algae, green algae
plus land plants, and a group of freshwater algae called glaucophytes
(Figures 3A—=F) [2, 3]. Organisms in these three groups all contain a
primary plastid. In other words, without primary endosymbiosis, plants
and algae would not exist!

Figure 3

NO EUKARYOTE IS SAFE

Plastid endosymbiosis can also occur between eukaryotes. For
example, red and green algae which contain plastids, are often
gobbled up as food by other kinds of eukaryotes. So—you guessed
it—certain red and green algae have evolved (via endosymbiosis) from
being food to actual working chloroplasts housed inside of other
diverse organismes.
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HIGHER-ORDER
PLASTID
ENDOSYMBIOSIS

Endosymbiosis
involving eukaryotes,
where one eukaryote
becomes the plastid of
another eukaryote.

ENDOSYMBIOTIC
GENE TRANSFER

When genes from an
endosymbiont are
transferred to the host's
own genome.

This process is known as higher-order plastid endosymbiosis
(Figure 2E). When eukaryotes ultimately become plastids in another
eukaryote, these plastids are known as complex plastids. One of the
main features of complex plastids is that they have more than two
membranes, unlike primary plastids. But the most important takeaway
is that higher-order endosymbiosis has allowed photosynthesis to
spread across the eukaryotic Tree of Life into some really interesting
organisms, ones that you would not necessarily think have plastids [3]
(Figure 3).

YOU ARE WHAT YOU ENGULF

Among the many benefits of endosymbiosis can be the reciprocal
exchange of energy and nutrients between the host and the
endosymbiont. But this close relationship can also end up mixing
the DNA of both organisms, in a process known as endosymbiotic
gene transfer [4]. Simply put, this involves the movement of the
endosymbiont’'s DNA to the host's genome, much like transferring
information from an external drive to a desktop computer.

Endosymbiotic gene transfer is perhaps the key ingredient in the
journey from endosymbiont to organelle, as it allows the host to gain
more and more control over its cellular resident. Another important
ingredient is the outright loss of genes from the endosymbiont,
causing it to become more and more dependent on the host. All of
this gene blending and gene loss can sometimes lead to very unusual
genetic features. Some diatom algae, for example, have special plastids
that allow them to produce chemicals that help them survive in
even the harshest conditions, like in the Antarctic Ocean where the
water is very poor in iron (an essential ingredient for most microbial
life) [5].

EVEN MORE DIVERSITY!

Not all plastid endosymbiotic events are successful, and sometimes
it takes a few tries to get it right [3, 6]. This means that some algae
bear the marks of older higher-order plastid endosymbioses that were
either halted before completion or were successful but the plastid was
ultimately lost. Think of it like installing a solar panel on a house and the
workmen stop the job before completion or the panel gets blown away
during a storm. Whatever the outcome, the house will often contain
the “scars” of the initial installation in the form of marks on the roof, etc.
Itis similar with the genomes of certain eukarytoes in that they contain
pieces of DNA from old plastid endosymbiotic events [6].

The genomes of some diatom algae (Figure 3) can be a great example

of this, containing a random mash-up of dozens of DNA pieces from
numerous organisms. Imagine trying to make sushi with a recipe
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that contains instructions for pasta sauce and tacos! But for diatoms,
this mash-up works like a charm. In fact, diatoms are among the
most abundant and diverse groups of algae on Earth [6]. Some
believe that hundreds, or even thousands of new genes and gene
combinations have evolved from the blending of genomes, resulting
from endosymbioses, paving the way for new abilities and new species
adapted for living in even the harshest environments.

We could go on for another hundred pages describing the many
amazing features and outcomes of plastid endosymbiosis. There are
millions of species of eukaryotic microbes, each one with unique
characteristics and tangled evolutionary histories. In summary, not
only is endosymbiosis a fascinating biological process, but without it
much of the massive biodiversity we see today would not exist.
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YOUNG REVIEWERS

GIACOMO, AGE: 13

My name is Giacomo, and | am 13. | am studying to get into a music school and
play guitar, | hang out with friends, | read a lot, | watch TV series and | like to sleep
very much.

GIUSEPPE, AGE: 11
My name is Giuseppe and | am 11. | am a video game champion, | like reading comic
books, | like drawing, | play soccer and | am also very good at other sports, | am also
into Marvel and Star Wars, and | would like to jump between buildings and save the
city from criminals.

TAPPAN MIDDLE, AGES: 12-13

This article was reviewed by Charlotte, Evelyn, Louis, and Will, a small group of
cheery and bright seventh graders in Ms. Frantom'’s science class at Tappan Middle
School in Ann Arbor, Michigan, USA. Tappan students in sixth through eighth grade
achieve at high levels under the facilitation of skilled, effective, culturally competent
educators. We completed this review with the help of our UofM mentor, Dr.
Pamela Wong.
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