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The Case of the Threespine Stickleback  3
A Model of Macroevolution

by James E. Platt, University of Denver

Although many biologists would not necessarily agree on an exact definition of the
term, “macroevolution” and many others would argue that macroevolution is nothing more
than microevolution acting over relatively long periods of time (e.g., hundreds of thousands
to millions of years), most would also agree that the word implies a relatively large amount
of change.  As a result, it becomes difficult to examine specific examples in real time since
the amount of time available to researchers often precludes observations over more than a
few decades at most.  However, there are some notable exceptions that are being discovered.
One of these is provided by rapid morphological change that has been observed in certain
populations of a small fish called the threespine stickleback.

                   
Figure 1.  The Three Spine Stickleback (Gasterostreus aculeatus)

(picture credit: New York State Department of Environmental Conservation).

Problem:
In the case of the threespine stickleback (Gasterostreus aculeatus), we can observe

that there is variation in different populations with respect to pelvic spines and body armor.
Specifically, while almost all marine populations of threespine sticklebacks are composed of
individuals that all have pelvic spines and body armor, certain freshwater water populations
have lost both pelvic spines and body armor.  In addition, these freshwater populations occur
in lakes in Alaska and Canada that were formed during the last Ice Age by glaciers.  Thus,
we know with reasonable certainty that these lakes and the stickleback populations they
contain can be no older than about 12,000 years, the approximate time of the end of this Ice
Age.  Thus, we can state that both pelvic spines and body armor have been lost during this
relatively short time period.

The changes in threespine sticklebacks involve two traits that are easy to observe.
The first involves the loss of pelvic spines.  The second involves the loss of a series of bony
plates located along either side of the fish’s body.  These plates are referred to as body
armor.   The appearance of pelvic spines and body armor and the loss of these features is
illustrated in Figure 2.

Question We Want to Answer:
Why and how have those freshwater populations lost both pelvic spines and body

armor?  This is what we will try to find out - so please continue...
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Figure 2.  Pelvic spines and body armor and their loss in threespine sticklebacks.  Note
that the fish in the top picture has both pelvic spines and body armor, the fish in the
middle picture has only pelvic spines, and the bottom fish has lost both pelvic spines
and body armor.  (Bony material is stained red in these preserved specimens).
Adapted from Cresko, W.A., et al.  2004  Parallel genetic basis for repeated evolution of armor loss in Alaskan threespine
stickleback populations.  Proc. Nat. Acad. Sci. U.S.A. 101:6050-6055, Fig. 4, p. 6053.

What Do We Need to Know?
When we see changes in populations over time, we very often suspect that the process

of natural selection may be operating.  Let’s review that process briefly:

Recall the key steps of Darwin’s theory of natural selection.  First, populations must
vary.  Next, at least some of these variations must be inherited.  Additionally, natural
populations will usually reproduce at a rate that will result in the failure of most individuals
to survive and reproduce.  Finally, some of the inherited variations will affect the ability of
individuals to survive and reproduce.  Given these basic observations about natural
populations, Darwin deduced that: 1) there would be a struggle for survival; and 2) that
individuals with favorable variations would be more likely to survive and reproduce in this
struggle.  The result would an increase in the favored variations over time.  We call this
change in populations over time evolution.

Are Pelvic Spines and Body Armor Inherited?
As we stated above, in order for particular traits to be affected by natural selection,

they must vary within populations and they must be inherited.  So what about pelvic spines
and body armor?  We know that these traits vary between marine and some freshwater
populations, but are these traits inherited?  Perhaps simply living in certain kinds of
freshwater causes the loss of these traits in a reversible manner.  How could we test this?
What could you do to that might tell you if pelvic spines and/or body armor are
inherited?   Discuss your ideas with your classmates and record your best ideas on the
“Responses to Questions” packet.
RECORD ALL RESPONSES ON SEPARATE SHEET BEFORE MOVING ON.

Body Armor

Pelvic Spines

Pelvic Spines



3

If you suggested that you could try to breed marine sticklebacks with freshwater
sticklebacks, you had the same idea that scientists who were studying this problem had.
While some populations of sticklebacks don’t always breed naturally with other populations
(perhaps they are separated species?), fish such as sticklebacks can be bred artificially in the
laboratory by obtaining eggs from one population and sperm from another and mixing these
together in the laboratory.  This is what the scientists did.  The results of their breeding
experiments are shown in Figure 3 after the first generation.

Figure 3.  Results of Breeding Marine Sitcklebacks (A) with Freswater Sticklebacks (B).
All offsping in the first generation look like the fish shown in C.
Adapted from Cresko, W.A., et al.  2004  Parallel genetic basis for repeated evolution of armor loss in Alaskan threespine
stickleback populations.  Proc. Nat. Acad. Sci. U.S.A. 101:6050-6055. Fig. 4, p. 6053.

Based upon what you have learned about the rules of inheritance, what can you
conclude about the alleles that control pelvic spines and body armor in threespine
sticklebacks?  Write your answer in the Response Packet.  Using letters to represent the
alleles (i.e., different forms) of the genes that control pelvic spines and body armor,
diagram what happened in this breeding test.

RECORD ALL RESPONSES ON SEPARATE SHEET

Based upon your answer to the question on the previous page, perhaps you can make another
prediction.  What do you think would happen if the fish from the first (F1 ) generation
were artificially bred with each other?

RECORD ALL RESPONSES ON SEPARATE SHEET
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The picture in Figure 4 shows the results of the breeding experiments that were
conducted to investigate the inheritance of pelvic spines and body armor in three spine
sticklebacks over two generations.

Figure 4.  Results of Breeding Marine Sticklebacks with Freshwater Sticklebacks Over
Two Generations.  The ratios of the different types of sticklebacks in the second (F2 )
generation are shown in the upper right of pictures D, E, F, and G.  As indicated by the red
numbers above and below the picture, this ratio is very close to a 9:3:3:1 ratio.
Adapted from Cresko, W.A., et al.  2004  Parallel genetic basis for repeated evolution of armor loss in Alaskan threespine
stickleback populations.  Proc. Nat. Acad. Sci. U.S.A. 101:6050-6055, Fig. 4, p. 6053

Based upon these results, what would you conclude about the pattern of
inheritance of these two traits (i.e., pelvic spines and body armor) in threespine
sticklebacks?  Again, using letters to represent different alleles of the genes controlling
pelvic spines and body armor, diagram what happened when members of the F1

generation were bred with each other.

RECORD ALL RESPONSES ON SEPARATE SHEET
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Part 2:  What Kind of Genes Control Pelvic Spines and Body Armor?
The pattern of inheritance shown by the alleles of the genes that seemed to control

pelvic spines and body armor in threespine sticklebacks was somewhat surprising to the
scientists who were investigating this.  The scientists had expected that these relatively
complex traits might be controlled by a number of genes.  However, their results suggested
otherwise.  It appeared that most of the variation in these traits could be explained by just two
alleles each of just two genes.  One gene appeared to control pelvic spines and one appeared
to control body armor.  What we will do now is to take a much closer look at the gene that
controls pelvic spines.

 The first step in doing this is to recall what you have learned in the past about the
molecular basis of gene function.  Remember that genes are made of DNA and individual
genes consist of a specific sequence of the bases adenine (A), guanine (G), cytosine (C), and
thymine (T) in the form of a double-stranded molecule.  This DNA base sequence is used
inside the nuclei of cells as a template (or blueprint) to make RNA molecules that consist of a
single strand of the bases A, G, C and U (uracil) – the base, U being substituted for T.  The
process of making RNA from DNA is called transcription.

Finally, these RNA copies of DNA (called messenger RNAs, or mRNAs) are
transported to the cytoplasm where ribosomes “read” the mRNA sequence and “translate”
that mRNA base sequence into an amino acid sequence in a protein molecule that is
assembled by the ribosome.  The process of making protein using mRNA, amino acids and
the ribosome is called translation.  Thus, the amino acid sequence of any given protein is
ultimately determined by the base sequence of the DNA in the nucleus.  If all of this is a bit
fuzzy in your mind, you might want to take some more time to review it now.

Genes Are Controlled by Other Genes
Many of our genes are only activated at certain times in certain places in our bodies.

For example, you may know about a gene that codes for a protein called hemoglobin that
carries oxygen to your tissues.  Hemoglobin is made only in your red blood cells.  Therefore,
we can infer that the DNA code for this protein is only transcribed and translated in red blood
cells even though the DNA code for hemoglobin is present in the DNA in all of your cells.
We infer, then, that some mechanism exists to control, or regulate, when and where a gene is
activated.

How does this happen?  First, we think that we know that most genes actually consist
of many more bases than are needed to code for the mRNA that is used to make the protein.
Many of these “extra” DNA bases make up what we describe as “regulatory DNA”.   We can
diagram this as shown in Figure 5.
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Figure 5.  A Diagram of a Gene Showing 3 Pieces of “Regulatory” DNA.
Modified from Carroll, S.B., Grenier and Weatherbee.  2005,  From DNA to Diversity.  Figure 4.6, page 112.  Blackwell
Publishing, and Howard Hughes Medical Institute DVD.  2006.  Evolution - constant change and common threads

In the diagram, the black line represents the DNA, the purple bar is the part of the DNA
sequence that codes for mRNA (the coding region ).  The arrow indicates where transcription
of this gene begins, and the green circle, the red square, and the blue triangle represent
three separate pieces of regulatory DNA in the gene.

So why are we discussing this “gene complex” and what does it have to do with the
loss of pelvic spines in threespine sticklebacks.  Let’s try to figure it out.

First, the gene that controls pelvic spines has been identified.  It is a gene called
Pitx1.   Curiously, this gene codes for a protein that does not make up any part of the pelvic
spines.  What the Pitx1 protein does is to bind to the “regulatory” DNA of other genes to
either turn them “on” or “off”.  Some of these genes probably do make up parts of the pelvic
spines.  So, you might predict that the Pitx1 proteins from marine sticklebacks and the Pitx1
proteins from freshwater fish would somehow be different.  However – as reasonable as this
prediction seems – it turns out to be wrong.  The scientists working on this were able to
determine the DNA base sequences of the coding regions of the Pitx1 genes from both
marine and freshwater sticklebacks (i.e., the sequences of the “purple bar” in Figure 5).
Guess what happened.  They found that the two sequences were identical.  Every base pair
was the same!

So if the coding regions are identical between the genes of marine and freshwater
populations, how can we explain the difference?  The key is revealed by another experiment
that was done by the team of researchers investigating Pitx1.

Here is what they did.  Recall that the DNA code of genes is translated into mRNA in
places where those genes are activated.  These days, scientists are able to detect the presence
of particular mRNA by binding these mRNAs to a blue dye that will be visible only where
the specific mRNA molecules are being made. The scientists did an experiment where the
pattern of Pitx1 mRNA production was compared between marine and freshwater
stickleback embryos.  Discuss this experiment with your classmates and write down what
you think probably happened (do this before turning to next page).

RECORD ALL RESPONSES ON SEPARATE SHEET

Gene DNA

Regulatory Segments
Coding Region (--> mRNA --> Protein)
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Results  of mRNA Comparison:
Freshwater (Paxton Lake)

Figure 6,  The Pattern of Pitx1 mRNA Expression in Marine (a, c and d) and
Freshwater (b, e and f) Stickleback Embryos.  From Shapiro et al.  2006.  Corrigendum: Genetic and
developmental basis of evolutionary pelvic reduction in threespine sticklebacks. Nature 439:1041  Permission granted

Note that patterns in the olfactory (“nose”) region and the lower jaw region (arrows in c and
e) compared to the pattern in the pelvic region (arrows in d).  No Pitx1 mRNA is seen in the
pelvis of freshwater fish (f).

So what can you infer about where the coding region of the Pitx1 gene is being
transcribed into mRNA in these embryos?  Record your answer and explain why you
said what you did.  Did your prediction match the results of the experiment?  Explain.
RECORD ALL RESPONSES ON SEPARATE SHEET

Now, how did the scientists doing this work explain their results?  To understand
their reasoning, look at Figure 7:

Figure 7,  A Comparison of the “Regulatory” DNA in Marine and Freshwater
Stickleback Pitx1 Genes.  Note that the two genes are identical except that there is a
mutation (M) in the segment of regulatory DNA that controls Pitx1 expression in the pelvic
region (i.e., the DNA segment indicated by the green circle).  (See Figure 5 for source)

Pitx1 Gene (in Marine Stickleback)

Pelvis    “Nose”    Jaw Coding Region

Pitx1 Gene (in Freshwater Stickleback)

Pelvis    “Nose”    Jaw Coding Region

M
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The diagram in Figure 7 shows the working hypothesis that the scientists
investigating Pitx1 expression in sticklebacks have proposed to explain their results.
Although they have not yet identified the specific mutation that causes the transcription of
Pitx1 mRNA to be “turned off” in the pelvis, it seems very likely that it is located in the piece
of “regulatory” DNA segment that normally activates Pitx1 transcription in the pelvis (i.e.,
the green circle in Figure 7).. The “regulatory” pieces that control transcription of the
gene in the olfactory region (i.e., “nose”) and jaw are unaffected.  How do we know
this?
RECORD ALL RESPONSES ON SEPARATE SHEET

The Evolution of Pelvic Loss: Macroevolution in Action?
Most of you would agree that if a human were to be

born without a pelvis, this would represent a drastic (and
detrimental) change.  Natural selection would certainly not
preserve this variation (why not?).  Yet, in threespine
sticklebacks, selection has clearly favored the elimination
of the pelvis in a very “short” time (i.e., no more than
12,000 years).  Why?  Although we don’t know for sure,
apparently fish that normally prey on sticklebacks are
absent from some freshwater lakes; and, conversely, in
those lakes, large predatory insect larvae that can grab the
spines of sticklebacks (and eat them) are often present (see
Figure 8).  How might such observations explain the
absence of pelvic spines in terms of Darwin’s theory of
natural selection?
RECORD RESPONSE ON SEPARATE SHEET

Figure 8. An Aeshna dragonfly nymph eating a stickleback fish.  (American Museum of Natural
History,   http://www.amnh.org/exhibitions/water/?section=lifeinwater&page=lifeinwater_g)

Another feature of evolutionary theory is that variation in populations
ultimately arises from gene mutation followed by selection for a particular mutation.  In this
example, scientists think they have identified both the type of mutation involved and its
approximate location in the DNA.  In this case, a presumably small genetic change (mutation
in a piece of regulatory DNA) results in a large-scale morphological change (the loss of the
pelvis).  So is this microevolution, or macroevolution?  Write a short paragraph giving
your answer and justifying your position.
RECORD ALL RESPONSES ON SEPARATE SHEET
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Harmful vs Beneficial Mutations: Understanding the Difference
In a previous paragraph, we pointed out that a mutation in humans that led to the loss

of the pelvis would certainly be harmful.  While we are unaware of any such mutations in
humans that have survived, a very similar situation has been experimentally produced in
mice.   The picture in Figure 9 below shows a Pitx1 “knockout” mouse fetus compared to a
normal mouse fetus.  As the name implies, the expression of the Pitx1 gene has been
eliminated by deleting part of the coding region so mice that carry this mutation cannot make
the Pitx1 protein.

           
Figure 9. Comparison of a Pitx1 “Knockout” Mouse Fetus (-/-) with a Normal Mouse
Fetus (+/+).  Adapted from Szeto et al., 1999, Genes and Development. 13:484-494, Fig. 2, p. 487.

The “knockout” mice are stillborn.  Note that there are several defects in the head of the
“knockout” (especially in the jaw region as shown by the solid arrows, and in the hind limbs,
as shown by the open arrow).  Note: the fore limbs in both embryos are normal.

As you can see from looking carefully at Figure 9, mice whose Pitx1 gene has been
“knocked out” not only fail to survive, but show multiple defects in the head, jaw, pelvis, and
hind limbs.  Yet, threespine sticklebacks that have completely lost the pelvis show no
defects.  How can you explain this difference?  How would the diagram of the Pitx1 gene
that is shown in Figure 7 for marine and freshwater sticklebacks look if it was showing
the gene in a Pitx1 “knockout” mouse?  Discuss this with your classmates and
summarize your ideas in the space below.  Your instructor will discuss this with you.
Understanding the difference between these two cases is critical to understanding how
evolution does (and doesn’t) work.

RECORD ALL RESPONSES ON SEPARATE SHEET
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The Cause(s) of Pelvic Loss in Evolution – A Working Hypothesis
The reduction or complete loss of the pelvis and hind limbs has occurred not just in

sticklebacks, but repeatedly in the course of vertebrate evolution.  It is seen in snakes, in
legless lizards, in whales and dolphins, and in manatees.   The pictures in Figure 10 show a
manatee and its vestigial pelvic bone.

Figure 10.  A Manatee (left) and Its Vestigial Pelvic Bone (right).
Note the complete absence of hind limbs.
Manatee: US Geological Survey   Manatee pelvic bone: Skulls Unlimited Newsletter, 2006  (www.skullsunlimited.com)

Now, based upon what you have learned, you should be able to make a reasonable
(and perhaps testable) hypothesis about the genetic basis of limb loss and pelvic reduction in
manatees and how this condition might have evolved.  Again, using the type of diagram
shown in Figure 7, what would you hypothesize that appearance of the Pitx1 gene gene
complex would be in manatees?  Show the diagram and explain your reasoning.

RECORD ALL RESPONSES ON SEPARATE SHEET



11

In at least some species that have lost their hind limbs, rare individuals occur in whom the
lost structure re-appears.  These “re-appearances” of ancestral structures are called atavisms.
Figure 11 shows atavistic hind limbs on a dolphin that was caught by Japanese researchers in
2006.

Figure 11. Atavistic Hind Fins in a Living Dolphin.
Thewissen, J.G.M., et al  2009. From Land to Water: the Origin of Whales, Dolphins, and Porpoises.  In Evolution:
Education and Outreach Online, Volume 2, Number 2 / June, 2009, Special Issue: Transitional Fossils, pp 272-288. Fig. 24
(From Taiji Whale Museum, Japan.)  http://www.springerlink.com/content/x1r804782707/?sortorder=asc&p_o=10

Given what you have learned about the Pitx1 gene complex, what might be the
genetic basis of this atavism?  Use another diagram of the Pitx1 gene complex to
illustrate your hypothesis.

RECORD ALL RESPONSES ON SEPARATE SHEET


