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Convergent Evolution and Antifreeze

Convergence is when there is a similarity between species that is caused by a similar, but
evolutionarily independent, response to a common environmental problem. For example, the
wings of bats and owls have the same function and similarity in some aspects of structure,
but have come from quite separate evolutionary mechanisms. Similar adaptive forces can
thus lead to common adaptive features. Examples of morphological convergent evolution like
this are common but ! nding convergence at the level of the molecule is less common. The
presence of antifreeze across organisms is an example of molecular convergence.

AFP and AFGP comprise a structurally diverse class of proteins that have in common the
ability to bind to ice and inhibit its growth. All act in the manner as already described for
AFGP. AF(G)Ps have been incorporated into the freeze-resistance or freeze-tolerance
strategies of many organisms such as ! sh, insects, plants and bacteria.

To summarise the presence of antifreeze:(1) Fish have ! ve different types, and these ! ve types
are diverse in their structures, showing no sequence homology across the types; (2) Plants
have a variety of different types and, although they show some similarity in structure, they
come from a variety of origins; and (3) Insects also have a variety of AFPs with similarities but
differences in their structures.

What has caused AF(G)Ps to evolve in so many different organisms? The simple and clear
evolutionary driving force has been the need to survive environmental freezing temperatures!

Fish Antifreeze

There are ! ve types of AF(G)P protein present in ! sh; together these ! ve types represent a
cluster of convergent evolution. The structures (size, distribution of secondary structure,
overall folding class, disul! de cross-linking) of the ! ve types are generally dissimilar to each
other and none of the types are related to each other. However, even within types (Type |, Il
and AFGP) there are further examples of molecular convergent evolution, which make a pretty
amazing evolutionary story.

For example, Type | AFP is found in two unrelated species groups, winter " ounder and
shorthorn sculpin. While the structure of this AFP from the two ! sh is very similar, the origins
are different (convergent evolution) and they actually bind to different planes of ice crystals.
Within the " ounder itself, there have even been two distinct Type | AFPs discovered, which is
also convergent evolution within a species of a structurally similar AFP from distinct ancestral
proteins. Type Il AFP is found in three groups of ! sh: sea raven, herring and smelt. The smelt
and herring Type Il AFP share a common origin whereas the sea raven type Il AFP is unrelated
and is another example of convergence, but (perhaps at ! rst unbelievably) an independent
origin from the same type of ancestral gene.

This chapter has already described AFGP in notothenioid ! sh. However, AFGP with the same
Thr-Ala-Ala repeats is also found in northern cod species such as Arctic cod. In both cod and
notothenioids there are a variety of different isoforms present in circulation with different
repeat lengths from polyprotein precursors. However, it has been shown by Cheng and
colleagues that cod AFGP is unrelated to a trypsinogen gene, and the origin of cod AFGP is at
present unknown.

It seems improbable that the same structure might evolve twice from very independent
origins, but the similar structures may have arisen from a tendency for short repetitive
sequences to undergo expansion through slippage replication and unequal crossing over
under strong selective pressure. The appropriate mutation of three codons would have been
shaped by the structural speci! city required for antifreeze ice interaction. This is an amazing
story of convergent evolution.
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Antarctic ! sh might have solved the problem of freeze avoidance through different strategies,
but they are not the only animals to face issues with the cold — endothermic (warm-blooded)
animals in Antarctica also have to ! nd ways to keep themselves warm. Seals and penguins
face chalenges with the air temperature, wind chill, eating cold food and diving in —1.87°C sea
water.

Penguins (such as Adelie and emperor penguins) overcome this by having a thick layer of
blubber and thick scale-like waterproof feathers, leaving very little exposed skin (Figure 6).
Adults waterproof their feathers using a preen gland, but must replace all their feathers during
an annual moult to ensure their integrity. This involves weeks of fasting and may be a very
painful process. Penguins also have the ability to control skin blood " ow, so that when they
are diving blood does not travel back to the heart via surface veins, but returns via deeper
veins in order to reduce heat loss.

"HP9&'()*&+#$"+,'-%0&" . &//'&0$"11&2'34'2&-/'."35'35&'64/2'7+363"6' & +3AID&+3:'7)';91& %A% ' 1 & +#$"+'-2$/3,'
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To protect eggs from the permafrost, Adelies build nests out of stones and sit on the eggs to keep
them warm, whereas emperors place the eggs directly on their feet and cover them with a pouch.
After hatching, chicks of both species quickly develop a thick woolly down. Once they are a few
weeks old, they are placed in creches where they can huddle together for warmth. Male emperors
also employ the huddling technique in the middle of winter when they are incubating the egg —
but it is necessary for them to rotate in the huddle, not only to warm up after being on the outside
but to cool down after being in the centre, where temperatures can reach over 40°C!

Seals (such as Weddell seals) also have similar means to penguins to stay warm (Figure 7).
Again they have a very thick layer of blubber to insulate their body organs, and can also control
their blood flow to their skin, especially when diving. Their thick, short, dense fur is also very
insulating. Newborn Weddell seals have a very long and thick layer of fur, which actually not only
insulates them from the cold but also prevents them melting the snow and then freezing into it.
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Figure 8: Taking blood from an ice! sh. Their blood is a
clearish-opaque colour because they lack red blood
cells and haemoglobin.
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starting from chylomicrons or very low density
lipoprotein and then ending up on high
density lipoprotein. Successive hydrolysis of
the triacylglycerol fat component of these
lipoprotein complexes results in the
increasing density. The fatty acids from these
complexes are taken up by tissues for
storage.

Under conditions of stress such as starvation,
migration or reproduction, these endogenous
tissue fat stores are used. Lipids are primarily
transported in the form of fatty acids around
the body in blood. The pathway for the
movement of fatty acids from the blood to
mitochondria, where fatty acids are broken
down via the process of | -oxidation, is
complex. Typically, vertebrates use the major
plasma protein in blood, albumin, to transport
fatty acids to tissues where they are needed
for metabolism. Fatty acids are then taken
into cells presumably through interactions
with specific fatty acid binding proteins, and
further intracellular fatty acid binding proteins
take the fatty acids to the mitochondria. Even
in humans these steps are poorly understood.
However, there are even more grey boxes
present for notothenioid fish.

Bruce Sidell and colleagues have shown that
unsaturated lipids — and specifically
polyunsaturated and monunsaturated fats —
are the preferred substrate for fat catabolism
in Antarctic notothenioids (for example, oleic
is preferred over palmitic acid, which is
saturated). Fatty acyl CoA synthetase, the
enzyme that activates fatty acids before their
entry into the mitochondria, may be in part
responsible for the substrate specificity for
unsaturated fatty acids.

The high lipid content of tissues and of cells
enhances oxygen transfer. Thus, intracellular
lipid may function as an oxygen store, an
important adaptation at cold temperature.
Notothenioids also have an increased
proportion of unsaturated fatty acids in
membranes and this is presumably an
adaptation to maintain membrane fluidity at
low temperatures.

My previous research has shown that one
species of notothenioid, the Antarctic
toothfish, does not have albumin, the fatty
acid transport protein, in its blood. Instead, it
uses high density lipoprotein as its major fatty

acid transporter. | hypothesised that this may
be an adaptation to further reduce blood
viscosity as albumin is normally found in
vertebrates at high concentrations equivalent
to the concentrations of AFGP. High density
lipoprotein is found at a much lower
concentration but may still be able to
transport sufficient fatty acids in this species.

My current research has been trying to
determine if my original hypothesis is correct
by conducting a comparative study across
notothenioid species to see how common
loss of albumin is. This involves one or two
months each year in Antarctica for field work
(Figure 10). In particular, comparison of non-
Antarctic notothenioids, especially the basal
species "#$%&'()*#+,$-.+'() , with Antarctic
notothenioids should determine whether loss
of albumin is adaptive. The research involves
both protein studies of blood as well as
genetic studies to try and find evidence for
the albumin gene. However, to date my
hypothesis has not been upheld as all the
notothenioids examined lack albumin in their
blood, indicating its loss is an ancestral state
and is not cold-adaptive. This is still a valid
finding as it helps to tell us what processes
are and are not cold adaptive in
notothenioids. | am still trying to determine
the genetic reason for the loss of albumin
protein in these fish. There are still many gaps
in our knowledge of metabolism in these fish
that await investigation.

Notothenioids lack a swim-bladder and, in its
absence, they control their buoyancy partly
through intra-muscular lipid deposits and
subcutaneous lipid deposits. These same
lipid deposits may also act as an energy store
in winter months. Unlike other fish, they use
triacylglycerols as buoyancy deposits which
can be metabolised. Most other swim-
bladderless fish use wax esters as buoyancy
agents, which can not be metabolised. The
question still remains: to what extent are the
notothenioid lipid deposits actually used as
energy reserves? Lipid depletion due to
insufficient food supply would have a negative
effect on buoyancy, which in pelagic species
would lead to further energetic demands.
Clearly, we still need to learn much about the
interplay between requirements for lipid for
buoyancy and for energy.
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