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Abstract With the development of agriculture and food pro-
cessing techniques, humanity has recently challenged the rules
of a billion-year-old experiment called evolution. In this ex-
periment the availability of food in a particular niche has been
one of the major driving forces to shape particular species.
Comparative genomics is a new research discipline that inves-
tigates two or more genomes from different species in order to
find specific genetic adaptations that explain a ‘workable
match’ between genetic make-up and environmental con-
straints such as nutrition. Three recent examples in the litera-
ture illustrate how selection of particular genes can contribute
to species-specific adaptations that allow them to recognise,
secure and digest particular types of food and metabolise its
ingredients. There is growing consensus that the recent chang-
es in human diet and physical activity play an active role in the
rapid growth of the prevalence of obesity and diabetes. The
working hypothesis of the present article is that in the future a
more advanced level of comparative genomics of the many
natural workable matches of natural species will lead to a
much better understanding of the dynamics and regulation of
integrated metabolism. It is anticipated that this deeper under-
standing will lead to novel insights into the mechanism of
human diabetes and new strategies for diabetes prevention
and treatment. This is one of a series of commentaries under
the banner ‘50 years forward’, giving personal opinions on
future perspectives in diabetes, to celebrate the 50th anniver-
sary of Diabetologia (1965-2015).
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Abbreviation
mya Million years ago

Different timescales

When submitting a 5 year research proposal, scientists are
aware that the experiments planned for the end of the 5 years
are subject to uncertainty. Working hypotheses can metamor-
phose under the influence of new data, and technological in-
novations that were unheard of yesterday can be common
practice tomorrow. An accurate prediction of what diabetes
research will focus on in 2065 therefore seems impossible.
Yet, at the risk of being associated with the practice of sooth-
sayers, | have taken the opportunity, on this occasion, the 50th
anniversary of Diabetologia, to express some hopes and fears
about research ideas that lie hidden beyond the horizon of the
next research funding opportunity.

As a starting point, during the past 50 years the prevalence
of diabetes increased substantially, first in the industrialised
part of the world, later in other countries [1]. Although the
exact mechanism of this growth is still debated, there is con-
sensus about the idea that an accelerating series of cultural
changes rapidly changed our lifestyle (diet, lack of exercise)
in such a way that it somehow causes a mismatch between our
genes (which evolve very slowly) and the novel environment.
Indeed, the timescale of evolution is very different from the
short amount of time required for the development of novel
science and technology. Agriculture was developed about ten
thousand years ago, and most techniques that are relevant to
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the types of food we eat today were invented much more
recently. This is in contrast to the evolutionary distance (5 mil-
lion years ago [5 mya]) to the point of the last common an-
cestor of our species and our most closely related family mem-
bers, the two African chimpanzee species. The last mass ex-
tinction event (during the Cretaceous—Tertiary boundary,
about 66 mya) dramatically reduced the biodiversity at that
moment. In its direct aftermath, biodiversity exploded again:
modern birds survived as the sole descendants of the theropod
dinosaurs [2]; this expansion occurred in parallel with the
radiation of current mammalian taxa.

At present, our planet hosts about 10,000 different bird
species and approximately 5000 different mammalian species.
What defines these species is today mainly described in terms
of anatomy (e.g. shape of bones, colour of fur or feathers) and
natural habitat. But with the rapid advances in DNA sequenc-
ing technology, we are beginning to gain a deeper understand-
ing of what makes a species unique and how its genetic make-
up matches the challenge imposed by the environmental con-
ditions. With the risk of oversimplifying, this problem could
be narrowed down to metabolism, in that the genetic make-up
of each species has evolved to a workable match between the
metabolic needs during a lifetime with all the required flexi-
bility and the environmental constraints of available food.
Imagine if we could understand the general principles and
essential details of the 15,000 specific matches of individual
bird and mammalian species through a deep understanding of
general and specific metabolic demands and the nutritional
constraints imposed by the environment. Could we connect
that vast amount of information to understand the origin of a
mismatch such as occurs when we develop diabetes, obesity
or the metabolic syndrome? A hope for the future is that a
deeper understanding of the plethora of workable matches in
nature could inspire innovative ideas for the prevention of
diabetes, obesity or the metabolic syndrome in humans.
Whether or not the level of biodiversity will have drastically
decreased by 2065 depends on whether or not our thriving
species, with more than 7.2 billion individuals at this moment,
will succeed in finding sustainable solutions for the habitats
and ecosystems of other species on this planet [3].

All animals are equal, but some animals are more
equal than others

The subtitle refers of course to George Orwell’s Animal Farm.
Perhaps the phrase can also be applied (with a different mean-
ing) to metabolism and its regulation. Vertebrates use glucose,
NEFA and ketone bodies as important substrates for ATP syn-
thesis, a process that is critical for sustaining life. Indeed, the
need for new ATP molecules imposes itself every second on
every living cell, yet for most animals the availability of food
that contains the substrate for ATP synthesis often depends on

the opportunity of the day. Metabolism has therefore acquired
powerful regulatory principles that ensure a constant supply of
substrate for energy metabolism. Two of these principles are
glucose homeostasis and energy balance, and the tissues and
molecules involved are highly conserved (Fig. 1).
Consumption of food that contains carbohydrates causes a rise
in plasma glucose and this will trigger pancreatic beta cells to
release insulin. The physiological need for extra circulating
insulin is ‘sensed’ by rapid uptake of glucose into beta cells
via glucose transporters. The rise in circulating insulin is de-
tected by insulin receptors on liver, skeletal muscle and adi-
pose tissue cells. This recognition initiates a series of events
that accelerate glucose uptake and metabolic glucose disposal.
In skeletal muscle and fat of mammals insulin-mediated glu-
cose uptake is ensured by the glucose transporter isoform
GLUT4. Failure of beta cells to respond with sufficient insulin
release or resistance of target organs to insulin causes elevated
blood glucose and—when more severe—diabetes. At the
same time, insulin also regulates the process by which dietary
fat is distributed towards triacylglycerol deposits in white ad-
ipose tissue, the main energy reserve in vertebrates. In the
fasted state, substrate from endogenous reserves is mobilised
at rates needed to sustain ATP production. Pancreatic gluca-
gon and adrenaline (epinephrine) are key signalling molecules
during this state and regulate glycogen breakdown and the
metabolic conversion of fatty acids into ketone bodies in the
liver and lipolysis in fat tissue.

Although the overall scheme of glucose homeostasis and
energy balance is conserved in higher animals, there are re-
markable differences between species. First of all, the strategy
of each species to maximise each day’s opportunities for find-
ing the food that is needed, varies enormously. Second, the
genes that operate in glucose homeostasis and energy homeo-
stasis seem to vary among different species, and it is possible
that these differences arose as a consequence of different feed-
ing strategies. One example is that humans have only one
insulin gene, but in rodents a second insulin gene (/ns!) was
‘copied’ as a processed retrotransposon and integrated far
from the original gene. This happened about 20 mya in the
ancestor of mice and rats and it could have contributed to
natural selection by dietary constraints [4]. Another example
of a difference between rodent and human beta cells relates to
the above-mentioned uptake of glucose by beta cells. In rats
this occurs via the GLUT2 isoform, but it seems that human
beta cells primarily use GLUT1 for this purpose [5]. Recent
genome-wide analysis of gene expression in mouse and hu-
man beta cells indicates that there are many differences be-
tween the two species [6] and we currently only have a rudi-
mentary understanding of why these differences are present.

There appears to be an even more dramatic difference in
glucose homeostasis between mammals and birds. The typical
fasting glucose level of a healthy bird is above 10 mmol/l,
which would be called diabetes by mammalian standards.
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Fig. 1 Comparative genomics in the context of metabolism and meta-
bolic regulation in different species that evolved towards a successful
match between environmental conditions (diet, feeding pattern) and the
enzymes and regulators encoded in the species’ genome and the
metagenome of its gut microbiota [17]. The flowcharts around the central
image show some of the important elements that contribute to glucose
homeostasis and energy balance during the fed and fasted state (see text

What is responsible for this elevated blood glucose is an in-
teresting question. On the one hand, birds are very insulin
resistant and seem to lack the GLUT4 transporter in skeletal
muscle. In the most recent of a series of observations, Welch Jr
et al [7] failed to detect GLUT4 mRNA and protein in muscle
of zebra finch and hummingbird (the latter has circulating
glucose levels of 30-40 mmol/l during feeding on nectar;
see below). On the other hand, the avian endocrine pancreas
contains more alpha cells than beta cells [8]. How the chronic
hyperglycaemia in birds is explained (absence of GLUT4 or
high alpha/beta cell ratio) and how chronic hyperglycaemia is
tolerated without the development of diabetes complications
seem interesting directions for future research. A new disci-
pline in the biological sciences, explained in the next section,
may be of help.

Comparative genomics

Comparative genomics is the field of biology in which DNA
sequence information from genomes of different life forms is
compared. The idea is that differences in genome sequence
(genotype) contribute to differences in genome function and
therefore explain differences between phenotypic traits. The
field started two decades ago with sequence comparisons of
bacterial genomes, which are several orders of magnitude
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for explanation). Nutrients other than glucose (butyrate in ruminants,
amino acids in carnivores) may be important regulators of insulin release.
Comparative genomics can integrate genome information, gut microbiota
and the available food supply in the ecological niche to gain an under-
standing of the workable match between metabolism and diet in different
vertebrate species

smaller than vertebrate genomes. However, with the advances
in sequencing technology and data analysis, the same princi-
ple can be applied to the complex genomes of higher animals
[9], which typically contain a few gigabase pairs per haploid
cell. This approach allowed the comparison of DNA se-
quences of closely related species in order to answer questions
related to the unique phenotypic traits of each species. A re-
cent example [10] is the comparative genomics of 120 indi-
vidual birds selected from roughly a dozen species of
‘Darwin’s finches’ that live on the Galapagos Islands and ra-
diated from a common ancestor during the last million years.
Darwin was the first to propose that the match between beak
morphology of a bird species and its available food sources on
a given island was the work of natural selection, and these
ideas have inspired later generations of ornithologists [11].
The recently performed comparative DNA analysis [10] pro-
poses a prominent role for a 250 kilobase DNA region near the
ALXI gene, which is also involved in craniofacial develop-
ment in humans.

A second comparative genomic analysis that helps to ex-
plain the match between genetic make-up and environmental
constraints of food intake is the comparison of genome infor-
mation from 93 brown or polar bears [12], two closely related
species that radiated quite recently (between 0.3 and 0.5 mya)
from common ancestors in northern Europe and Canada. The
diet of the two current species is different: whereas the brown
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bear is a vegetarian, with most of its energy intake in the form
of carbohydrates, the diet of polar bears consists of seals,
which are rich in protein, triacylglycerol and cholesterol.
Circulating LDL-cholesterol levels in polar bears are indeed
much higher than those in brown bears, and an interesting
observation of the comparative genomic study was that the
APOB gene, which encodes the apoprotein that addresses
LDL-cholesterol towards LDL receptors, has been under se-
lective evolutionary pressure in polar bears [12]. These two
examples of analyses between closely related species illustrate
the power of this approach to correlate genotypic information
with phenotypic specialisation. In each case the environmental
pressure (type and abundance of, and influence of season on,
available food) could have been the primary evolutionary
driving force for the selection of genetic changes in particular
genes so that related species living today evolved towards a
different match between genetic make-up and the environ-
mental niche.

The same principle can be used to compare genes of
more distantly related species, such as birds and mam-
mals. One example is the comparative genomics of
umami and sweet taste receptors, which detect two of
the five main taste qualities. Each of these receptors
work as protein heterodimers that are encoded by a pair
of taste receptor genes: TASIRI-TAS1R3 for umami
(detecting amino acids such as glutamate, alanine and
serine) and TASIR2-TASIR3 for sweet taste (detecting
fructose, sucrose and glucose). Among mammals, sever-
al carnivorous species, such as cats, hyenas, otters and
seals independently have lost their functional TASIR?2
gene by different pseudogenisation events, such as non-
sense mutations that create a premature stop codon [13].
In line with the mammalian carnivores, all modern birds
(descendants of carnivorous theropod dinosaurs) have
completely lost the TASIR2 gene. The question then
arises of how hummingbirds (which feed on sweet-
tasting nectar) can sense the quality of their food. The
intriguing answer is that the ancestral TAS/RI gene in
hummingbirds was specifically reprogrammed in order
to ‘reinvent’ the lost sweet taste receptor [14]. The
mechanism was found by comparing the hummingbird
TASIRI gene to the chicken or swift orthologues.
Specific mutations in hummingbird TASIRI exons oc-
curred uniquely in a handful of codons that encode pro-
tein residues needed for the ligand-binding properties of
the receptor. The result is a reprogrammed hummingbird
TAS1R1-TAS1R3 system that favours sucrose, fructose
and the sweetener sucralose over alanine and serine
[14]. The umami receptor was hereby transformed into
a sweet taste receptor. This example illustrates how se-
lective gene mutations can help to optimise the strategy
of a species to find available food in its ecological
niche.

Beyond the horizon of the next research grant

The three examples discussed in the previous section indicate
that a comparative genomic approach can provide new infor-
mation on the mechanisms via which genomes evolved to-
wards a workable match between encoded proteins and the
natural environment. Recent research indicates that this ap-
proach can be scaled up considerably. At the time of writing,
the genomes of more than 75 mammalian species and 51
different birds are available in public databases (www.ncbi.
nlm.nih.gov/gene/ accessed 9 April 2015). At the end of
2014, a series of articles was published that presented the
results of a comparative genome analysis of a large dataset
including the genomes of 48 bird species, and one of those
studies traced the evolutionary history of the explosive
radiation of most current species [2]. This year we also
celebrate the 50th anniversary of Gordon Moore’s prediction
that the overall processing power of computers doubles every
few years. Although the rate of growth of computational
power has tended to decline a bit over the past years, there is
little reason to doubt further growth during the next decades.
Thus, we can anticipate significant up-scaling of the capacity
for DNA analysis and the power to mine datasets of gigantic
proportions. Understanding and preserving biodiversity could
be the prime driving force behind sequencing the genomes of
many hundreds of other vertebrate species. This effort would
gain value if it led to a deeper understanding of how the
inherited DNA sequence information contributes to fitness in
a competitive world. For example, from a metabolic point of
view, it seems relevant to understand how genes that encode
enzymes or metabolic regulatory proteins contribute to the
adaptation of a given species to the food it needs to survive.
We are largely lacking this type of understanding today.
Instead, we use model organisms such as genetically modified
mice, which sometimes have their own artefacts [15], in an
attempt to understand the underlying mechanisms in human
diabetes. We cannot ignore the fact that these model organ-
isms evolved over millions of years towards a specific match
between metabolism and diet. It would be wrong to state that
every species succeeded in finding a perfect match, and evo-
lution could be seen as an experiment ‘in progress’ with many
failures. In a world that rapidly changes, e.g. by global
warming, the reasonable match of yesterday may rapidly shift
into a lethal mismatch of tomorrow, and extinction events
could be a possible outcome when genes have no time to
mutate. Another limitation of the current working hypothesis
is that other major environmental factors, such as defence
against pathogens may shape the evolution of a species and
its metabolism, as illustrated by mutations in the gene
encoding human glucose-6-phosphate dehydrogenase in areas
where malaria is endemic [16]. Finally, it should be noted that
some differences between genomes were established by ran-
dom drift rather than by positive selection. Nevertheless, it
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seems reasonable to underline our lack of understanding of
how different species match the sequence of their genes to the
challenge of nutrient detection and integrated metabolism im-
posed by a certain type of diet. Much fundamental research is
needed for a deeper level of understanding that may bring us
to new directions currently hidden by the horizon. When the
enormous dataset of natural DNA variation between species is
linked to the specific DNA mutations that are linked to human
diabetes we may expect novel approaches to understand dia-
betes, in order to cure tomorrow’s patients and prevent disease
in others.
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