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The Southern Ocean surrounding Antarctica offers a
uniquely stable thermal environment where cold adaptation of
fishes has occurred, obviating the need to retain the functional
plasticity required in more variable ecosystems. Notothenioidei,
the dominant Antarctic fish suborder, offers opportunities for
identification of the biochemical characters or the physiological
traits responsible for thermal adaptation. In the process of cold
adaptation, the evolutionary trend of notothenioids has shaped
unique specialisations, including modification of hematological
characteristics, e.g., decreased amounts and multiplicity of
hemoglobins. The Antarctic family Channichthyidae (the noto-
thenioid crown group) is devoid of hemoglobin. Our recent dis-
covery of neuroglobin in the brain of three species of red-
blooded notothenioids and in at least 13 of the 16 channichthyid
species, as well as the identification of a single a-globin gene
in the brain of a red-blooded species, has potential implications
in our understanding of the function of this protein and suggests
future avenues of investigation.
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Elucidating molecular mechanisms of protein cold adaptation
is one of the main goals in evolutionary biology, although
many questions remain unanswered as yet, because of the diffi-
culty to mechanistically link the structure and function of pro-
teins and genes to species fitness (/). Currently, there is a grow-
ing interest in polar marine organisms and how they have
evolved at constantly cold temperatures. More important, life
sciences are not the only area to gain key insights from study-
ing biological communities inhabiting the polar environments.
In fact, understanding how polar ecosystems respond to climate
change has global significance (2, 3).

Fishes thriving in polar habitats offer many opportunities for
comparative approaches aimed at understanding thermal adapta-
tions and their ability to counteract ongoing climate changes.
Historically, studies on the molecular mechanisms underlying
fish biodiversity and thermal adaptations in extreme cold envi-
ronments had found their natural scenario in the most extreme
marine habitat on earth, the Antarctic Ocean. The variety of
adaptations underlying the ability of modern Antarctic fish to
survive at the freezing temperatures represents the extreme of
low-temperature adaptations found among vertebrates (4). In
the Southern Ocean, Notothenioids underwent impressive diver-
sification that led them to fill the numerous ecological niches
left empty because of the establishment of colder conditions
and the effective isolation of the Southern Ocean by the Ant-
arctic Circumpolar Current (ACC) (4, 5). In the Arctic, there
has been no comparable adaptive radiation of a fish group prob-
ably because tectonic events never isolated the northern land
masses and their continental shelves, and there are no major
oceanographic barriers limiting species distribution and gene
flow (4, 5). Therefore, the conditions that favoured evolution in
isolation as it occurs in the Southern Ocean are not met in the
Arctic (4).

Notothenioidei, mostly confined within Antarctic and sub-Ant-
arctic waters, are the dominant component of the Southern Ocean
fauna (Fig. 1). The availability of notothenioid taxa living in a
wide range of latitudes (Antarctic, sub-Antarctic, and temperate
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Figure 1. Phylogenetic tree depicting interrelationships among notothenioid families, based on morphological and molecular data.
Some physiological innovations are indicated (grey-filled circles). Numbers indicate the number of species in each family. C, Cotto-
perca gobio; B, Bovichtus; Ps, Pseudaphritis urvillii; E, Eleginops maclovinus; N/P, Notothenia/Paranotothenia group; G, Gobiono-
tothen; T/P, Trematomus/Pagothenia group; L/P, Lepidonotothen/Patagonotothen group; D/P, Dissostichus/Pleuragramma group
(“pelagic group”). Modified from (6).
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Figure 2. Hemoprotein loss in the icefish family. The loss of globin genes and the expression of Mb are mapped on a consensus
phylogeny of Channichthyidae (16). The green-filled circle represents the loss of the ability to express Hb, which probably occurred
in the ancestral channichthyid. The thick black line traces the retention of adult «- and f-globin genes by N. ionah. The yellow-
filled circles indicate the four independent mutational events that explain the loss of Mb expression. Modified from (/7). [Color fig-
ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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regions) offers a remarkable opportunity to study the physiologi-
cal and biochemical characters gained and, conversely, lost in
response to cold and to reconstruct the likely evolutionary events
leading to the ability to carry oxygen in cold habitats (7).

Hemoglobin (Hb) has generally been regarded as a sine qua
non factor for oxygen transport in vertebrates (§—/0). What a
surprise it must have been to physiologists when icefishes (fam-
ily Channichthyidae, the most derived family of the suborder
Notothenioidei) have been reported as “vertebrates without
erythrocytes and blood pigment” (/7). All extant icefish species
lack Hb (/2-14) and many have lost myoglobin (Mb) expres-
sion (/5) (Fig. 2). Oxygen delivery to tissues occurs by trans-
port of the gas physically dissolved in the plasma (/8, 79).
Investigations on icefish as yet elicit questions such as “How
were these conditions developed?”

Although in humans and most vertebrates, mutations in the
o- or 3-globin genes often cause severe genetic diseases (8—10),
in icefish they are correlated to large increases in cellular mito-
chondrial density, blood volume, and heart size. The homeo-
static activity of nitric oxide (NO), a key modulator of angio-
genesis and mitochondrial biogenesis, probably facilitates the
evolution of these compensatory characters (20). Sidell and
O’Brien (/7) have suggested that the evolution of the cardiovas-
cular adaptations was “jump-started” by homeostatic NO
response. Note that NO stimulates mitochondrial biogenesis, so
that expansion of tissue capillary density, enlargement of the
heart, and increased mitochondrial density in heart and other
aerobic tissues may occur in organisms subjected to chronic ele-
vation of NO (27, 22). As pointed out by Sidell and O’Brien
(17) being the icefishes natural knockouts, they offer remarkable
advantages to answer intriguing questions more than the experi-
mentally produced knockouts for Mb expression in mice (23,
24). However, Mb deletion in mice leaves the cardiac function
uncompromised, probably because of the development of multi-
ple compensatory mechanisms (23, 24). These adaptation mech-
anisms strongly support the crucial role of Mb in facilitating ox-
ygen delivery to cardiomyocites (25, 26). All these physiologi-
cal responses match the icefish phenotype (20).

However, the development of the compensatory physiologi-
cal and circulatory adaptations in icefishes argues that the loss
of Hb and erythrocytes was probably maladaptive under condi-
tions of physiological stress (/7). The evolutionary development
of an alternative physiology based on the hemoprotein-free
blood may adequately work in the cold for notothenioids, and
in general loosing globin genes may not be lethal in thermo-
stable environments (27). The benefits due to these losses
include reduced costs for protein synthesis (28). Because the de-
letion of Mb in mice leads to enhanced sensitivity to NO (29),
the question “How may icefishes cope with NO despite the lack
of Hb and Mb?” is timely.

Novel globins, such as neuroglobin (Ngb) and cytoglobin,
have been recently described in many vertebrates (30, 37). Ngb
is a monomeric globin displaying the classical vertebrate fold-
ing 3/3 (32, 33). The protein is able to bind oxygen and other

ligands and it is transcriptionally induced by hypoxia and ische-
mia (34). Ngb is mainly expressed in retinal neurons and fibro-
blast-like cells and plays a neuroprotective role during hypoxic
stress (34). Although many other roles have been suggested,
including scavenging of reactive nitrogen and oxygen species
(35), signal transduction (36) and regulation of apoptotic path-
ways (37), the Ngb physiological function is still unknown.

Our recent discovery of Ngb in the brain of red-blooded
notothenioids (Dissostichus mawsoni, Gymnodraco acuticeps,
and Bovichtus variegatus) and in at least 13 of the 16 channich-
thyid species, as well as the identification of a single o-globin
gene in the brain of D. mawsoni (38), open the question “what
is the role of Ngb in fishes lacking Hb and Mb?”.

The finding that icefish retains the Ngb gene, despite having
lost Hb and Mb in most species, is very intriguing. Whether
these globin genes are expressed is the next important question,
to be followed by others, such as “if brain does express o glo-
bin, why would it do so?”. Although the functions of these
monomeric globins in the brain are not well understood as yet,
this discovery may have important implications in the physiology
and pathology of the brain. To our knowledge, the expression of
a single globin gene in non-erythroid cells has been reported in
two cases only, i.e., in activated macrophages from adult mice
and lens cells (39) and in alveolar epithelial cells (40).

Although these results have yet to be extended to other noto-
thenioid species, the finding that a single a-globin gene is pres-
ent in non-erythroid tissues opens new perspectives on the roles
played by these monomeric vertebrate globins, including gas
exchange, NO metabolism, and protection against oxidative and
nitrosative stress. Moreover, a monomeric globin may function
by mimicking the role of Mb in oxygen storage. The protection
against oxidative stress is very likely because at low tempera-
ture the increased gas-solubility increases the production rate of
reactive oxygen species (38). These results, if confirmed in
other species, raise important questions in genetics, physiology,
development, hematology and, more in general, evolution.

Polar fish are a suitable model to learn more about the func-
tion of globins in the brain, and especially about their role in
species devoid of Hb and Mb. In particular, modern Notothe-
nioidei appear to be the end result of an extraordinary natural
experiment, as they possess the exceptional physiological fea-
tures (both adaptive and non-adaptive) engineered by organisms
that live at permanently cold temperatures.
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New Question
1. What is the relationship between epigenetic and genetic
regulation in tumour progression?




