POLISH POLAR RESEARCH (POL. POLAR RES)
POLSKIE BADANIA POLARNE

2] 12 109—129 1981

Ewa SMIALOWSKA and Wincenty KILARSKI
Department of Comparative Anatomy, Institute of Zoology,
Jagiellonian University, Krakoéw

Histological analysis of fibres
in myotomes of antarctic fish
(Admiralty Bay, King George
Island, South Shetland
Islands) I. Comparative
analysis of muscle

fibres size *)

ABSTRACT: Studies were performed on two species of fish from family Chaenichthyidae
and on seven species of family Nototheniidae. Statistical analysis of the subcutaneous :
and trunk muscle fibres diameter from the trunk and tail area allowed to state that '
the thickness of these fibres is inversely proportional to the metabolism level of fish.
The inter-species similarities were found, but they were not found within families, if their
representatives differed in metabolic level.
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1. Introduction

Established range of the cell size is one of the cytological features of
each class of vertebrates (Szarski 1976). Animals of large variety of sizes
are met within each class, but their size does not often correlate to the
size of their cells. Suggestions that the size of cells, thus also of muscle
fibres were genetically controlled, were published in the middle of XIX
century (Bowman, acc. to Joubert 1956). Observations carried out on
muscle fibres of mammals indicated, on one hand, lack of correlation
between the size of the fibres and the size of the animal (Warringsholz acc.
to Joubert 1956). but on the other hand, the investigations of Gauthier
and Padykula (1966) showed clearly the existence of such relation.

*) Financed by Polish Academy of Sciences, project Mr. II. 16. Research completed
during the Third PAS Expedition to Arctowski Station (King George Island) directed by
Dr. S. Rakusa-Suszczewski.
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Observations made for the class of birds by George and Naik (acc.
to Stickland 1975) show that thickness of the muscle fibre increases with
the increase of the bird’s weight.

The class of fish, similarly to birds (Nitecki 1972), has small cells,
with the simultaneous wide range of size. While studying the correlation
of the size of muscle fibres of various animal species, their body weight
was generally used as an index of their size. Fairly uncomplicated silhouette
of fish enables to use also other size parameters, such as volume and
slimness (Stickland 1975), which determine more precisely the behaviour
of studied species.

The comparison of the volume and slimness of fish with the size of
their muscle fibres appears to show that the diameter of fibres increases
with the increase of body volume, but decreases with the increase of fish
slimness (Stickland 1975). Considerable slimness of the fish body is usually
characteristic for quick swimming fish and, what follows, for those with
high metabolic activity. The presence of small muscle fibres in such fish
seems understandable, and has been also confirmed by studies of mammals
(Gauthier and Padykula 1966).

Apart from the existence of the obvious correlation between the ratio
of red to white fibres, and the way of fish swim (Boddeke, Slijper and
van der Stelt 1959, Mosse and Hudson 1977) we assumed the existence
of correlation between the thickness of muscle fibres and fish metabolism.

Up to now no studies of the above correlations have been done on
antarctic fish, which are the object of our research. The purpose of the
present paper is to establish to what extent the size of muscle fibres is
related to fish metabolism and to what extent it is genetically conditioned.

2. Material and methods

Nine species of antarctic fish were selected for studies, including two
species of ice-fish from family Chaenichthyidae: Chaenocephalus aceratus
(Lonnberg) and Champsocephalus gunnari Lonnberg, and seven species from
family Nototheniidae: Notothenia nudifrons Lonnberg, Notothenia gibberifrons
Lonnberg, Notothenia rossi marmorata Fischer, Notothenia corriceps neglecta
Nybelin, Trematomus bernacchii Boulenger, Trematomus hansoni Boulenger
and Dissostichus eleginpides Smitt. .

The fish were caught with a dip-net in Admiralty Bay, King George
Island (South Shetland Islands) at the turn of 1978/1979.

Adult individuals in good condition and of size approximating maximum
for a given species were chosen for investigations. After they had been
restored from the net the fish were weighed and measured, and muscle
samples were excised from the trunk — from the area in front of the dorsal
fin, and from the tail. Muscle samples were fixed in 5% glutaraldehyde
in phosphate buffer pH 7.4 at 4° C for about three hours, then rinsed
in this buffer and in running water for about 24 hours, and embedded
in gelatine. The gelatine blocks, prepared in the above way, were stored
in 2% formalin. The blocks were then frozen in the liquid nitrogen and
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Fig. 1. Values of muscle fibres diameters of nine species of antarctic fish compared
with the ¢2 index (x2/N)
a — musculus lateralis magnus from the trunk, b — musculus rectus lateralis from the trunk,
¢ — musculus lateralis magnus from the tail part, d — musculus rectus lateralis from the tail
part. The corresponding muscles of each fish were compared with each other (e.g. « — musculus
lateralis magnus of Champsocephalus gunnari with a — the same muscle of Chaenocephalus
aceratus, the obtained value of @2 is shown as a square located on the intersection of lines
drawn from “a” in column of Champsocephalus gunnari and from “a” in column of Chaenocephalus
aceratus), also both trunk muscles with two tail muscles of each fish were compared and the
obtained ¢2 values were presented as areas of squares. Index ¢2 is close to 0 if species are
very similar, thus small squares indicate large similarities of fibre diameters, and large squares —
small similarities, suggesting a considerable diversity of fish species.

10 pm sections were cut on a cryostat. Staining with Sudan black B allowed
to show the presence of sudanophilic and sudanophobic fibres, making
possible the distinguishing of the layer of subcutaneous red fibres and the
deeper layer of the white fibres.
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Several pictures were taken of histological sections in the light microscope
of both analysed muscles (musculus lateralis magnus and musculus rectus
lateralis) from trunk and tail parts of the fish body. The diameter of
fibres was measured from the films with a measuring magnifier. For each
fibre two diameters at the right angle to each other were measured and
then the average was calculated. 45 to 600 fibres of each studied muscle
were measured. The size distribution of fibres diameters was established
for each layer, the means and medians, also the y2 statistical analysis was
performed. The strength of interrelations of corresponding muscle layers of
all studied fish specws was calculated with the @2 index, to show the
similarity of these species. The obtained values of ¢2 are presented graphically
(Fig. 1) as squares, whose areas represent the strength of the interrelation
(¢?) of corresponding muscles.

The volume and slimness of seven fish species were calculated: V =

1 h-w-1
= —-:V— and using the coefficient 1/h, where: h — the greatest height

of fish, w — the greatest width of fish, 1 — length measured from the snout
to the base of the tail. The measurements were performed on preserved

fish. It was assumed that the ratio h : w :1 is constant for each species
(Stickland 1975) (Table I).

Table I
List of studied fish and their measurements

: Lenght Hight Width Slimness Weight

Species :
1 (mm) h (mm) w (mm) I/h ((3)
Chaenocephalus aceratus 530 120 92 441 2380
Champsocephalus gunnari 375 65 46 5.76 504
Trematomus bernacchii 165 41 27 4.02 110
Trematomus hansoni 305 *) — — — 455
Notothenia nudifrons 160 42 27 3.80 80
Notothenia gibberifrons 250 52 47 4.80 370
Notothenia rossi marmorata 295 70 56 421 615

Notothenia corriceps

neglecta 315 87 72 3.62 780
Dissostichus eleginoides 630 *) — — — 3500

*) Measurements of alive fish

Diameters of the muscle fibres of both muscles from the trunk and
tail of the seven species of fish were related to their volume and slimness
~using the regression equation and correlation coefficient.

3. Results

The studied muscles, musculus lateralis magnus and musculus rectus lateralis
make up the biggest portion of the mass of fish muscles. The first of
these muscles is composed of white fibres, the second one — of red ones,
in - the majority of fish. Layers or groups of muscles of intermediary
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character, or not fitting any histological criteria of metabolic classification
of fibres (Bone 1978, Willemse and de Ruiter 1979) can also be
frequently found.

The fish muscles are built of myomers laying next to each other and
containing both types of fibres. The course of muscle fibres and their
thickness differs in two areas of the fish body under examination — in trunk
and tail parts. Our observations show that the diameters of cross-sections
of musculus rectus lateralis are larger -in the tail part than those in the
trunk part. The white fibres of musculus lateralis magnus from the trunk
are larger than those from the tail part, except for one species (Champsocephalus
gunnari).

Chaenichthyidae

Two species of this family were analysed.
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Fig. 2. The size distribution of muscle fibres diameters from the trunk (A4) and tail part (B)
of Chaenocephalus aceratus
1 — musculus rectus lateralis, 2 — musculus lateralis magnus. Fibre diameters in 20 pm classes.
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Chaenocephalus aceratus

Musculus rectus lateralis of the trunk part consists in 1/3 of small
diameter fibres (40 pum), although muscle fibre diameters over 300 pm can
also be found (Figs. 2 A and 3). Musculus lateralis magnus fibres in’ the
trunk demonstrate high diversity of diameters (20—450 pm). ‘There is about
75% of large diameter fibres (Fig. 4), but there are also fibres of very
small diameters (20—50 um).

The red fibres of the musculus rectus lateralis in the tail of this species
have higher mean diameter (153 pm) than those in the trunk (Fig. 2 B).

Majority of musculus lateralis magnus fibres have diameters nearly half
as small as (mean 233 pm) those in the trunk (Fig. 2 B).

The size distribution of red fibre diameters from the trunk is positively
oblique, from the tail symmetric, and the size distribution of white fibres
from both regions of fish body is negatively oblique.
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Fig. 5. The size distribution of muscle fibres diameters from the trunk () and tail part (B)
of Chumpsocephalus gunnari
Explanation see Fig. 2.
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Fig. 3. The cross-section of musculus rectus lateralis of Chaenocephalus aceratus

from the trunk
The majarity of fibre pcpulation is composed of thin fibres, although thick
fibres are also present. Thick and medium fibres are more heavily stained by
Sudan black B than thin fibres. Magnification 220x

(Photo E. Smiatowska)
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Fig. 4. The cross-section of musculus lateralis magnus from the trunk of Chaeno-
cephalus aceratus
This muscle is composed of fibres of very large diameters and small content of
mitochondria. Magnification 220 x

(Photo E. Smialowska)
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Champsocephalus gunnari

The second species investigated which has a small amount of erythrocytes
was Champsocephalus gunnari. Like Chaenocephalus aceratus it is characterized
by fairly large sizes of cross-sections diameters of muscle fibres.

The diameters of the musculus rectus lateralis red fibres from the trunk
are 20—100 um in nearly 909, although thicker fibres, with diameters up
to 180 um can also be found (Fig. 5 A).

The average fibre diameter of musculus lateralis magnus is 145 pm,
there are also some fibres in size classes 20—60 pum, and 280—300 pm.
Two fractions of fibres can be distinguished. The first, small, includes the
fibres of diameters up to 80 um, the second amounting 40% of all fibre
population contains fibres up to 160 pm in diameter, about 309 — from
160 to 300 um (Fig. 5 A).
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Fig. 6. The size distribution of muscle fibres diameters from the trunk (4) and tail part (B)
of Notothenia nudifrons
Explanation see Fig. 2.



116 E. Smiatowska and W. Kilarski

The musculus rectus lateralis trom the tail part of Champsocephalus
gunnari consists of sudanophilic fibres of more differentiated diameter sizes
than in the trunk. About 75% fibres are within the size class 20—120 pm,
the rest consists of much thicker fibres reaching up to 300 um (Fig. 5B).

Musculus lateralis magnus of the tail part has a large variety of fibres
diameters (20—320 pum), and nearly equal presence of all size classes of
fibres (except the two first and the last class) in the muscle (Fig. 5 B).

The size distributions of fibre diameters of the studied muscles are
positively oblique for both trunk and tail parts.

Nototheniidae

The analysis of the muscle fibre size distributions of four species of the
genus Notothenia: Notothenia nudifrons (Fig. 6), Notothenia gibberifrons (Fig. 7),
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Fig. 7. The size distribution of muscle fibres diameters from the trunk (4) and tail part (B)
of Nototheniu gibberifrons
Explanation see Fig. 2.
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Fig. 8. The size distribution of muscle fibres diameters from the trunk (4) and tail part (B)
of Notothenia rossi marmorata
Explanation see Fig. 2.

Nototheniu rossi marmorata (Fig. 8) and Notothenia corriceps neglectu (Fig. 9)
showed that all these species have a very similar distribution of the muscle
fibre diameters.

Notothenia nudifrons

Small fibres (10—40 pm) dominate among the red fibres of the trunk,
and amount to 65% of the all fibres; the diameter of the thicker fibres
does not exceed 120 um (Fig. 6 A). '

The white fibre population of the musculus lateralis magnus consists of
two fractions, one with the fibres 100—140 pm in diameter, the other with
diameters 200—300 pm (Fig. 10). The number of fibres in both fractions
is about the same (Fig. 6 A).

The size distribution of fibres in the tail part is quite different. The
red fibres in this body region form two distinct fractions (contrary to the
trunk part). One of the fractions consists of fibres of small diameters
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Fig. 9. The size distribution of muscle fibres diameters from the trunk (4) and tail part (B)
of Notothenia corriceps neglecta
Explanation see Fig. 2.

(12—40 pm) and make up 329, of the fibres, the other (42Y,) contains
fibres 80—200 um in diameter (Fig. 6 B).

The white fibres of the musculus lateralis magnus show a significant
uniformity of diameters (100 pm) (Figs. 6 B and 11).

All size distributions of the fibre diameters of both fibre types in both
regions of body are positively oblique.

Notothenia gibberifrons

The structure of the musculus lateralis magnus is quite homogenous,
since as much as 859 of fibres are within the size classes 0—60 pm,
although fibres of larger diameters (up to 180 um) are sporadically found
(Fig. 7 A).

Musculus lateralis magnus of this part of the body is made mainly
of white fibres (nearly in 70%) of 60—160 um in diameter. The larger
fibres (diameters up to 180 pm) also make up a fairly large (30%) part
of its structure (Fig. 7 A).
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Fig. 10. The cross-secticn of musculus lateralis magnus of Notothenia nudifrons
from the trunk
The picture presents a large diversity of the size of muscle fibres. Groups of
lipid droplets and mitochondria are evenly distributed on the whole saction.
Magnification 220 x

(Photo E. Smiatowska)

Fig. 11. The cross-section of musculus lateralis magnus of Notothenia nudifrons
from the tail part of body

This muscle is composed of uniform, relatively small fibres (100 wm in diameter).

The lipid droplets and mitochondria groups are visible in fibres. Magnification 220 x

(Photo E. Smialowska)



Fig. 12. The cross-section of musculus rectus lateralis of Notothenia corriceps
neglecta from the tail part of body
This muscle is composed of thin fibres with large content of lipid droplets and

mitochondria. The fibres reveal small variation of diameters. Magnification 220 x
(Phote E. Smiatowska)

Fig. 14. The cross-section of musculus lateralis magnus of Trematomus barnacchii

from the tail part
This muscle is composed of two distinct fractions of
fibres. Magnification 220 x

fibres — thin and thick

(Photo E. Smiatowska)
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The subcutaneous fibres in the tail part have the size distribution very
similar to the corresponding fibres in the trunk; although their mean diameter
is bigger (47 um) (Fig. 7 B).

The structure of the musculus lateralis magnus of the tail is characterised
by small range of the fibre diameters (40—160 pum), with 35% of fibres
60—140 pm in diameter (Fig. 7 B).

. The size distribution of fibre diameters in size classes in both fibre
types, in both studied part of fish body are positively oblique.

Notothenia rossi marmorata

The trunk red fibres of this species are characterised by a large uniformity
of fibre sizes, just as in the species described above. About 849, of fibres
are within the size classes of diameters 0—60 pum, although there is also
a small percentage of fibres up to 180 ym in diameter (Fig. 8 A).

The white fibres of the musculus lateralis magnus of the trunk can be
devided into two fractions. The first, the smaller one (about 33%), is
composed of fibres of 80—140 pum in diameter, the second, composed of
fibres of 100—220 um in diameter makes up 519 of all the fibres.
Much smaller (30 um) and much larger (302 pm) single fibres were sporadically
found (Fig. 8 A).

The subcutaneous fibres of musculus lateralis magnus have on the average
a larger diameter in the tail part of the body (53 pm), than in the trunk
(39 um), but the diameters of the thickest fibres do not exceed 120 pm.
The majority of fibres (77%) are within the size classes of diameters
20—80 um (Fig. 8 B).

The white fibres of the musculus lateralis magnus in this region of body
have their diameters nearly twice as small as those of the fibres of the
same muscle in the trunk. Besides, distinct fractions of fibres, observed
in the trunk do not appear here. The majority of fibres (60%) measure
40—100 pm in diameter, although there are also nearly 299, of fibres
measuring 100—220 um in diameter (Fig. 8 B).

The size distribution of the musculus rectus lateralis fibres of both
analysed regions of Notothenia rossi marmorata body are positively oblique.
The distribution of the white fibres diameters in the trunk is negatively
oblique, and in the tail part — positively oblique.

Notothenia corriceps neglecta

Musculus rectus lateralis of the trunk consists of muscle fibres of 20—80 pm
in diameter of cross-section, which amount to 73% of all fibres. Single
fibres up to 180 um in diameter can also be found (Fig. 9 A).

Musculus lateralis magnus contains fibres of diverse diameters in size
classes 20—340 pm, although those with diameters 120—240 um dominate
(239 of all fibres) (Fig. 9 A).

The fibres of musculus rectus lateralis of the tail part are uniform
in their diameters. Fibres of 60—80 um (Fig. 12) in diameter make up
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439, of this muscle, 379, of fibres belong to two neighbouring size classes
(Fig. 9 B). ,

The diameters of white muscle fibres in the tail part are within size
classes 0—280 pm, their mean diameter of cross-sections being 121 pm.
About 36%, of the fibres is contained in size classes 80—120 ym (Fig. 9 B).

The size distribution of fibre diameters of musculus rectus lateralis
is positively oblique for the trunk, while for the tail part it is negatively
oblique. The size distribution of fibre diameters of musculus lateralis magnus
the two areas investigated is positively oblique.

Genus Trematomus also belongs to the family Nototheniidae. Specimens
of two species of this genus were also an object of analysis of muscle
fibres composition. Both these species differ significantly as to fibre diameters
and the configuration of the fibre size distribution.

Trematomus bernacchii

Musculus rectus lateralis is composed in 609 of fibres 20—80 pm
in cross-section diameter. Diameters of the thickest fibres are below 140 pm,
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Fig. 13. The size distribution of muscle fibres diameters {rom the trunk (A4) and tail part (B)
of Trematomus bernacchii
Explanation see Fig. 2.
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but they form a fraction of a percent; fibres of the class 0—20 pm,
though, form nearly 139, of the muscle (Fig. 13 A).

Musculus lateralis magnus in the trunk contains the fibres of 20—340 pm
in diameter. Fibres of the size class 80—100 pm form 199 of all fibres,
the number of fibres in succesive ten classes decreases gradually (Fig. 13 A).

Contrary to the trunk, in the tail part of musculus rectus lateralis
there are two clearly distinct classes of fibres (20—60 pum). Small fibres
are scarce, fibres of diameter over 60 pm are quite numerous (44%;), the
largest reach 163 pm in diameter (Fig. 13 B).

The white fibres population in the tail part are composed of two quite
different fractions (Fig. 14). The first consists of fibres of 40—100 um in
diameter (49%, of all fibres), the second — less numerous (309 of all fibres) —
of fibres in diameter classes 120—180 pm. Larger fibres, even up to 240 um,
can also be found and few very small fibres (0—40 um), too (Fig. 13 B).

The size distribution of muscle fibres diameters in the two muscles
investigated for both regions of fish body are positively oblique.

Trematomus hansoni

The fibres of the musculus rectus lateralis with diameters in size class
20—40 um make up nearly 389, of all fibres in this muscle in the trunk.
The mean diameter of the fibre cross-sections equals, however, 51 pm
as numerous fibres have larger diameters, even up to 152 um (Fig. 15 A).

Musculus lateralis magnus in the trunk is composed of thick fibres.
The highest number of fibres (23% of all fibres) is in the size class
140—160 pm, and in subsequent classes their number gradually decreases.
Fibres with diameter over 300 pm can also be found, but none were
observed below 80 pm in diameter (Fig. 15 A).

The subcutaneous fibres of musculus rectus lateralis are over twice as
large in the tail part as in the trunk. They are also more varied in their
size (20—280 um), but 619, of all fibres measure 80—140 pum in diameter.
This feature clearly distinguishes Trematomus hansoni from Trematomus
bernacchii, and from all other species in the family Nototheniidae (Fig. 15 B).

Muscle fibres of musculus lateralis magnus are characterised by slightly
larger variety of diameters in the tail part (60—340 pum), than in the trunk.
The majority of fibres of this muscle (57%]) measures 100—160 pm in
diameter. The subsequent size classes of fibres (160—300 pm) are nearly
equally numerous (3—5% of all fibres each) (Fig. 15 B).

The size distributions of fibre diameters of muscles in the two investigated
parts of fish body were positively oblique.

Dissostichus eleginoides

This was the only available representative of genus Dissostichus. Both
muscles under investigation are characterised by small diameters of their
fibres in trunk as well as in tail parts.



122 E. Smialowska and W. Kilarski

&~
o
|
]
wv
>

30 A

20 ]

Z/
%

Contribution in samples (%)

V7

K 200 300 400
Diameter of fibres (um)

B 1
40 x=114
Md=112

0o 2
xX= 147
30 | Md= 133

Contribution in samples (%)

100 200 300 400
Diameter of fibres (um)

Fig. 15. The size distribution of muscle fibres diameters from the trunk (A4) and tail part (B)
of Trematomus hansoni
Explanation see Fig. 2.

Fibres diameters of musculus rectus lateralis in the trunk measure in
single cases up to 121 pm, but the majority of them (68%) does not
exceed 40 um (Fig. 16 A).

Fibre diameters of musculus lateralis magnus of this body region are
in classes 0—200 pm with the majority of them (699,) of 40—100 pm
in diameter (Fig. 16 A).

A very similar distribution of the fibres diameters of both muscles
was found in the tail part of fish body. Fibres 20—60 um in diameter
make 74% of all fibres in musculus rectus lateralis, so its structure is
quite uniform, although six subsequent classes (80—200 pum) occur there,
too (Fig. 16 B).

The white fibres are in size classes 0—240 pm and their average diameter
is 68 pm. Fibres 20—80 um in diameter form about 66°, of all fibres
(Fig. 16 B).

The size distributions of muscle fibre diameters of both muscles investigated
in the trunk as well as in the tail are positively oblique.
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Fig. 16. The size distribution of muscle fibres diameters from the trunk (4) and tail part (B)
of Dissostichus eleginoides
Explanation see Fig. 2.

4. Discussion

The fish of the Antarctic Ocean basin live in specific physico-chemical
conditions of their environment. The low water temperature, close to 0° C,
- does not change much (+ 1.5° C) during the year. Simultaneously the oxygen
saturation of water is close to maximum values and attains 0.7%, (Ruud 1965).
Uniform oxygen content and water temperature are maintained in even large
depths due to the strong water circulation caused by various factors. These
unique conditions made possible the forming of numerous endemic species,
or even families. One of the main physiological features of described endemites
is relatively low metabolism (Hureau et al. 1977), which in the case of
family Chaenichthyidae reached extreme low values (Ralph and Everson
1968, Hemmingsen, Douglas and Grigg 1969). This was followed by
numerous biochemical and morphological adaptations, which led among
others, to the lowering of hemoglobin and myoglobin content (e.g. genus
Trematomus — Hureau et al. 1977), to the reduction of the number of
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erythrocytes to less than 1 mln in 1 cm3 of blood in comparison to
other non antarctic Teleostei (e.g. genus Notothenia — less than 1x 106/1 cm3,
other Teleostei — 1—2 x 106/1 c¢cm3, Tyler 1960).

The family Chaenichthyidae members contain the lowest number of
erythrocytes ever found (e.g. Chaenocephalus aceratus — 40 in 1 cm3 of blood,
Hureau et al. 1977), the lowest hemoglobin content, the lowest metabolism
(Hemmingsen, Douglas and Grigg 1969) and they lack myoglobin in
skeletal muscles (Hamoir 1978). Against this background certain dependencies
between the size of muscle fibres and fish metabolism could be outlined.

The presence of the largest fibres was observed for both species of
ice-fish, which are also characterised by the lowest metabolism of all fish
studied. This is so especially for Chaenocephalus aceratus (Hureau et al. 1977),
a typical near bottom species, feeding mainly on krill, and hunting only
sporadically (Holeton 1970). Slightly smaller fibres were found in Champ-
socephalus gunnari, which, although a white blooded species, is a pelagic
one (Holeton 1970) and therefore its metabolism should be higher (lack
of data). The subcutaneous fibres of both species are also large (Figs. 2
and 5) when compared to other species investigated, thus also these fibres
have low metabolism. However, the presence of mitochondria (red fibres)
(Fig. 3) indicates the oxygen type of metabolism contrary to that of white
fibres (Fig. 4). These fibres are located close to the skin well supplied
with blood vessels (Jakubowski, Byczkowska-Smyk and Michalev
1969), which makes easier the direct and fast supply of oxygen and does
not limit their growth in thickness. ,

The exchange of oxygen in these fish takes place without mediation
of hemoglobin, thus the importance of capillary bed is not as great as for
red blooded fish. It was found that respiration occurs to a large extent
through the skin (Hemmingsen and Douglas 1970), well supplied with
blood vessels (Steen and Berg 1966, Jakubowski, Byczkowska-Smyk
and Michalev 1969), from which oxygen can reach the tissues through
the body fluids. Our preliminary observations have also shown, that the
few capillary vessels in muscles are minute and have a thick walls, thus
their importance in the distribution of the oxygenated plasma is disputable.
As compared with other fish a considerably lowered content of lactic acid
was found (Hemmingsen, Douglas and Grigg 1969) and only a small
difference in its content in arterial and venous blood. This results from
the low muscle metabolism of these fish, which is based mainly on the
aerobic decomposition of carbohydrates. In this situation a high ratio
of the surface to the volume of muscle fibre would not be an indispensable
condition for its proper functioning. Therefore, it seems that natural selection
favoured thick fibres of muscles. With such a low metabolism characteristic
for these fish every decrease in energy expenditure is particularly favoured
by natural selection. Szarski (1968, 1976) formulated a hypothesis, that
the increase of cell size, which took place several times during evolution
of vertebrates, was caused by energy savings. A low ratio of the surface
to the volume of fibres is advantageous from the energetic point of view,
as less energy is used for preserving the electrochemical gradient of the
cell membranes of the smaller number of thick fibres, than of the larger
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number of thin fibres, when the mass of muscle remains the same. The
differences in the size of fibres of both ice-fishes investigated mirror, as we
think, the differences in their behaviour. This is also supported by differences
in the shapes of their body, the ratio 1/h (length to height) indicates the
larger slimness of Champsocephalus gunnari body. Finally factor ¢2 indicates
a small similarity of Chaenocephalus aceratus to Champsocephalus gunnari
(Fig. 1).

Genus Trematomus differs from the remaining species of family Noto-
theniidae as to the size of fibres. Both species of this genus have the
thickest fibres, which is connected with relatively low metabolism and small
content of erythrocytes (Hureau et al. 1977). In that respect both these
species are more similar to the ice-fish than to the remaining membres
of family Nototheniidae. But Trematomus bernacchii and Trematomus hansoni
are much more similar to the four remaining species of the genus Notothenia
as far as the thickness of their muscle fibres is concerned. This results
probably from the closer family relation within Nototheniidae and from
similar near bottom way of life.

The fish of the genus Notothenia are characterised by metabolism
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Fig. 17. The correlation of slimness (log 1-h 1) and volume (log V) of five species
from family Nototheniidae (Notothenia nudifrons, Notothenia gibberifrons, Notothenia rossi
marmorata, Notothenia corriceps neglecta and Trematomus bernacchii) with their muscle

fibre diameters (in the trunk)
I — musculus lateralis magnus — equation of regression: D = 247.2-181.6 x log l-h1,

Il — musculus rectus lateralis — equation of regression: D = 44; Il — musculus lateralis
magnus — equation of regression: D = 141.6+ 1.85 x log V; IV — musculus rectus lateralis —
equation of regression: D = 43.89+0.05 x log V. * ice-fish (Chaenocephalus aceratus
and Champsocephalus gunnari) were omitted in correlation calculation as it appears to be very
different in fibre diameter size from the other fish.
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relatively high for antarctic fish (Hureau et al. 1977), and also by the
highest content of erythrocytes. Both these features are lineary related,
and influence the very similar distribution of muscle fibres of these fish.
On the basis of calculations it can be said, that the slimness of these fish
is inversely correlated with the size of diameters of muscle fibres. The
correlation coefficients do not confirm such correlation, which may be
caused by small number of studied species, but regression analysis indicates
the possibility of the existence of such tendency (Figs. 17 and 18). No
correlation between the fish volume and diameter of fibres, observed by
Stickland (1975) for coral reef fish, was found.

The analysis of the diameter distribution of muscle fibres of Dissostichus
eleginoides confirms our previous expectations concerning the dependence
of the thickness of fibres from the behaviour of fish. Dissostichus eleginoides
is a predatory pelagic fish, thus its metabolism is possibly highest among
all species studied by us, which is confirmed by the studies of de Vries
et al. (1974) on Dissostichus mawsoni. The presence of small muscle fibres
clearly distinguishes this species from family Chaenichthyidae, also from
the genus Trematomus, but there is a similarity to fish of the genus
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Fig. 18. The correlation of slimness (log 1-h !) and volume (log V)

of five species from family Nototheniidae (Nototheniu nudifrons, Notothenia gibberifrons,

Notothenia rossi marmorata, Notothenia corriceps neglecta, Trematomus bernacchii)

with their muscle fibre diameters (in the tail)

| — musculus lateralis magnus — equation of regression: D = 161.2—101.6 x log 1-h 1,
Il — musculus rectus lateralis — equation of regression: D = 123.6-113.3 x log 1-h 1,

111 — musculus lateralis magnus — equation of regression: D = 96.6+3.59 x log V;

IV — musculus rectus lateralis — equation of regression: D = 86.78 - 12.39 x log V.

* jce-fish (Chaenocephalus aceratus and Champsocephalus gunnari) not considered

in correlation calculations.
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Notothenia, especially in the size distribution of fibres of musculus rectus
lateralis in the trunk and tail part of body (Fig. 1).

The discussion presented above concerning the mechanism regulating
the size of muscle fibres shows unmistakenly, that the only, most plausible
factor, which decides upon their size is metabolism. It can be expected
that low metabolism will result in thick fibres, and vice-versa. The hight
ratio of the surface to the volume of small fibres is advantageous with high
metabolism, as it assures quick exchange of lactic acid with capillary
vessels surrounding the fibre. When metabolism is low, the amount of
lactic acid produced is small.and does not require the development of
blood vessels to such an extent as in the case of high metabolism, possibly
limiting the diagonal growth of a fibre. A large differentiation of the
sizes of muscle fibres within such compact families as Nototheniidae and
Chaenichthyidae seems to eliminate the influence of the genetic relation
factor.

The authors would like to thank Dr. J. M. Rembiszewski for- his help in determination
of fish species, Dr. hab. A. Lomnicki for kind advice on statistical problems.

5. Summary

Histological analysis of musculus lateralis magnus and musculus rectus lateralis in the
trunk and tail part of body was performed on nine species of fish: Chaenocephalus aceratus,
Champsocephalus gunnari, Notothenia nudifrons, Notothenia gibberifrons, Notothenia rossi
marmorata, Notothenia corriceps neglecta, Trematomus bernacchii, Trematomus hansoni and
Dissostichus eleginoides (Table I). The types of fibres, red or white, were determined on
the basis of their affinity to Sudan black B (Figs. 3, 4, 10, 11, 12 and 14). Diameters
of fibres were measured on histological slices, and full statistical analysis was made.

The largest diameters of both red and white fibres was found for family Chaenichthyidae
(Figs. 2—5) (ice-fish), whose representatives do not contain hemoglobin nor myoglobin.
Fish of this family are characterised by very low metabolism. Fibres of medium sizes
occurred in representatives of genus Trematomus (Figs. 13—15). This genus is characterised
by lowered hemoglobin and myoglobin content and by lowered metabolism. The remaining
representatives of family Nototheniidae have the smallest fibres (Figs. 6—9 and 16). Fish
of genus Notothenia and Dissostichus have the highest content of hemoglobin in blood
and of myoglobin in muscles, and the highest metabolism among the fish in antarctic
- waters. Similarities were found within a genus Notothenia but there were no similarities
found within a family, if their representatives differed in metabolism level.

6. Pe3rome

T'ucronornueckuit aHanu3 Mbiuues (musculus lateralis magnus v musculus rectus lateralis)
TYJIOBHIIHBIX M XBOCTHOBBIX INPOBENEHO Ha AeBATH BHmax pwi6: Chaenocephalus aceratus,
Champsocephalus gunnari, Notothenia nudifrons, Notothehia gibberifrons, Notothenia rossi mar-
morata, Notothenia corriceps neglecta, Trematomus bernacchii, Trematomus hansoni u Disso-
stichus eleginoides (Tabmuna I). Kiaccudukanuio TUIOB BOJOKOH Ha KpacHble H 6eibie mpo-
BedeHO Ha ocHoBanuu poactsa ¢ Cymanom uépuniMm B (puc. 3, 4, 10, 11, 12 u 14).
W3MepeHus [HaMeTPOB BOJIOKOH CIENAaHO HAa I'MCTOJIOTHYECKHX OOPEe3Kax M IMPOBENEHO MONHBIA
CTAaTUCTHYECKMH aHAaJIH3.

BhICIIYIO BEJIMYMHY [HaMETPOB TaK OeJbIX KaKk H KPACHBLIX BOJIOKOH HAHJEHO B CeMbe
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Chaenichthyidae (puc. 2—S5), (6el0KpaBHbIe PBIOBI), NPEACTABUTENIH KOTOPOH HE MMEIOT IE€MO-
rj106MHa ¥ MHOrJI00HUHA.

PuiObl €TOM ceMbH XapaKTepU3yIOTCS HHU3KMMH MeTabosmm3Mamu. BojiokHa co cpenimMn
pa3MepaMu BBICTYNAjaM Yy npeacTaBuTened pocra Trematomus (puc. 13—15). DrtoT pon
OTJIMYAETCS MOHUXEHHBIM CONEPXAHHEM IreMOrjJo0MHa M MHOTJIOOMHA, a TakXe NMOHMXEHHBIM
MeTab01u3MOoM. OCTasIbHbIE NPEICTaBUTENH CeMbU Nototheniidae UMEIOT B CPaBHEHHH C BHILLIE
NpUBEAEHHBIMU BHAAMH 6oJiee MeJKHMEe MBIIILEBble BOJIOKHA (puc. 6—9 u 16). Puibbl poma
Notothenia n Dissostichus XapakTepH3yIOTCS BBICIIHM COJEpXaHHEM TeMOIJIOOMHA B KPOBH
U MHOTJIOOMHA B MBIILIAX CPEAH PHIO BHICTYNAOLIMX B BOaX AHTAPKTHKH, a TaKXK€ OTBETCTBEHO
0 aHTapKTHYECKMX YCJIOBHH BBICOKHM MeTaboJIM3MOM.

Jns pui6 Buma Notothenia XapakTepHbI CXOICTBAa 3aTO OTHEJIbHBIE CEMbH OTJIMYAIOTCH
ApYr OT Apyra ypoBHeEM MeTabosu3ma.

7. Streszczenie

Analize histologiczna miesni (musculus lateralis magnus i musculus rectus lateralis) tulo-
wiowych i ogonowych przeprowadzono na dziewigciu gatunkach ryb: Chaenocephalus aceratus,
Champsocephalus gunnari, Notothenia nudifrons, Notothenia gibberifrons, Notothenia rossi marmo-
rata, Notothenia corriceps neglecta, Trematomus bernacchii, Trematomus hansoni i Dissostichus
eleginoides (tabela I). Klasyfikacje typow wldkien na czerwone i biale przeprowadzono na
podstawie ich powinowactwa do Sudanu czarnego B (rys. 3, 4, 10, 11, 12 i 14). Pomiary
srednic wlokien wykonano na skrawkach histologicznych i przeprowadzono pelna analizg
statystyczna.

Najwyzsza warto$¢ srednic tak widkien bialych, jak i czerwonych znaleziono w rodzinie
Chaenichthyidae (rys. 2—5) (ryby bialokrwiste), ktorej przedstawiciele nie posiadaja hemoglobiny
i mioglobiny. Ryby z tej rodziny cechuje bardzo niski, metabolizm. Wl6kna o posrednich
wymiarach wystepowaly u przedstawicieli rodzaju Trematomus (rys. 13—15). Rodzaj ten
charakteryzuje si¢ obnizona zawartoscia hemoglobiny i mioglobiny oraz obnizonym meta-
bolizmem. Pozostali przedstawiciele rodziny Nototheniidae maja, w poréwnaniu do wyzej
wymienionych gatunkow, najdrobniejsze wiokna migsniowe (rys. 6—9 i 16). Ryby z rodzaju
Notothenia i Dissostichus maja najwyzsza zawarto$¢ hemoglobiny we krwi i mioglobiny
w migsniach sposrod ryb wystepujacych w wodach Antarktyki, jak rowniez, odpowiednio
do warunkow antarktycznych, wysoki metabolizm. Znaleziono podobienstwa wewnatrz-rodzajowe
(Notothenia), natomiast nie stwierdzono podobienstw w obrebie rodziny, jezeli jej przedstawiciele
roznili si¢ poziomem metabolizmu.
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