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Fig. 1 Dissection of Mola mola. A. Oblique view of fish from left-hand side and from ventral aspect. Key: 
dorsal fin (d), Anal fin (a), subcutaneous capsule (cap). B. Oblique view of fish from anterior and ventral 

aspects, with capsule removed to reveal white muscles of dorsal (dw) and anal (aw) fins. The keel (k) is also 
labelled. C. Lateral view of fish. Note that the image exhibits barrel distortion with head, medial fins and 
clavus curving away from the central part of the image. White anal fin muscles have been removed. Key: 
dorsal fin white muscles (dw), anal fin red muscles (ar), fibrous horizontal septum (hs). Black arrows 

indicate claval muscles; red arrows indicate haemal spines.  
 

26x13mm (300 x 300 DPI)  
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Fig. 2 Muscle origins on capsule of Mola mola. A. View of muscle chamber above skull. Key: white muscle 
(w), black arrows indicate position of origins. B., C. Close-ups of white muscle origins (arrowed). Key: 

capsule (cap), muscle belly (b). See Fig. 7A for positions of these images.  

 
30x17mm (300 x 300 DPI)  
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Fig. 3 Detail of arrangements of locomotory muscles of dorsal and anal fins of Mola mola. A. Muscle chamber 
above skull (most dorsal fin white muscles removed). Key: dorsal fin (d), capsule (cap), dorsal fin white 
muscles (dw), dorsal fin red muscles (dr), horizontal septum (hs). Black arrows indicate separate white 
muscle bellies connected to a single tendon (indicated by yellow arrow), forming a bipennate muscle. B. 
Close-up of midsection of horizontal septum (hs), all white muscles removed from left side of fish. Key: 
dorsal fin red muscles (dr), anal fin red muscles (ar). Medial surface of anterior anal fin white muscles of 

right side of fish (aw(r)). Red arrows indicate blood vessels, black arrows indicate haemal spines. C. Close-
up of dorsal fin muscle origins at anterior of muscle chamber. Red muscle origins (indicated by yellow 

arrows) are medial to those of dorsal fin white muscles (dw). See Fig. 7A for positions of these images.  
 

30x18mm (300 x 300 DPI)  

 

 

Page 3 of 34 Journal of Anatomy



For Peer Review Only

  

 

 

Fig. 4 Arrangement of anal fin white muscles and corresponding tendons of Mola mola. A. Lateral view, 
capsular material mostly removed. Key: anal fin (a), dorsal fin (d), anal fin white muscle (w). Black arrows 

indicate tendons. B. Close-up of basal area of anal fin. Key: bellies of white muscles (b), haemal radial 
cartilage (c). Black arrows indicate tendons; red arrow indicates swollen portion of tendon sheath within 

cartilage; point of scalpel indicates distal part of tendon. See Fig. 7A for positions of these images.  
 

30x23mm (300 x 300 DPI)  
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Fig. 5 Arrangement of dorsal fin white muscles and corresponding tendons of Mola mola: capsular material 
removed. Key: dorsal fin (d), horizontal septum (hs), bellies of white muscles with origins on horizontal 
septum (b), belly of white muscle with an origin on the capsule (bc). Black arrows indicate tendons, red 

arrows indicate tendon sheaths, yellow arrow indicates neural radial cartilage. See Fig. 7A for positions of 
these images.  

 
30x22mm (300 x 300 DPI)  
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Fig. 6 Detail of arrangements of locomotory muscles of clavus of Mola mola. A. View of rear of left-hand side 
of fish, capsular material mostly removed. Key: dorsal fin white muscle (dw), anal fin white muscle (aw), 

horizontal septum (hs), capsule (cap), clavus (cl), caudal end of vertebral column (v). Black arrows indicate 

claval muscles; red arrows indicate position of soft ‘hinge’ of clavus. B. Close-up of two claval muscles 
(indicated by black arrows) and associated structures. Key: capsule (cap), clavus (cl), caudal end of 

vertebral column (v), cartilage (car). Yellow arrow indicates position of tendon; tip of forceps indicates 
position of hinge. See Fig. 7A for positions of these images.  
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Fig. 7 Schematic diagrams of Mola mola from the side. A. Locations of images displayed in Figs 2-6 
superimposed upon an outline of a young sunfish. B. Location of muscle compartments and horizontal 

septum. C. Axes of muscle bellies in the two compartments. Head of arrows point towards tendons and their 

insertions on fin rays.  
 

282x718mm (300 x 300 DPI)  
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Fig. 8 Schematic diagrams of Mola mola locomotor system. A. Lateral view to indicate location of origins of 
white muscles (yellow) and red muscles (red). B. Transverse section through muscle compartments to 

indicate location of origins of white muscles (yellow), red muscles (red) and mixed red and white muscles 

(orange). C. Transverse section through muscle compartments to indicate location of muscle blocks. Yellow 
indicates white muscle, red indicates red muscle, while orange indicates mixture of red and white muscles. 
D. Simplified diagram of relationship between muscle, tendon, capsule, articular cartilage and dorsal fin ray 

from lateral aspect. B. Simplified transverse section diagram of relationship between muscle bellies, 
tendons, capsule, articular cartilage and dorsal fin ray.  
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Fig. 9 Cut bases of propulsive dorsal (A) and anal (B) fins of Mola mola. Key: dorsal fin (d), anal fin (a). 
Black arrows indicate cut cartilaginous pads (pterygiophores) that support fin rays (lepidotrichia). Red 

arrows indicate lateral processes at bases of lepidotrichia (to which tendons are attached).  
 

35x41mm (300 x 300 DPI)  
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Fig. 10 Section of subcutaneous capsular material. Note a) meshwork of thick (collagen) and thin (elastin) 
fibres, b) absence of blood vessels, c) absence of lipid globules.  
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 20 

Abstract 21 

Adult ocean sunfish are the heaviest living teleosts. They have no axial musculature or caudal 22 

fin. Propulsion is by unpaired dorsal and anal fins; a pseudocaudal fin (‘clavus’) acts as a 23 

rudder. Despite common perception, young sunfish are active predators that swim quickly, 24 

beating their vertical fins in unison to generate lift-based propulsion and attain cruising 25 

Page 11 of 34 Journal of Anatomy



For Peer Review Only

2 

 

speeds similar to salmon and marlin. Here we show that the thick subcutaneous layer (or 26 

‘capsule’), already known to provide positive buoyancy, is also crucial to locomotion. It 27 

provides two compartments, one for dorsal fin musculature, one for anal fin muscles, these 28 

separated by a thick, fibrous, elastic horizontal septum that is bound to the capsule itself, the 29 

roof of the skull and the dorsal surface of the short vertebral column. The compartments are 30 

braced sagittally by bony haemal and neural spines. Both fins are powered by white muscles 31 

distributed laterally and red muscles located medially. The anal fin muscles are mostly 32 

aligned dorso-ventrally and have origins on the septum and haemal spines. Dorsal fin muscles 33 

varied in orientation; many have origins on the capsule above the skull and run near-34 

horizontally; some bipennate muscles have origins on both capsule and septum. Such 35 

bipennate muscle arrangements have not been described previously in fishes. Fin muscles 36 

have hinged tendons that pass through capsular channels and radial cartilages to insertions on 37 

fin rays. The capsule is gelatinous (89.8% water) with a collagen and elastin meshwork. 38 

Greasy in texture, calculations indicate capsular buoyancy is partly provided by lipid.  39 

Capsule, septum and tendons provide elastic structures likely to enhance muscle action and 40 

support fast cruising.  41 

 42 

Key words: dorsal and anal fins; horizontal septum; locomotion; Mola mola; ocean sunfish; 43 

red and white muscle; subcutaneous gelatinous capsule; tendons  44 

 45 

Introduction 46 

The ocean sunfish Mola mola (L.) (Tetraodontiformes: Molidae) is the heaviest (<2.3 tonnes) 47 

living teleost fish and displays one of the most unusual morphologies of any vertebrate. A 48 

highly-derived tetraodontiform species (related to puffer fish and boxfish), it is characterised 49 

by complete loss of the axial musculature, caudal and pelvic fins during development (Ryder, 50 
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1885; Gregory & Raven, 1934; Fraser-Brunner, 1951; Santini & Tyler, 2002). Propelled by 51 

muscles of the (unpaired) dorsal and anal fins which function as lift-generating wings 52 

(Watanabe & Sato, 2008), its vertebral column is short and rigid. The species has an 53 

evolutionarily-novel, rudder-like tail structure described as a pseudocaudal fin or clavus 54 

(Fraser-Brunner, 1951). The endoskeleton is largely cartilaginous (Clelland, 1862). 55 

Mola is also noteworthy for the possession of a thick white layer beneath the skin that 56 

has been variously described as inflexible, rubbery, collagenous or (most recently) as 57 

gelatinous (Watanabe & Sato, 2008). The material of this layer is positively buoyant in sea 58 

water, having a mean density of 1.015 g ml
-1
 (Watanabe & Sato, 2008). Its thickness rises in 59 

positive allometric fashion with body mass, so that the layer contributes 26% to total body 60 

mass in a 2 kg sunfish and 44% in a 247 kg individual (Watanabe & Sato, 2008).  61 

 Once thought to be slow-moving, surface-dwelling fish that fed solely on gelatinous 62 

prey, sunfish are now known to be highly-active fish that feed benthically on a variety of prey 63 

when young, chase fast-moving prey in mid water, and are capable of substantial vertical 64 

(hundreds of metres) and horizontal (hundreds/thousands of km) migrations (Pope et al. 65 

2010; Nakamura & Sato, 2014). Burst swimming speeds of 2.1 m s
-1
 (1 m TL fish) and 66 

6.6 m s
-1
 (2 m TL fish) have been recorded (Nakamura & Sato, 2014; Thys et al. 2015), 67 

similar to values recorded for a variety of streamlined scombroid fish (Block et al. 1992). 68 

Sustained (cruising) swimming speeds are much lower (0.2-0.7 m s
-1
; Nakamura & Sato, 69 

2014), but allow swimming rates of < 60km d
-1
, comparable with cruising speeds of fish with 70 

axial musculature such as salmon and marlin (Pope et al. 2010).  71 

Here we show that the musculo-skeletal structure of Mola is far more complex than 72 

previously recognized, that the subcutaneous collagenous/gelatinous layer plays roles beyond 73 

simply providing the fish with neutral buoyancy. We also show that a fibrous horizontal 74 
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septum, plus long muscle tendons likely have significant roles in permitting the high 75 

swimming speeds recorded for the species. 76 

Material and methods 77 

The sunfish studied (wet mass 17 kg, total length 0.67 m) live stranded on the shores of 78 

Lough Foyle, N. Ireland on 19
th
 Sept 2014. It was stored at -20

o
C until defrosted for 79 

dissection at Queen’s University Belfast Marine Laboratory.  80 

 Dissection was carried out on 16
th
-17

th
 Jan 2017 and the procedure recorded from 81 

above by time-lapse photography (Fujifilm X-Pro2 camera; photo taken every 15 seconds; 82 

2329 images). Initially the left-hand side of the fish was dissected to determine structure and 83 

collect tissue (muscles, subcutaneous tissue, tendons) for histology. Next the fish was turned 84 

over and muscles collected from the right-hand side for determination of their mass. 85 

Subsamples (n=3) of capsular collagenous/gelatinous tissue, dorsal and anal fin muscle types 86 

were collected for determination of water, salt and organic content (by drying in an oven at 87 

60°C to constant mass, then ashing in a furnace at 500°C). Extra photography (still and 88 

video) was carried out throughout the dissection using Fujifilm X-T1, Sony RX100, Nikon 89 

D5000 and Olympus TG-4 cameras. In preparation of published figures, to avoid confusion, 90 

all images were standardized in orientation so that the fish anterior was to the left of the 91 

image, the fish posterior to the right. 92 

 Histological samples (each approximately 5 mm long) were collected (n=5) for 93 

capsular tissue and each muscle type. In addition, samples of tendon were taken from anal fin 94 

white muscles. Samples were fixed in 10% neutral buffered formalin at 4°C for 48h, then 95 

stored in 70% ethanol until processing. These were dehydrated, embedded in paraffin and 96 

sectioned at a thickness of 7µm. Staining was with haematoxylin and eosin. Sections were 97 

examined using a Leica ICC50HD microscope (Leica Microsystems GmbH Wetzlar, 98 

Germany) 183 connected to a Dell workstation. 99 
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Results 100 

Dissection 101 

Subcutaneous collagenous/gelatinous tissue (‘capsule’) 102 

When the thin, rough skin was removed, a brilliant white collagenous/gelatinous 103 

subcutaneous layer (hereafter named the ‘capsule’) was revealed (Fig. 1A). The capsular 104 

material varied in thickness, being about 6 cm thick in the region of the ventral keel (Fig. 1B) 105 

and about 3 cm thick anterior to the dorsal fin. Over most of the lateral surfaces, the capsule 106 

was about 2 cm thick, but was thinner (ca. 1 cm thick) over the visceral cavity. It was 0.5-1 107 

cm over the surfaces of the skull; there were gaps at the eyes and spiracles. At the base of the 108 

dorsal/anal fins and clavus, the radial cartilages were firmly embedded in capsular material as 109 

were the sheaths around tendons. 110 

 The capsular material was greasy and slippery to the touch. The capsule has been 111 

described as rubbery and having a function as armour (Gregory & Raven, 1934). We found 112 

that most of the capsule was stiff and relatively inflexible but had limited resistance to 113 

penetration by a knife or scalpel blade; it seemed unlikely that it could protect against large, 114 

sharp-toothed predators such as sharks, seals or orcas. However, the capsule was far more 115 

rigid and resistant to cutting in areas at the bases of the fins and clavus, as well as in the thick 116 

keel. 117 

 118 

Muscles and tendons 119 

Vertebrate muscles are attached to structures at their two ends. By convention, the fixed 120 

proximal attachment is called the origin, while the mobile distal attachment (known as the 121 

insertion) moves with contraction. Following removal of the capsule, the lateral surfaces of 122 

the dorsal and anal fin musculature were revealed (Fig. 1B). The muscles were cream/white 123 

in colour and there was no sign of significant vascularisation. Dissection showed that almost 124 
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all anal fin white muscles had broad origins on the ventral surfaces of a thick, tough, 125 

multilayered elastic fibrous sheet (horizontal septum, Fig. 1C; see also schematic Figs 7 and 126 

8) that ran dorsal and lateral to the vertebral column (to which it was firmly bound by 127 

connective tissue) and was also firmly bound to the inner surfaces of the capsule. The 128 

horizontal septum therefore forms an elastic diaphragm between the dorsal and anal fin 129 

musculatures. It is non-gelatinous and much more elastic than the capsule. 130 

A small number of anal fin white muscles had origins on the interior surface of the 131 

capsule. The anal fin white muscles were inserted (via long tendons) onto processes at the 132 

proximal ends of the bony rays (lepidotrichia) of the anal fin. Manipulation of the muscles 133 

indicated that they were primarily inclinators that served to move the rays from side to side, 134 

though the more anterior muscles also served to elevate the anal fin. The white muscle origins 135 

occupied the full length and width of the ventral surface of the horizontal septum from the 136 

rear of the visceral cavity to the end of the vertebral column. Mainly, the muscle and tendons 137 

were directed dorso-ventrally, though the anterior muscles were rather longer and directed 138 

caudally as well as dorso-ventrally (Fig. 7C). 139 

 Many of the dorsal fin white muscles had origins on the dorsal surface of the 140 

horizontal septum, which surface ran anteriorly above the skull and acted as the floor to a 141 

chamber (semi-circular section) in the capsule above the skull. Some of the white muscles 142 

had origins in the capsule, laterally and in the chamber above the skull (Figs. 2-3; see also Fig 143 

8A and Fig 8B). The white muscles were connected via tendons to the fin rays of the dorsal 144 

fin, but the length of the muscles and their orientation varied considerably. Posteriorly the 145 

muscles and tendons were short and directed ventro-dorsally. Anteriorly, many of the 146 

muscles were long and directed almost parallel with the vertebral column; their tendons 147 

curved through capsular channels and radial cartilages to meet the fin rays. Fig. 3 illustrates 148 

the complexity of the dorsal fin white muscles. In some cases, at the anterior end of the dorsal 149 
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chamber, multiple short white muscle bellies (bipennate muscles) were attached to shared 150 

tendons (Fig. 3A); those bellies had origins on both capsule and horizontal septum. 151 

 Medial to the anal fin white muscles we found red muscles that were entirely separate 152 

from the white musculature and brown/red in colour (Fig. 1C); they were well vascularized 153 

with numerous arteries and veins visible. They had origins on the lateral surfaces of ventral 154 

bony projections (haemal spines) that linked the vertebral column with the anal fin radial 155 

cartilages. These were the only muscles driving the dorsal and anal fins to have origins on 156 

skeletal elements; all other origins were on the upper or lower surfaces of the horizontal 157 

septum or the inner surfaces of the capsule (see Fig. 8A,B). The anal fin red muscles were 158 

much shorter than the overlying white muscles. Their insertions (via long tendons) were on 159 

the anal fin rays. The muscles were not connected either to the vertebral column, or to the 160 

horizontal fibrous septum. As with the white muscles, they operated primarily as inclinators. 161 

All were directed dorso-ventrally and were similar in length. 162 

The dorsal fin white muscles also overlaid more medial, dark-coloured red muscles 163 

(Fig. 3A). However, the dorsal fin red muscles had a different arrangement from that of the 164 

anal fin red muscles. They were more medially-distributed than the white muscles that hid 165 

them, but their origins (on the horizontal septum and collagenous capsule) were similar in 166 

location to those of the overlying white muscles. Hence the red muscles varied greatly in 167 

length, being long and axially-orientated anteriorly, short and ventro-dorsally orientated at 168 

the posterior end of the fin; curving of muscles and tendons to connect with the fin rays was 169 

like that of the white muscles. The short red muscles that drive the posterior part of the dorsal 170 

fin were separate from the more lateral white muscles. However, the longer, more anterior 171 

red muscles were ‘pure’ medially, but showed some mixing with white muscles, before 172 

‘pure’ white muscles were found laterally (Fig. 3A). Although neural vertebral spines ran 173 
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from the vertebral column towards the radial cartilages of the dorsal fin bases, no muscles 174 

had origins on them. Red muscles of the dorsal fin were well-vascularized. 175 

Figs. 4 and 5 show details of the tendons of the white muscles of the anal and dorsal 176 

fins respectively. From Fig. 4, it is evident that the anal fin white muscle tendons are very 177 

long, of similar length, and are held distally within sheaths that traverse the radial cartilages. 178 

The portions of the sheaths within the cartilages are swollen and pink in colour (Fig. 4B). 179 

Manipulation showed that the swollen sections could be bent easily, effectively acting as 180 

tendon hinges. Histological analysis was limited by freeze-thaw damage, but it was clear that 181 

the swollen sections were characterised by thicker and well-vascularized epitenons (outer 182 

connective tissue surrounding tendon bundles).  183 

Fig. 5 demonstrates the complexity of the tendon arrangements of the dorsal fin white 184 

muscles. The tendons vary greatly in length and most curve dorsally in the capsule before 185 

entering the tendon sheaths and traversing the neural radial cartilages. Manipulation of the 186 

muscles and tendons of the dorsal and anal fins demonstrate that they could produce 187 

substantial lateral movements of the fins (i.e. acting as inclinators), as well as changes in fin 188 

shape by acting as elevators. 189 

Fig. 6 illustrates some of the muscles and tendons of the clavus. The muscles, buried 190 

in capsular material, are all short, red, and have origins close to one another on the rearmost 191 

part of the horizontal septum and/or the caudal end of the vertebral column. The matching 192 

tendons pass through cartilaginous material and cross a long, narrow ‘hinge’ of flexible 193 

connective tissue into the clavus itself where they are attached to fin rays. Manipulation 194 

showed that the clavus acts as a simple rudder. 195 

Figs 7 and 8 are schematic diagrams that are designed to summarize and clarify the 196 

findings of the capsular, muscle and tendon dissections. Fig. 7A shows the positions of the 197 

images shown in Figs 2-6 plotted on an outline image of a young sunfish. Figs 7B and 7C 198 
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indicate positions of muscle compartments and general directions of muscle bellies 199 

respectively. Fig.8 consists of diagrams highlighting positions of muscle origins and muscle 200 

blocks, both from the lateral aspect and in transverse section, plus details of relationships 201 

between muscle bellies, tendons, capsule, articular cartilages and dorsal fin rays. 202 

 203 

Skeletal elements 204 

There are numerous published images of museum skeletons of large Mola specimens (e.g. 205 

https://www.pinterest.co.uk/pin/108719778476213105/), and the skeleton of the dissected 206 

specimen was of similar appearance. Bony neural and haemal spines (the latter much longer 207 

than the former) connected the vertebral column (largely cartilaginous) to the dorsal and anal 208 

fin radial cartilages respectively. The spines were reinforced in the sagittal plane by very thin 209 

ellipsoidal bony plates that served to separate blocks of muscles on either side of the body.   210 

Fig. 9 shows the structure of the bases of the dorsal and anal fins. Fin ray count 211 

(dorsal fin, 18; anal fin 17) was slightly lower than reported by Anderson & Cupka (1973) 212 

(dorsal fin, 19; anal fin 18). The cartilage pads (pterygiophores) that support the fin rays of 213 

both fins varied in width, being broad anteriorly, becoming wider until about half way along 214 

the fin and becoming smaller posteriorly. The fin bases consequently have hydrofoil rather 215 

than flat plate sections; manipulation of the muscle tendons demonstrated that the hydrofoil 216 

camber could be altered greatly during flapping. It is also evident from this figure that the 217 

sections of the two fins, and the shapes of their pterygiophores were dissimilar, implying 218 

asymmetrical hydrodynamic characteristics. 219 

 220 

Histology 221 

The muscle and tendon samples showed extensive freeze-thaw damage (c.f. Kaale and 222 

Eikevik, 2013). However, it could be observed that vascularization of the perimysium (layers 223 
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between muscle bundles) was richest in the claval muscles and the vertical fin red muscles, 224 

but sparsest in the vertical fin white muscles. The capsular material was almost free of 225 

vascularization; it had a homogenous appearance with no directionality or layering (Fig. 10). 226 

There were two categories of fibres distributed in an open meshwork. The thicker ones were 227 

collagenous, the thinner composed of elastin. There was no sign of structure within the 228 

matrix. In particular there was no evidence of adipose tissue or oil globules. 229 

 230 

Tissue composition 231 

Sunfish tissue water contents are displayed in Table 1 and compared with data for the 232 

lumpfish Cyclopterus lumpus (Davenport & Kjørsvik, 1986), another oceanic fish of 233 

demersal ancestry that has a thick gelatinous subcutaneous layer that aids attainment of 234 

neutral buoyancy and acts as an exoskeleton. These data show that the subcutaneous tissue of 235 

the capsule has similar water content (90%) to that of female lumpfish subcutaneous tissue 236 

(93%), rather lower than the 96.5% of gelatinous tissues of deep-sea snail fish (Gerringer et 237 

al. 2017) and the 95–98% of neutrally-buoyant gelatinous invertebrates such as medusae 238 

(Doyle et al. 2007). However, the water content is higher than that of the sunfish’s fin 239 

muscles (79-84%). The salt content (23% of dry mass) is low by comparison with known 240 

jellyfish prey (Doyle et al. 2007); this presumably reflects the low osmolarity of body fluids 241 

of teleosts by comparison with marine invertebrates.  Most (77%) of the dry mass is made up 242 

of organic matter (Table 2). 243 

  244 

Discussion 245 

Ocean sunfish exhibit the most extreme known form of tetraodontiform locomotion. 246 

Although all tetraodontid fish (including pufferfish and boxfish) employ the dorsal and anal 247 

fins as propulsors, in most cases these are supplemented by the action of other fins; they are 248 
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median and paired fin (MPF) swimmers. For example, Gordon et al. (1996) showed that 249 

pufferfish combine in-phase use of the dorsal and anal fins with out-of phase pectoral fin 250 

propulsion. During burst swimming they even recruit the caudal fin (used as a rudder at lower 251 

speeds) to provide additional propulsive force. The puffer body shape is variable and a degree 252 

of posterior body undulation occurs at high speed. In the ocean sunfish the caudal fin is 253 

absent, the body entirely rigid and the pectoral fins very small; although they are undoubtedly 254 

of use in low speed manoeuvring, they can make little contribution to cruising or burst 255 

swimming. Effectively rectilinear propulsion depends on two median fins alone.  256 

 257 

Capsular exoskeleton 258 

From our study it is evident that the thick, white, homogenous subcutaneous ‘capsule’ plays a 259 

substantial exoskeletal role. First, it provides a stiff, streamlined, non-undulatory body shape 260 

that presumably has a low drag coefficient and avoids the high drag costs of undulation (c.f. 261 

Weihs, 1974; Webb, 1975). The combination of a thin rough skin and a thick underlying 262 

capsule differs markedly from the thin, complex, collagenous fabric that surrounds the axial 263 

musculature of undulatory teleosts and transmits axial muscular force to a flexible vertebral 264 

column (Hebrank, 1982). Second, the capsule forms two chambers (separated by the thick, 265 

fibrous, horizontal septum, robustly connected to the capsule on either side; see Figs 7B, 8A-266 

C) that contain the muscles that drive the tall dorsal and anal fins. Third, it provides secure 267 

anchorages for the dorsal and anal fin radial cartilages that are embedded within in it. These 268 

cartilages are braced apart by the neural and haemal spines, themselves bound by fibrous 269 

tissue to the vertebral column, so that the capsule and endoskeleton are interdependent. 270 

Fourth, it provides origins for many of the dorsal fin red and white muscles and a few of the 271 

anal fin white muscles. Fifth, it provides channels that guide and hold the muscle tendons that 272 

link muscles to fin rays; this is particularly important in the case of the anterior dorsal fin 273 
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musculature where the channels are curved to permit the tendons to transfer the direction of 274 

muscle action to the fin rays.  275 

 The material of the capsule is known to be less dense (density 1.015 g ml
-1
) than 276 

seawater (density 1.033 g ml
-1
) (Watanabe & Sato, 2008); our finding that water content is 277 

90% by mass, derived from a stranded fish that might conceivably have been dehydrated, 278 

indicates that it is gelatinous (as well as collagenous), but less watery than in a range of deep-279 

water teleosts (96.5%; Gerringer et al. 2017). Histologically, the observed meshwork of 280 

collagen and elastin indicates that protein makes up some of the organic content of the 281 

capsule. Protein has a density of about 1.35 g ml
-1
 (Fischer et al. 2004), substantially denser 282 

than seawater. Lipids of various sorts, some intracellular, some extracellular, have often been 283 

implicated in buoyancy provision in fish (see review of Phleger, 1998), but there were no 284 

signs of lipid globules histologically. More study, including appropriate biochemical analysis, 285 

is required to further elucidate the low density of Mola capsular material identified by 286 

Watanabe & Sato (2008). However, our qualitative observation that the capsule material is 287 

greasy suggests that lipids may be present. 288 

 289 

Muscles and tendons 290 

Our dissection revealed numerous differences in muscle arrangements from the images 291 

shown in Gregory & Raven (1934). Particularly, it showed that the thick, fibrous horizontal 292 

septum (undescribed in their study) is crucial, carrying the origins of almost all anal fin white 293 

muscles and most of the dorsal fin muscles (see Fig 8); their origins are not on the vertebral 294 

column itself. The horizontal septum clearly has a substantial role in force transmission and 295 

has the potential for energy storage. 296 

 Gregory & Raven (1934) indicated that the dorsal and anal fin muscles were a mixture 297 

of erectors and depressors. In ‘conventional’ teleosts, each vertical fin ray is moved by three 298 
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pairs of muscles. First there are erectors and depressors that respectively raise and lower the 299 

fin rays in the medial plane; second there are inclinators that move the fin rays from side to 300 

side (Videler, 1993). In Mola, the dorsal and anal fin muscles are essentially inclinators that 301 

flap the fin rays from side to side, but also serve to maintain the fins erect and maximize web 302 

area.  303 

 The medial positioning of Mola red vertical fin muscles implies that they will exert 304 

less force on the fin rays than the more lateral white muscles, as they are more closely aligned 305 

with the axes of the fin rays than the white muscles (c.f. tuna red muscles: Syme & Shadwick, 306 

2011). However, since red muscles are employed primarily in cruising, this layout is 307 

appropriate. 308 

A novel finding was that the supracranial chamber of the capsule contained bipennate 309 

white muscles (i.e. muscles in which multiple muscle bellies are connected at an angle to a 310 

single tendon) that acted on fin rays in the anterior part of the dorsal fin; they were not 311 

present in the anal fin musculature. The bipennate muscles had origins on the capsule and 312 

horizontal septum. When pennate muscles contract and shorten, their pennate angle increases, 313 

transferring force to the tendon. Pennate muscles are known from terrestrial vertebrates 314 

(particularly mammals) and are also found in the chelipeds of crabs. These types of muscles 315 

generally allow higher force production, but a smaller range of movement (Martini & Ober, 316 

2006). Alexander (1979) demonstrated (for crab claws), that the bipennate arrangement 317 

allowed more powerful muscles to be packed into smaller spaces than is the case for 318 

conventional muscles in which the muscle fibres and tendons are parallel. A bipennate 319 

muscle arrangement has not been described previously in fish as far as we are aware.  320 

Watanabe & Sato (2008) found that dorsal fin muscles and anal fin muscles of Mola 321 

were of similar mass over a wide range of body size and suggested that the two fins were 322 

flapped by similar levels of muscle power. They recognised that the muscles had very 323 
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different morphologies, but not that this has implications for power generation – the 324 

relationship between muscle mass, length, cross-sectional area and angle in relation to power 325 

is complex and at present it cannot be assumed that power supplied to both fins is equal.  326 

 A feature of all anal and dorsal fin muscles of Mola is that their force is transmitted 327 

distally to the fin rays by long tendons. Fish tendons have been extensively studied, but only 328 

in terms of axial musculature. Gembala et al. (2003) reported on the evolution of 329 

gnathostome myoseptal tendons, demonstrating their great antiquity (400 million years), 330 

while the characteristics of tuna tendons were studied experimentally by Shadwick et al. 331 

(2002).  Long tendons have been repeatedly associated with spring-like elastic storage of 332 

energy in terrestrial mammals, in which they allow great enhancement of muscle action and 333 

economy (e.g. Alexander & Vernon, 1975; Biewener, 1998; Biewener et al. 1998). However, 334 

this requires significant strain (stretching) of the tendons. In tunas Shadwick et al. (2002) 335 

showed (in vivo) that strain did not occur, even during burst swimming; the tendons simply 336 

transferred force from muscles to the oscillatory caudal peduncle, even though tendon 337 

structure was like that of mammals. Here we have demonstrated that the Mola fin muscle 338 

tendons also incorporate hinges (located within the articular cartilages), which opens up the 339 

possibility that tendons distal to the hinge behave differently from the tendons proximal to the 340 

hinge. 341 

In addition, it has been recognized since the late 20
th
 century that connective tissue 342 

sheets (e.g. horizontal septum), muscles and tendons are all elastic structures that have the 343 

potential to store and exchange energy (Roberts & Azizi, 2011). It seems very likely that the 344 

septum-muscle-tendon combination of Mola enhances the forces generated by muscle 345 

contractions, but experiments upon live fish and/or freshly-excised material would be needed 346 

to confirm this.   347 

 348 

Page 24 of 34Journal of Anatomy



For Peer Review Only

15 

 

Synthesis 349 

The primary role of unpaired dorsal and anal fins of primitive undulating teleosts was once 350 

assumed to lie in solely in providing stability against roll and yaw, but Flammang et al. 351 

(2011) demonstrated that they provided thrust too, augmenting that developed by the 352 

oscillating caudal fin, with the dorsal fin contributing more thrust than the anal fin. In tail-less 353 

Mola, almost all thrust is generated by the median anal and dorsal fins, although the pectoral 354 

fins may play a role at low speeds.  355 

Our study has demonstrated that the unpaired fins have pronounced differences in the 356 

arrangement of their muscles, muscle origins and tendon arrangements. That the axis of 357 

delivery of muscle force to the fins is at near-right angles to the body axis in Mola has long 358 

been known (e.g. Ryder, 1885; Gregory & Raven, 1934), but the great differences in the 359 

anatomical arrangements involved in achieving this have not previously been described in 360 

detail. Particularly interesting is the role of the horizontal septum. This thick, multi-layered, 361 

fibrous sheet carries the origins of white muscles of both fins. This suggests that efficient fast 362 

swimming will have to involve simultaneous contraction of the two sets of muscles if they 363 

are not to interfere with each other. The situation is different for the red muscles. Anal fin red 364 

muscles have no connection with the horizontal septum, whereas many dorsal fin red muscles 365 

do. This will facilitate independent fin action at low speed. 366 

 It is also evident that the thick subcutaneous skin capsule is crucial to the locomotory 367 

function of the sunfish, its role being far more complex than simply providing buoyancy. The 368 

current study was carried out on frozen material; a detailed study of the capsular material of 369 

fresh specimens would be valuable. Similarly, Watanabe & Sato (2008) demonstrated great 370 

allometric changes in capsular thickness, median fin size and aspect ratio during growth. It is 371 

likely that the role and composition of the capsule will also vary over the wide size range of 372 

this highly-derived teleost. 373 
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Table 1.  Water content of tissues of Mola mola (this study) and Cyclopterus lumpus 464 

(Davenport & Kjørsvik, 1986). 465 

 466 

Tissue type Water content (mean % by mass, 

n=3, SD in parentheses) 

Mola mola  

Dorsal fin white muscle 83.5 (3.6) 

Dorsal fin red muscle 80.3 (0.2) 

Anal fin white muscle 82.2 (1.1) 

Anal fin red muscle 79.4 (1.0) 

Subcutaneous collagenous/gelatinous tissue 89.8 (1.1) 

Cyclopterus lumpus  

A) Female  

Axial white muscle 86 

Subcutaneous gelatinous tissue 93 

B) Male  

Axial white muscle 64 

Subcutaneous gelatinous tissue 89 

 467 

468 
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Table 2.  Composition of subcutaneous capsule of Mola mola  469 

 470 

 Mean (n=3) SD 

Water content as % wet mass 89.8 1.1 

Salt content as % dry mass 23.4 4.5 

Organic content as % dry mass 76.6 4.5 

Salt content as % wet mass   2.4 0.7 

Organic content as % wet mass   7.8 0.6 

  471 
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FIGURE CAPTIONS 472 

 473 

Fig. 1 Dissection of Mola mola. A. Oblique view of fish from left-hand side and from ventral 474 

aspect. Key: dorsal fin (d), Anal fin (a), subcutaneous capsule (cap). B. Oblique view of fish 475 

from anterior and ventral aspects, with capsule removed to reveal white muscles of dorsal 476 

(dw) and anal (aw) fins. The keel (k) is also labelled. C. Lateral view of fish. Note that the 477 

image exhibits barrel distortion with head, medial fins and clavus curving away from the 478 

central part of the image. White anal fin muscles have been removed. Key: dorsal fin white 479 

muscles (dw), anal fin red muscles (ar), fibrous horizontal septum (hs). Black arrows indicate 480 

claval muscles; red arrows indicate haemal spines.  481 

 482 

Fig. 2 Muscle origins on capsule of Mola mola. A. View of muscle chamber above skull. 483 

Key: white muscle (w), black arrows indicate position of origins. B., C. Close-ups of white 484 

muscle origins (arrowed). Key: capsule (cap), muscle belly (b). See Fig. 7A for positions of 485 

these images. 486 

 487 

Fig. 3 Detail of arrangements of locomotory muscles of dorsal and anal fins of Mola mola. A. 488 

Muscle chamber above skull (most dorsal fin white muscles removed). Key: dorsal fin (d), 489 

capsule (cap), dorsal fin white muscles (dw), dorsal fin red muscles (dr), horizontal septum 490 

(hs). Black arrows indicate separate white muscle bellies connected to a single tendon 491 

(indicated by yellow arrow), forming a bipennate muscle. B. Close-up of midsection of 492 

horizontal septum (hs), all white muscles removed from left side of fish. Key: dorsal fin red 493 

muscles (dr), anal fin red muscles (ar). Medial surface of anterior anal fin white muscles of 494 

right side of fish (aw(r)). Red arrows indicate blood vessels, black arrows indicate haemal 495 

spines. C. Close-up of dorsal fin muscle origins at anterior of muscle chamber. Red muscle 496 

Page 32 of 34Journal of Anatomy



For Peer Review Only

23 

 

origins (indicated by yellow arrows) are medial to those of dorsal fin white muscles (dw). See 497 

Fig. 7A for positions of these images. 498 

 499 

 500 

Fig. 4 Arrangement of anal fin white muscles and corresponding tendons of Mola mola. A. 501 

Lateral view, capsular material mostly removed. Key: anal fin (a), dorsal fin (d), anal fin 502 

white muscle (w). Black arrows indicate tendons. B. Close-up of basal area of anal fin. Key: 503 

bellies of white muscles (b), haemal radial cartilage (c). Black arrows indicate tendons; red 504 

arrow indicates swollen portion of tendon sheath within cartilage; point of scalpel indicates 505 

distal part of tendon. See Fig. 7A for positions of these images. 506 

 507 

Fig. 5 Arrangement of dorsal fin white muscles and corresponding tendons of Mola mola: 508 

capsular material removed. Key: dorsal fin (d), horizontal septum (hs), bellies of white 509 

muscles with origins on horizontal septum (b), belly of white muscle with an origin on the 510 

capsule (bc). Black arrows indicate tendons, red arrows indicate tendon sheaths, yellow arrow 511 

indicates neural radial cartilage. See Fig. 7A for positions of these images. 512 

 513 

Fig. 6 Detail of arrangements of locomotory muscles of clavus of Mola mola. A. View of rear 514 

of left-hand side of fish, capsular material mostly removed. Key: dorsal fin white muscle 515 

(dw), anal fin white muscle (aw), horizontal septum (hs), capsule (cap), clavus (cl), caudal 516 

end of vertebral column (v). Black arrows indicate claval muscles; red arrows indicate 517 

position of soft ‘hinge’ of clavus. B. Close-up of two claval muscles (indicated by black 518 

arrows) and associated structures. Key: capsule (cap), clavus (cl), caudal end of vertebral 519 

column (v), cartilage (car). Yellow arrow indicates position of tendon; tip of forceps indicates 520 

position of hinge. See Fig. 7A for positions of these images. 521 
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 522 

Fig. 7 Schematic diagrams of Mola mola from the side. A. Locations of images displayed in 523 

Figs 2-6 superimposed upon an outline of a young sunfish. B. Location of muscle 524 

compartments and horizontal septum. C. Axes of muscle bellies in the two compartments. 525 

Head of arrows point towards tendons and their insertions on fin rays. 526 

 527 

Fig. 8 Schematic diagrams of Mola mola locomotor system. A. Lateral view to indicate 528 

location of origins of white muscles (yellow) and red muscles (red). B. Transverse section 529 

through muscle compartments to indicate location of origins of white muscles (yellow), red 530 

muscles (red) and mixed red and white muscles (orange). C. Transverse section through 531 

muscle compartments to indicate location of muscle blocks. Yellow indicates white muscle, 532 

red indicates red muscle, while orange indicates mixture of red and white muscles. D. 533 

Simplified diagram of relationship between muscle, tendon, capsule, articular cartilage and 534 

dorsal fin ray from lateral aspect. B. Simplified transverse section diagram of relationship 535 

between muscle bellies, tendons, capsule, articular cartilage and dorsal fin ray. 536 

 537 

Fig. 9 Cut bases of propulsive dorsal (A) and anal (B) fins of Mola mola. Key: dorsal fin (d), 538 

anal fin (a). Black arrows indicate cut cartilaginous pads (pterygiophores) that support fin 539 

rays (lepidotrichia). Red arrows indicate lateral processes at bases of lepidotrichia (to which 540 

tendons are attached). 541 

 542 

Fig. 10 Section of subcutaneous capsular material. Note a) meshwork of thick (collagen) and 543 

thin (elastin) fibres, b) absence of blood vessels, c) absence of lipid globules. 544 

 545 
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