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ABSTRACT. Typical skeletal muscles are composed of mixed muscle fiber types, which are
classified as slow-twitch (type 1) and fast-twitch (type Il) fibers, whereas pectoralis major muscles
(PMs) in broiler chickens are 100% composed of type IIb fast-twitch fibers. Since metabolic
properties differ among muscle fiber types, the combination of muscle fiber types is involved in
physiological functions and pathological conditions in skeletal muscles. In this study, using serial
block-face scanning electron microscopy, we compared three-dimensional (3D) mitochondrial
properties in type llb fibers in broiler PMs and those in type | fibers of broiler gastrocnemius
muscles (GMs) heterogeneously composed of slow- and fast-twitch muscle fibers. In type | fibers in
the GMs, elongated mitochondria with numerous interconnections to form a substantial network
among myofibrils were observed. Along with lipid droplets sandwiched by mitochondria, these
features are an adaptation to effective oxidative respiration and constant oxidative damage

in slow-twitch muscle fibers. In contrast, type Ilb fibers in the PMs showed small and ellipsoid-

J. Vet. Med. Sci. shaped mitochondria with few interconnections and no lipid droplets, forming a sparse network.
83(11): 17641771, 2021 The mitochondrial spatial network comprises of active mitochondrial dynamics to reduce
mitochondrial damage; therefore, type llb fibers possess physiologically low capacity to maintain
mitochondrial wellness due to static mitochondrial dynamics. Based on 3D mitochondrial
properties, we discussed the contrasting physiological functions between type | and IIb fibers and
proposed a high contractile power and low stress resistance as unique physiological properties of
broiler PMs.
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Skeletal muscle fibers in vertebrates are heterogeneously composed of two types of muscle fibers: slow-twitch (type I) and fast-
twitch (type 1), which are classified based on their contractility, electrophysiological features, and differences in energy production
[21]. Fast-twitch muscle fibers are classified further into three subtypes—IIa, IIx, and IIb—according to the differences in the gene
expression of the myosin heavy chain [21]. Variations in the compositions of muscle fiber types yield susceptibility differences
against both hereditary and acquired skeletal muscle disorders [21].
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In broiler chickens, pectoralis major muscles (PMs) are 100% composed of type IIb fibers, whereas a mixture of different muscle
fiber types comprises broiler systemic skeletal muscles other than the PMs [8, 17]. Curiously, severe myopathy such as wooden
breast syndrome (WB) is specific to the PMs in the systemic skeletal muscles [18]. The WB pathologies, including hemorrhages,
pale color, and hardness, are triggered by hypoxia stress resulting from insufficient blood supply against rapid PM growth [16, 20].
Along with the genetic background of the broilers exhibiting the phenotype of significant PM growth [1], the unique composition
of muscle fiber types and physiological features in the PMs is considered to be a factor in the specificity of WB expression in PMs.

Focusing on the distinct energy production among muscle fiber types, type I and Ila fibers produce adenosine triphosphate
(ATP) dependent on oxidative phosphorylation, while IIx and IIb fibers undergo glycolytic metabolism to produce energy [12].
This metabolic difference corresponds to the mitochondrial differences in quantity and quality among muscle fiber types [6].

In recent years, the three-dimensional (3D) ultrafine investigation methods of organelle structure have revealed differences

in mitochondrial 3D morphologies, distributions, and networks in mammalian skeletal muscle fibers [7, 27]. Mitochondria
dynamically and kinetically transform their morphology by fusion and fission in response to various physiological and pathological
cellular statuses [13]. A mitochondrial spatial network is then built through the interaction of the mitochondrial liner complex or
scattered individual mitochondria [31]. Mitochondrial dynamics and interactions are essential for skeletal muscle homeostasis by
the clearance of damaged mitochondria; that is, the dysfunction and destruction of the mitochondrial dynamics and network cause
myopathy [19, 27]. Mitochondrial membrane projections connecting two non-adjacent mitochondria are more frequently observed
in the skeletal muscle of human patients with genetic defects in mitochondrial function than in healthy humans. This is considered
a compensatory hyperfusion against mitochondrial stress [27]. In obese mice, decreased mitochondrial fusion and increased fission
lead to disturbed mitochondrial respiratory function in the skeletal muscle [15]. In broilers, reduced mitochondrial dynamics

in PMs are closely related to WB deterioration [9]. Therefore, mitochondrial spatial properties seem to be a good evidence for
discussing mammalian and WB myopathies.

The physiological and fundamental information in 3D observations of the mitochondria of broiler skeletal muscles is essential
because the 3D mitochondrial structures show species-dependent differences [27]; however, the mitochondrial spatial network
has not yet been visualized in broiler PMs. Furthermore, there are no reports that analyzed 3D mitochondrial structure with a
distinction among specific muscle fiber subtypes in vertebrates and discussed its relation with the physiological function. Therefore,
we determined the 3D mitochondrial morphology, distribution, and network in type IIb fibers in the PMs and type I fibers in the
gastrocnemius muscles (GMs) of broilers, which show the most contrasting physiological functions.

MATERIALS AND METHODS

Animals and Specimens

The animal experiments were approved by the Institutional Animal Care and Use Committee of Rakuno Gakuen University
(No. DH16A2), in accordance with the Act on Welfare and Management of Animals of the Japanese government. Four broiler
chickens (ROSS 308) at 55 days of age raised in the university farm were euthanized by exsanguination under deep anesthesia by
intraperitoneal injection of 20-30 mg/kg pentobarbital sodium (Somnopentyl; Kyoritsu Pharmaceutical Co., Tokyo, Japan). The
left PMs and GMs were collected, immediately cut into small pieces using razor blades, and immersed in fixative solutions. Four
broilers were determined to be unaffected by WB through breast palpitation and wing lift examination by gently lifting the wings
to assess the ability to back-to-back wing contact [11]. In addition, histology of PMs was used as an evidence of unaffected muscle
fibers without severe myopathy (Supplementary Fig. 1) [9].

Double-immunofluorescence staining for myosin heavy chain in slow-switch muscle fibers and mitochondria

The muscle samples were fixed with Bouin’s fixative (Polysciences Inc., Warrington, PA, USA) at 4°C overnight and embedded
in paraffin wax according to standard procedures. The paraffin sections were cut into 5-pum-thick sections and mounted on silane-
coated glass slides. All washing, blocking, and primary/secondary antibody reactions were performed using a commercial kit (Opal
Multiplex THC Kit; Perkin Elmer Co., Waltham, MA, USA) according to the manufacturer’s instructions. Briefly, the sections
were incubated overnight at room temperature with the primary antibody, mouse anti-myosin heavy chain of slow-twitch (type I)
muscle fibers (MHCI, M8421; Sigma Aldrich Co., LLC, St. Louis, MO, USA) diluted 1:10,000 with immune reaction enhancer
solution (Can Get Signal; Toyobo Co., Ltd., Osaka, Japan) to detect type I fibers. After three washes in tris-buffered saline with
Tween 20 (TBST), the sections were incubated with polymer horseradish peroxide (HRP)-conjugated secondary antibody for 10
min at room temperature, and the immune complex was visualized with a fluorophore solution (Opal 520 Fluorophore) for 10 min
at room temperature. The glass slides were treated with microwaves to strip the primary-secondary-HRP complex and allow the
introduction of another mouse primary antibody. After three washes with 0.01 M phosphate-buffered saline (PBS), the sections
were incubated with blocking reagent (Blocking One Histo; Nacalai Tesque Co., Kyoto, Japan) for 10 min at room temperature and
then with mouse anti-B subunit of ATP synthase (ATPB) antibody (3D5; Abcam Co., Cambridge, UK) diluted 1:500 with Can Get
Signal overnight at room temperature to detect the mitochondria. The sections were incubated with CF 568-conjugated goat anti-
mouse immunoglobulin G (IgG) antibody diluted 1:300 in PBS for 10 min at room temperature. After three washes with PBS, the
sections were mounted with 4’,6-diamidino-2-phenylindole (DAPI) mounting reagent (Nacalai Tesque Co.) and coverslips and were
observed using a confocal laser scanning microscope (FV1000D-1X81; Olympus, Tokyo, Japan) equipped with selective Alexa 405,
Alexa 488, and Alexa 568 filters. Images were obtained using Fluroview software (Olympus).
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Transmission electron microscopy

Muscle samples for transmission electron microscopy were fixed with half-Karnovsky’s fixative (2% paraformaldehyde + 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4) at 4°C overnight. The contrast of the tissue membrane structure in electron
microscopy was enhanced by heavy metal block staining, as described previously [24]. Briefly, the samples were immersed in
1.5% potassium ferrocyanide + 2% osmium tetroxide for 1 hr at 4°C, followed by infiltration with 1% thiocarbohydrazide for 20
min at room temperature, then 2% osmium tetroxide for 30 min at room temperature, and finally in filtered 1% uranyl acetate at
4°C overnight. The samples were then immersed in Walton’s lead aspartate solution for 30 min at 60°C and dehydrated with an
ethanol series, transferred into QY-1, and finally embedded in epoxy resin (Quetol 812; Nissin EM Co., Ltd., Tokyo, Japan). After
polymerization, the tissue blocks were sliced into 80-nm-thick sections perpendicular to the long axis of the muscle fibers using
an ultramicrotome (Super Nova; Reichert-Jung, Burladingen, Germany). The sections were collected on a 200-mesh copper grid
for 2D observations using a transmission electron microscope (JEM-1400; JEOL Ltd., Tokyo, Japan) at an acceleration voltage of
80 kV. Five muscle fibers were selected from each of the four specimens and observed at x 1,000 (n=20 per slow- or fast-twitch
muscle fiber). The obtained images were trimmed to 6,400 (80 x 80) nm? squares. The percentage of mitochondrial area in muscle
fibers and the area of a mitochondrion from each cropped image was measured using image analysis software (Image J; National
Institutes of Health, Bethesda, MD, USA).

Serial block-face scanning electron microscopy

The ultra-thin sliced blocks were trimmed to approximately 0.5 x 0.5 x 1 mm and mounted on an aluminum rivet with
conductive adhesive. To avoid charging, the samples were sputtered with gold to increase their conductivity and placed in a
scanning electron microscope (SEM) (Merlin or Sigma; Carl Zeiss Inc., Oberkochen, Germany) equipped with a Gatan 3view
system for serial block-face SEM, which allows the acquisition of serial images in the z-direction with sectioning and imaging of
samples. At least 1,000 serial images (5.0 or 6.0 nm/pixel, 50-nm interval) were collected from each PM and GM.

3D reconstruction

Two hundred serial images were selected from all serial images, yielding 3D images with a depth of 10 um. The 3D images
were produced from the selected serial images using image analysis software (Image-Pro 3D module version 10.0.4; Nippon
Roper Co., Tokyo, Japan). The mitochondrial outer membranes were manually traced to reconstruct the 3D structures of
individual mitochondria and their networks. The mitochondrion surrounded by a continuous membrane was determined to be one
mitochondrion. The 3D reconstruction was automatically performed by Image-Pro 3D module system based on manually traced
structures. In addition, 3D images of lipid droplets were constructed. The mitochondrial volume (um?®) of each reconstructed
mitochondrion was automatically calculated using the Image-Pro 3D module system. The mitochondrial volume in muscle fibers
was calculated as follows: Mitochondrial volume in muscle fibers (%)=100 x sum of each mitochondrial volume (um?) in observed
muscle fibers/volume of observed muscle fibers (um?). The volume of the observed muscle fibers (um?) was calculated as the
unit volume of a cube composed of muscle fibers with dimensions 8 x 8§ x 10 um per side. Some planes were selected in the
reconstructed figures for specific observations of the mitochondrial interconnection and sarcomere Z-lines (Figs. 3 and 4).

Statistical analysis

The results are expressed as mean + standard error (SE). Data between two groups were compared using Student’s #-tests (P<0.05),
while data among three or more groups are presented in Supplementary Tables 1 and 2 were compared using Tukey’s test (P<0.05).

RESULTS

Identification of type I fibers in the GMs

Type I fibers were shown as MHCI-positive reaction and randomly observed in broiler GMs (Fig. 1a), revealing that broiler
GMs are heterogeneously composed of both slow- and fast-twitch muscle fibers. Previous reports have shown greatly higher
mitochondrial density in slow-twitch muscle fibers than in fast-twitch muscle fibers [22]. In broiler GMs, MHCI-positive type [
slow-twitch muscle fibers highly co-expressed ATPB (as a marker for mitochondria), whereas MHCI-negative fast-twitch muscle
fibers did not (Fig. 1a—d). Type I slow-twitch muscle fibers contain obviously higher numbers of mitochondria than fast-twitch
muscle fibers in broiler GMs. Therefore, type I fibers were identified for the following ultrastructural observations based on the
index of a high dense population of mitochondria in muscle fibers.

2D observations of mitochondria by transmission electron microscopy

As the PMs in broiler chickens are 100% composed of type IIb fibers [8], all observed muscle fibers in the PMs are classified as type
IIb fibers. The type IIb fibers of the PMs showed small mitochondria scattered among myofibrils (Fig. 2a). In contrast, type I fibers of the
GMs showed large mitochondria densely distributed among myofibrils (Fig. 2b), corresponded to the immunofluorescence observations
(Fig. 1). Numerous lipid droplets adhered to mitochondria, some of which appeared to be included in the intra-membrane of mitochondria
(Fig. 2b). The statistical analysis showed that both the percentage of mitochondrial area in muscle fibers and the mitochondrion area
were significantly higher in type I fibers than in type IIb fibers (Table 1). Although the mitochondrion areas in both type I and IIb fibers
showed individual differences, the percentage of mitochondrial area in muscle fibers in both type I and IIb fibers did not show individual
differences (Supplementary Tables 1 and 2). The 3D reconstructions were performed for one of the four PM and GM specimens.
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MHCI ATPB DAPI Merge

Fig. 1. Immunofluorescence analysis of the gastrocnemius muscle revealing protein expression of slow-twitch (type I) muscle fiber (MHCI;
a) and mitochondria-specific enzyme (ATPB; b). The type I muscle fibers highly co-expressing MHCI and ATPB are surrounded by white
lines, while fast-twitch muscle fibers scarcely expressing MHCI nor ATPB are surrounded by white dashed lines in a—d. Bar=50 um. MHCI:
myosin heavy chain of slow-twitch (type I) muscle fibers, ATPB: B subunit of ATP synthase.

Fig. 2. Two-dimensional ultrastructure of mitochondria in type IIb muscle fibers in the pectoralis major muscle (PM; a) and in type [ muscle
fibers in the gastrocnemius muscle (GM; b) revealed by transmission electron microscopy. Bars=1 pum. Arrows: mitochondria among
myofibrils, Black arrowheads: lipid droplets adhered to mitochondria, White arrowhead: lipid droplet including the intra-membrane of
mitochondria, asterisks: myofibrils.

3D observqtions of mitochondria by serial scanning Table 1. The mitochondrial area in muscle fibers and the area of a
electron microscopy mitochondrion observed in transmission electron microscopy
The mitochondria in type IIb fibers showed small size and Mitochondrial arca Mitochondrion arca

ellipsoid shape and were sparsely distributed among myofibrils in the muscle fibers (%) (um?)

Fig. 3a and Supplementary Movie 1). The individual

fnit%)chondria ShOWI:?I(;. few in%[,erconnectiorfs and fragmented Typel 867133 0.35=0.087%
Type 1Ib 1.33£0.48 0.15+0.062

networks: a few mitochondria possessed nanotunnels (as
indicated by arrowheads in Fig. 3b—b” and 3c—c”); that is, the
thin membranous interconnection between mitochondria [27],
but most were simply located near each other (as indicated by
arrows in Fig. 3b-b” and 3c—c”). In contrast, the mitochondria
in type I fibers were elongated parallel to the myofibril arrangement and each mitochondrion was interconnected to build a large
column structure among myofibrils (Fig. 4a and Supplementary Movie 2). The substantial structures were connected via numerous
nanotunnels located along the sarcomere Z-lines to form a more extensive network among myofibrils than that in type IIb fibers (Fig.
4b—b”). In addition, lipid droplets were distributed regularly in the sarcomere Z-lines and were embraced by a mitochondrion or
sandwiched between mitochondria (Fig. 4c—c”” and 4d—d”). The percentage of mitochondrial volume in the volume of muscle fibers
and the mitochondrion volume are shown in Table 2. Both indices were significantly larger in type I fibers than in type IIb fibers.

*Significant differences between type I and IIb muscle fibers (P<0.05,
Student’s r-test).
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Fig. 3. Three-dimensional ultrastructure of mitochondria in type IIb muscle fibers in the pectoralis major muscle (PM) revealed by serial
block-face scanning electron microscopy. a: Macro-perspective fragmented mitochondrial spatial network among myofibrils. The colors
represent mitochondrial volume (light blue: <0.05 um?, light green: 0.05-0.1 um?, green: 0.1-0.2 um3, orange: 0.2-0.25 um?, red: 0.25-1.5
um?). b and ¢ represent views of image a observed from different angles. b’/b” and ¢’/c” represent the electron microscopy images at the
plane including arrows and arrowheads in b and ¢, respectively, which display individual mitochondrial connections and positional relation-
ship. Arrows: mitochondria without interconnections, arrowheads: nanotunnels connecting mitochondria.

Table 2. The mitochondrial volume in muscle fibers and the volume of a
mitochondrion observed in three-dimensional reconstructed muscle fibers

Mitochondrial volume in the Mitochondrial volume
muscle fibers (%) (um?)
Type I 10.71 £ 0.35* 0.96 + 0.097*
Type IIb 1.59 +£0.15 0.15+0.016

*Significant differences between type I and IIb muscle fibers (P<0.05, Student’s ¢-test).

DISCUSSION

Both the 2D and 3D ultrastructural observations of broiler muscle fibers showed a higher content of mitochondria and lipid
droplets in type I fibers compared to type IIb fibers. However, the 2D mitochondrial observations could not show the substantial
mitochondrial size, shape, and network frame among the myofibrils. Since mitochondria are continuously changing shape
[25], mitochondrial appearances in the sectional plane are insufficient evidence to investigate mitochondrial interactions in the
muscle. In this study, absolute indices of the plane area of a mitochondrion in muscle fibers showed individual variations among
the four observed specimens (Supplementary Tables 1 and 2). Moreover, although the lipid droplets appeared to be located in
the mitochondria in the 2D observations, the 3D observations revealed that they were instead embraced by the complex shape
of mitochondria and located outside the mitochondrial membrane. Thus, as discussed in mammalian studies [4, 7, 27], 3D
mitochondrial observation is the most effective method of investigating mitochondrial spatial properties in the organs.

This study is the first to report a 3D mitochondrial spatial network specific to type IIb muscle fibers in vertebrates. Muscle
fiber subtypes (i.e., type I and IIb) have not been clearly distinguished in previous observations of murine or human 3D
mitochondrial morphological examinations of the tibialis anterior, soleus, or vastus lateralis muscles because these muscles consist
of heterogeneous types of muscle fibers. Moreover, humans do not possess type IIb myosin chain [4, 7, 27]. Previous studies on
human muscles using confocal microscopy have reported that the mitochondrial volume in type I and II fibers was 11.9% and
8.6%, respectively, that type I fibers have tubular, highly interconnected mitochondrial spatial networks and that type II fibers
possess thinner and shorter tubular interconnections [7]. In contrast, we revealed that the mitochondrial volume in type I and IIb
fibers was 10.7% and 1.6%, respectively and that the broiler IIb fibers show fragmented mitochondria with few interconnections.
Type II fibers are classified into fast-twitch muscle fibers; however, type II fiber subtypes (i.e., Ila, IIb, and IIx fibers) exhibit
differences in metabolic type or biological properties [21]. Type Ila fibers mainly use oxidative metabolism; therefore, they are
considered to be the intermediate type between type I and IIx fibers. Type IIx fibers rely on glycolytic metabolism, similar to
type IIb fibers; they are intermediate type between type Ila and IIb fibers, showing more fatigue resistance and slower contraction
speed than type IIb fibers [14]. Taking into account the differences in the physiological features of type II fibers, the mitochondrial
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Fig. 4. Three-dimensional ultrastructure of mitochondria in type I muscle fibers in the gastrocnemius muscle (GM) revealed by serial block-face
scanning electron microscopy. a: Macro perspective of the highly interconnected mitochondrial spatial network among myofibrils. The colors
represent mitochondrial volume (light blue: <0.05 um?, light green: 0.05-0.1 um?, green: 0.1-0.2 um?, orange: 0.2-0.25 pm?, red: 0.25-1.5
pm?, pink: >1.5 um?). Yellow indicates lipid droplets. ¢ and d represent views of the characteristic mitochondria in image a observed from
different angles. b’/b”, ¢’—¢*”’, and d’/d” represent the electron microscopy images at the plane including black arrows and black arrowheads
in b, ¢, and d, respectively. b—b” represent mitochondrial column structures connected by nanotunnel located along the sarcomere Z-lines.
¢—¢”’ represent lipid droplets embraced by a mitochondrion and sandwiched by mitochondria. d—d” represent lipid droplets embraced by a
mitochondrion located along the sarcomere Z-lines. Black arrowheads: nanotunnels connecting mitochondria, white arrowheads: the sarco-
mere Z-lines, white arrow: lipid droplets embraced by a mitochondrion, black arrows: lipid droplets sandwiched by mitochondria.

occupancy in type IIb fibers is thought to be the lowest among type II fiber subtypes. Further investigations are needed to
determine whether the 3D mitochondrial morphology observed in type IIb fibers in broiler PMs is a universal feature in broiler
systemic skeletal muscle and is common among animal species.

The mitochondrial spatial property corresponds to a physiological phenotype specific to muscle fiber types. It has been
considered that mitochondrial content is correlated with oxidative capacity, fiber contractile power, and mitochondrial
interconnection with metabolic activity status [4, 29]. When discussing these correlations in the broiler muscle, high mitochondrial
density represents a high demand for ATP through oxidative phosphorylation in type I fibers; conversely, low mitochondrial
density represents a low demand for oxidative energy in type IIb fibers [4, 7]. In contrast, the fewer muscle fibrils relative to the
space at the expense of high mitochondrial content weaken the contraction of type I fibers; conversely, more fibrils strengthen the
contraction of type IIb fibers. Moreover, the highly interconnected mitochondria that build the column structure undergo active
respiratory metabolism in type I fibers while fragmented mitochondria with scarce interconnections perform static and inactive
respiratory metabolism in type IIb fibers [29]. Lipid droplets that physically interact with the mitochondria (i.e., peridroplet
mitochondria) observed in human type I fibers contribute to the efficient delivery of fatty acids for oxidative energy production,
reduction of the potential lipotoxicity, and maintenance of organelle homeostasis under damage [3, 10, 23]. As for broilers,
compared to type I fibers with numerous peridroplet mitochondria, the scarcity of peridroplet mitochondria indicates lower
endurance for the energy supply and lower resistance to cellular stress in type IIb fibers. In addition, the Z-line width is reportedly
thinner in type II fibers than in type I fibers [18]; thus, Z-lines in type IIb fibers in the PMs were unclear in the present study.
Generally, skeletal muscles exhibit a hybrid composition of fast- and slow-twitch fibers (i.e., I/Ila, Ila/IIx, and IIx/IIb), which
adjusts the balance between muscle power, energy homeostasis, and stress resistance [21]. On the other hand, it is assumed that the
broiler PMs composed entirely of type IIb fibers have the fastest and strongest contraction power among systemic skeletal muscles
due to their almost exclusive glycolytic energy production at the cost of mitochondrial activity and stress resistance.

The column mitochondrial aggregate and its network spread among the myofibrils are formed by the active remodeling of
mitochondrial membranes through fusion and fission (i.e. mitochondrial dynamics) [19], which is the adaptation to metabolic
demand relied on oxidative phosphorylation in a muscle cell. Mitochondria are constantly exposed to highly reactive superoxide

J. Vet. Med. Sci. 83(11): 1764-1771, 2021 1769



The Journal of

Veterinary

Medical

Science M. HOSOTANI ET AL.

produced as a byproduct of oxidative energy production [30]. Active mitochondrial dynamics also play roles in the elimination of
oxidative damage to the mitochondria: fusion dilutes the damage to healthy mitochondria [5] while fission segregates damage in
one mitochondrion, which is removed by mitophagy [2]. Nanotunnels are double-membrane tubular projections of mitochondria
with a diameter of 40-200 nm and a length of 30 um, which connect non-adjacent mitochondria. They are capable of transporting
proteins among connected mitochondria [26, 27] and are presumed to be hyperfusions acting as an initial stress response [27].
Therefore, broiler oxidative type I fibers with a substantial mitochondrial network may have a physiologically high capacity to
maintain mitochondrial wellness via active mitochondrial dynamics. In contrast, glycolytic type IIb fibers in broilers with a poor
mitochondrial spatial network may not have sufficient adaptability to cellular stress. Broiler PMs exhibit WB, namely severe
myopathy, including vacuolization, hypertrophy, and degeneration of myofibers, under chronic and excessive hypoxia [9]. The
lower physiological adaptability to oxidative stress in type IIb fibers comprising the PMs might be involved in WB pathogenesis.
Further investigation is required to clarify whether oxidative stress in muscle cells can induce active mitochondrial dynamics in
type IIb fibers.

The differences in muscle fiber types would reflect the differences in susceptibility to the myopathy. For instance, contrary to
oxidative fibers vulnerable to disuse-related muscle atrophy, glycolytic fibers are vulnerable to nutrient-related muscle atrophy [28].
Autophagy inhibition and enzymatic dysfunction specific to glycolytic fibers may explain why certain myopathies target particular
muscle fiber types [21, 28], although the entire scope largely remains unsolved. The broiler systemic skeletal muscles, except for
the PMs, yield a continuous range of adaptability to oxidative stress owing to the varying composition of oxidative (type I or Ila)
and glycolytic (type 1Ib) fibers in the muscle group that may allow them to avoid the expression of severe myopathies even when
exposed to hypoxia. Therefore, the mitochondrial physiological phenotype in type IIb fibers of broilers may explain why WB
expression is restricted to PMs. In addition, future investigations of 3D mitochondrial properties of PMs exhibiting severe WB
should provide valuable evidence for the involvement of abnormal mitochondrial dynamics in WB pathogenesis.

In conclusion, based on the mitochondrial spatial properties of type IIb fibers, we propose a high contractile power and low
stress resistance as unique physiological properties of broiler PMs. This physiological information contributes to an understanding
of differences in mitochondrial 3D features among muscle fiber types and could serve as the basis for future investigations of WB
pathogenesis.
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