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Abstract

The skeletal muscle plays an important role in maintaining body temperature, which
is mediated by thermogenesis and glucose or lipid metabolism. Mangalica is a native
Hungarian pig that has cold tolerance and can live in grazing environments through-
out the year. We evaluated the morphological and genetic aspects of Mangalica using
muscle tissues to elucidate the mechanisms underlying the tolerance to seasonal ef-
fects in grazing environments. The muscle tissues in each season were analysed using

morphological evaluation and electron microscopy. The cross-sectional area of skel-

etal muscle cells in summer was significantly larger than that in winter. The thickness
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of myofibrils in summer was significantly higher than in winter. The thickness of the
Z-line in winter was significantly higher than in summer. The expression of MYH4 and
GLUT4 was significantly lower in winter than in summer. The result of ATPase staining
indicated significantly increase the muscle fibre ratio of type 1 in winter than that in
summer. These findings indicate that the muscle fibre in Mangalica shifts from fast-
twitch to slow-twitch fibre, and the metabolic physiology of the muscle was adapted
to the cold environment. This study demonstrates that Mangalica gained tolerance to
both seasonal heat and cold stresses that are caused by significant changes in ambi-
ent temperature in a year because of changes in their muscle fibre type and metabolic
function. This study may contribute to elucidating the mechanism of thermogenetic

adaptation in cold and heat environments among mammals.

KEYWORDS
adaptive thermogenesis, Mangalica pig, metabolic processes, muscle, physiological adaptation,
tissue

1 | INTRODUCTION The Mangalica is a fat-type, native Hungarian pig (Sus scrofa do-
mesticus). Mangalica is thought to have evolved from Alféldi, Bako-
The skeletal muscle plays an important role in maintaining body tem- nyi and Szalontai, which are much older breeds that originated from
perature through shivering. Especially, the function of thermogen- domesticated Slovenian pigs and wild boars (Egerszegi et al., 2003).
esis is associated with cold tolerance in muscle metabolic activity

(Periasamy et al., 2017).

Mangalica shared part of its genetic background with Hungarian
wild boars and had characteristic features similar to those of wild
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boars compared to commercial breeds (Balteanu et al., 2019; Frank
et al., 2017; Kaltenbrunner et al., 2019). Mangalica is classified by

the colour of curly hair: red, blond and swallow belly. Furthermore,
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Mangalica has a unique fat tissue with a high rate of unsaturated
fatty acids (Egerszegi et al., 2003; Tomovic et al., 2016). Previous
studies have reported that the developmental rate of Mangalica
slowly increases compared to that of commercial breeds (Egerszegi
et al., 2003; Takatani et al., 2021). However, Mangalica has cold tol-
erance and can be placed in a grazing environment throughout the
year. When kept in cold conditions, the daily gain in body weight of
Mangalica did not decrease compared to that of commercial breeds
(Parvu et al., 2012a, 2012b).

In general, commercial pig breeds are sensitive to environmen-
tal changes, and seasonal changes in temperature reduced their
physiological functions such as development rate, metabolism and
fertility (Carroll et al., 2012; Choi et al., 2019; Claus & Weiler, 1994,
Guo et al., 2018; Liu et al., 2022; Yu et al., 2021). Furthermore, heat
and cold stresses induce several diseases such as pneumonia and
hypothermia, and increase the mortality rate in the commercial pig
(Carroll et al., 2012; Liu et al., 2022). On the contrary, hibernators
that live in a cold environment such as squirrels change their mus-
cle metabolism based on the decrease in the ambient temperature
(Cotton, 2016). Some non-hibernating wild animals, such as deer,
wild boars and pheasants, also changed their muscle character-
istics, such as components of muscle, abundance of protein and
fat, and gene expression related to fatty acid synthesis, between
each season (Liang et al., 2022; Sales & Kotrba, 2013; Stanisz
et al., 2019; Wiklund et al., 2010). The muscle produces heat using
two types of muscle fibres, and thus, it is an important organ for
the maintenance of temperature (Frontera & Ochala, 2015). The
muscle fascicles are formed by individual muscle fibres, which are
made of myofibrils contained within the sarcomeres (Frontera &
Ochala, 2015). The muscle has two types of muscle fibres with dif-
ferent metabolic functions: Type 1 (slow-twitch fibre) has a high
lipid metabolism and expresses MYH7; type 2 (fast-twitch fibre) has
a high glucose metabolism and expresses MYH1, MYH2 and MYH4
(Blaauw et al., 2013; Schiaffino, 2018). Furthermore, a muscle fibre
can shift to the other fibre type (that is fast — slow and slow —
fast) by nerve stimulation, such as exercise, fasting and ageing (Ci-
ciliot et al., 2013; Schiaffino & Reggiani, 2011; Wilson et al., 2012).
Wild animals change the characteristics of their muscles based on
seasonal changes, leading to physiological adaptation to ambient
environments.

We hypothesized that Mangalica alters its muscle metabolisms
and composition in response to seasonal changes to increase heat
and cold tolerance to survive in grazing environments. However,
there are few studies associated with the development of the mus-
cle in Mangalica. It is unclear whether there are seasonal changes in
body development, muscle tissue structure and muscle metabolism
in Mangalica. The aim of this study was to perform a histological
analysis and examine the expression of genes involved in the me-
tabolism of the muscle tissue of Mangalica to reveal its seasonal
adaptation.

2 | MATERIALS AND METHODS
2.1 | Seasonal experimental setting for Mangalica

The experimental setting of seasons was based on weather re-
cords of the Nukanai station of the Japan Meteorological Agency
(https://www.data.jma.go.jp/obd/stats/etrn/index.php?prec_no.
=20&block_no=1286&year=&month=&day = &view=), which
is located approximately 12km from the Tokachi Royal Mangalica
Farm in Japan (42°47.2'N). The season was determined based on
the average temperature. Each season was determined as follows:
winter from December to March (-8.5 to -0.4°C), spring from April
to June (7.1-15.0°C), summer from July to September (16.6-20.4°C)

and autumn from October to November (3.5-9.2°C).

2.2 | Animals

Mangalica animals that were raised at the Tokachi Royal Mangalica
Farm during 2020-2022 were used for the experiment. Body weight
(BW) was measured at various stages such as birth (Day 0), weaning
(Day 30), growing (Days 30 to 300) and before slaughter (Days 300
to 480). The BW was measured 149 Mangalica pigs and the calcula-
tion of BW/day (BW/d) in each stage used BW data that are recorded
in the farm. The body temperature was measured before slaughter
(n=143). The muscle tissues were kept at ~30°C until experiments
were performed. To perform histological and genetic analyses, mus-
cle tissues were collected from the thoracic longissimus muscle of
8-month-old Mangalica, which was slaughtered after electrical stun-
ning, in summer (n=_3) and winter (n=3).

2.3 | Preparation of muscle tissue for
histological analysis

For haematoxylin and eosin (H&E) staining, muscle tissues were col-
lected from more than three locations on the longissimus muscle, fixed
in 10% formalin, dehydrated in an ethanol series and embedded in
paraffin. Multiple sections (4pm) were prepared using an SM2000R
microtome (Leica) and stained with H&E. Images were obtained using
an Optiphot-2 stereomicroscope (Nikon) with a Digital Sight 1000
camera (Nikon), and the cross-sectional area (CSA) of skeletal muscle
cells was calculated using more than 150 cells in more than three visual
fields of each sample using ImageJ Fiji (https://imagej.net/software/
fiji/). To prepare fresh-frozen muscle tissue samples, the longissimus
muscle was fixed with isopentane and liquid nitrogen. Then, the fro-
zen sections were prepared using a Leica CM1900 Cryostat (Leica)
and stained with Oil Red O. ATPase staining was performed using the
conventional method to distinguish between type 1 and type 2 fibres
(Lefaucheur et al., 2002). Microscopic images were obtained using the
Optiphot-2 stereomicroscope with a Digital Sight 1000 camera for the
measurement of muscle fibre types. The fibre type composition was
calculated using 100 muscle cells of each sample.
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2.4 | Preparation of muscle tissue for transmission
electron microscopy

The muscle samples were cut into 2mm? blocks and placed in 10%
formalin overnight. The muscle blocks were then fixed with 2.5%
glutaraldehyde fixative (079-00533, Fujifilm Wako) for 2h at room
temperature and post fixed with 1% osmium tetroxide (30,202,
Nisshin-EM) for 1h at room temperature. The fixed samples were
dehydrated using an ethanol series and embedded in LR White resin
(14,381, Electron Microscopy Sciences). Ultrathin sections (70nm)
were prepared with Reichert Ultracut S (Leica), and images were ob-
tained using a transmission electron microscope Hitachi TEM sys-
tem Model HT7700 (Hitachi). To evaluate the length of sarcomere
and the thicknesses of myofibril and Z-line, over 20 myofibrils of the

muscle sample were analysed using the Image) Fiji software.

2.5 | Analysis of gene expression in muscle tissue

Total RNA was extracted from longissimus muscle samples using
TRIzol reagent (Thermo Fisher Scientific). The total RNA concentra-
tion was measured using a NanoDrop spectrophotometer (Thermo
Fisher Scientific). Total RNA (1 pg) was treated with DNase and con-
verted to cDNA using Random Primers (48,190,011, Thermo Fisher
Scientific) and SuperScript Il (18,064,022, Thermo Fisher Scientific)
on a GeneAtlas thermal cycler 482 (4,990,902, ASTEC, Fukuoka,
Japan).

Real-time PCR was performed using the SsoAdvanced Univer-
sal SYBR Green Supermix (1,725,271, Bio-Rad) and LightCycler
96 (05815916001, Roche), according to the manufacturers' in-
structions. Each PCR reaction was performed at 95°C for 30s for
denaturation, 95°C for 10s and 60°C for 60s for 35cycles for am-
plification. Table 1 lists the primer sequences used. We used 18S
ribosomal RNA (18S) for internal control, and the relative expression
levels of genes were calculated using the 2722¢T method.

TABLE 1 Primer pairs used in the analysis of gene expression.

Gene Primer
MYH1 F CTTTCCTCTTCACTGGCGCA
R GATTCTGCTTGGGAAGCCCT
MYH2 F CCAGACGGAAGAGGATCGGA
R ACTTTTGTGTGAACCTCCCGG
MYH4 F CTGGCTTTCCTCTTTGCTGAGA
R TGGTCTCATTGGGGATGATGC
MYH7 F GGAAGAGTGAGCGTCGCAT
R AATCTACTCCTCGTTCAAGCCC
GLUT4 F TGGGAAGGAAGAAGGCAATGCT
R AGAATGCCAATGACGATGGCC
518 F TGCCTTTGCTATCACTGCGA
R CTGTGGGCCCGAATCTTCTT

Embryologia

2.6 | Statistical analyses

All statistical analyses were performed using R version 4.2.2
(https://www.r-project.org/). The results of BW/day for each season
were compared to the annual average using Dunnett's test. T test,
U test and chi-squared test were used to compare summer and win-
ter. All data are presented as the mean +standard error of the mean
(SEM). p<0.05 was considered significant (*p<0.05, **p<0.01,
***p<0.001).

2.7 | Animal ethics

The study and management of all animals used in this study were
conducted in accordance with the Guidelines for the Care and Use
of Animals of the Obihiro University of Agriculture and Veterinary
Medicine (approval numbers 21-19 and 22-165).

3 | RESULTS
3.1 | Body weight of Mangalica in each season

To investigate the effect of seasonal changes on Mangalica devel-
opment, we examined body temperature and weight. The ambient
temperature was obtained from weather records, and the body tem-
peratures of the Mangalica are indicated in Table 2. The minimum
ambient temperature in winter was -14.6 to -26.2°C, the maximum
ambient temperature in summer was 30.5-33.1°C, and the average
ambient temperature in a year was -8.5+0.8 to 20.4+0.4°C. On
the contrary, the body temperature of Mangalica was 38.35+0.12-
39.06+0.18°C (Table 2).

The measurements of body weight during each season are
shown in Figure 1. The BW/d from birth to weaning did not
change between the average of 1year (0.195+0.004 kg/day) and

Product length Annealing temperature

(bp) (°C) Accession number
290 60 NM_001104951.2
237 60 NM_214136.1
184 60 NM_001123141.1
290 60 NM_213855.2
234 60 NM_001128433.1
285 60 NM_213940.1
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TABLE 2 Ambient and body temperatures in a year.

November

October

April May June July August September

March

February

January

3.5+0.5

9.2+0.7

16.6+0.5
38.6+0.1

20.0+0.4
38.6+0.1

20.4+0.4
38.6+0.1

15.0+0.8
38.6+0.1

11.8+0.5
38.5+0.1

-7.3+0.6 -0.4+0.5 71+0.6
38.7+0.2

39.0+0.1

-8.5+0.8
39.1+0.2

Ambient temperature

38.3+0.1

38.6+0.1

38.3+0.1 + + + gt %

Body temperature
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FIGURE 1 Daily gain of body weight (BW/d) in Mangalica (total
n=149). (a) BW/d from birth stage to weaning (n=137). (b) BW/d
from growing period and before slaughter period (n=149). The
line on the graph indicates the average of a year. The values of
each season were compared to the average of a year. Values are
shown as mean +standard error of the mean (SEM) and **p <0.01,
***n <0.001.

each season (Figure 1a). The BW/d from the growing to slaugh-
ter period of spring (0.343 +0.014 kg/day) was significantly in-
creased compared to the average of the year (0.284+0.007 kg/
day), and the BW/d in autumn (0.228 +0.011 kg/day) was signifi-
cantly decreased compared to the average of the year (p<0.01
and p<0.001, respectively, Figure 1b).

3.2 | Histological analysis of muscle tissue

To examine the muscle morphology in each season, we performed
histological analysis using tissue staining and electron microscopy.
The histological results of H&E, Oil Red O and ATPase staining are
shown in Figure 2 and Supplemental figure. In Oil Red O staining,
the number of adipocytes may be increased in winter compared to
summer in the muscles (Figure 2a). The CSA of skeletal muscle cells
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FIGURE 2 Comparison of muscle morphology between summer
and winter. (a) Images of haematoxylin and eosin (H&E) and Qil

Red O staining (bar 100 pm). (b) Comparison of cross-sectional area
(CSA) of skeletal muscle cells between summer (n=3, black square)
and winter (n= 3, white square). (c) Comparison of ratio of muscle
fibre type 1 (white square) and type 2 (black square) between
summer and winter. Values are shown as mean +standard error of
the mean (SEM) and *p <0.05, ***p <0.001.

in summer and winter were 3.00+0.05 and 2.52+0.04x10°pm?,
respectively, and the CSA in summer was significantly larger than
that in winter (Figure 2b, p<0.001). The ratio of muscle fibre
was 11.00+1.53% and 89.00+1.53% for types 1 and 2, respec-
tively, in summer. The ratio of muscle fibre was 17.33+3.53% and
82.67 +3.53% for types 1 and 2, respectively, in winter (Figure 2c
and Supplemental Figure). In winter, the type 1 muscle fibre was
significantly increased and type 2 muscle fibre was significantly de-
creased compared to those in summer.

We measured the length of the sarcomere and thickness of
myofibrils and the Z-line (Figure 3). The length of sarcomere in
summer and winter was not different (Figure 3a,b), while the
thickness of myofibril in summer and winter were 0.94+0.03 and
0.66 +0.02 um, respectively, and it was significantly higher in sum-
mer than that in winter (Figure 3a,c, p <0.001). The thickness of the
Z-line in summer and winter were 49.84+1.27 and 67.44 +1.42nm,
respectively, and it was significantly higher in winter than that in
summer (Figure 3a,d, p<0.001).
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3.3 | Gene expression in muscle tissue

We compared the gene expression in the muscle between sum-
mer and winter (Figure 4). The expressions of MYH4, which is re-
lated to the formation of myosin heavy chain in the muscle fibre,
and GLUT4, which is related to the uptake of glucose into tissues,
were decreased in winter compared to those in summer (p<0.001
and p<0.05, respectively, Figure 4). The expression levels of MYH1,
MYH2 and MYH?7 did not vary between summer and winter.

4 | DISCUSSION

This study indicates that the seasonal change between summer and
winter in the metabolism of the muscle leads to Mangalica's gain in
tolerance for heat and cold stresses. Very few studies on the muscle
of Mangalica are available to date. To the best of our understanding,
this is the first study that demonstrates seasonal changes in fibre
type and gene expression relating to muscle metabolism function
of muscle change seasonally in Mangalica. These results provide
valuable insights on the mechanism of tolerance for heat and cold
stresses in Mangalica.

It is known that cold environments decrease BW to maintain
body temperature (Bal et al., 2016; Morrison et al., 2008), and heat
stress reduces the accretion of muscle protein and developmental
rate (Guo et al., 2018; Liu et al., 2022). Neonatal pigs need to main-
tain a warm temperature: a thermoneutral zone of 30-34°C, and the
early period is extremely affected by temperature conditions; for
example, heat and cold shock, because they do not have adequate
muscle and fat tissue to adapt to the ambient environment (Car-
roll et al., 2012; Herpin et al., 2002). However, in this study, weight
gain in neonatal Mangalica did not differ between the seasons. We
previously reported that neonatal Mangalica have thicker back fat
compared to the commercial breed (Kim et al., 2022). These results
suggest that neonatal Mangalica endures cold and heat shock con-
ditions owing to the thickness of its fat tissue. On the contrary, be-
fore slaughter, weight significantly increased in spring and decreased
in autumn compared to the annual average. Studies of wild animals
such as rodents, deer and wild boars, which are not hibernators,
have reported that their body weights are higher in warm seasons
(spring and summer) compared to cold seasons (autumn and winter)
because of seasonal factors such as temperature and food intake
(Heldmaier, 1988; Li & Wang, 2005; Skubis et al., 2009; Suttie &
Webster, 1995). The BW/d of Mangalica indicated an increase in the
growth rate in spring, which was consistent with that of wild animals.

During summer, the CSA of skeletal muscle cells and the thick-
ness of the Z-line in Mangalica pigs increased. Increased muscle
mass is associated with muscle fibre hypertrophy in mammals (Du-
clos et al., 2007; Watanabe et al., 2019). Thus, the increase in CSA
suggests that the gain of weight in Mangalica is due to an increase
in muscle mass during warm seasons. It has been reported that the
CSA of the fast-twitch fibre is more than that of the slow-twitch
fibre (Schiaffino & Reggiani, 2011; Wilson et al., 2012). The Z-line
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of the slow-twitch fibre is thicker than that of the fast-twitch fibre,
which is related to the number of mitochondria (Schiaffino & Reg-
giani, 2011). In this study, the gene expression of MYH4 and GLUT4
was significantly decreased in winter compared to summer. The
changes in these gene expressions were consistent with the re-
sults of CSA and Z-line, suggesting the shift in muscle fibre caused
by seasonal changes in Mangalica. ATPase staining of the longissi-
mus muscle in Mangalica indicates a significant increase in type 1
muscle fibre in winter.

Previous studies have reported that hibernators such as ham-
sters, black bears and white-tailed prairie dogs have rich type 1
muscle; the decreased CSA in muscle fibre and the shifting of mus-
cle fibre type from type 2 to type 1 is accompanied by a decrease
in temperature (Egginton et al., 2001; Gao et al., 2012; Kawata

FIGURE 3 Comparison of sarcomere
between summer (n=3, white square)
and winter (n=3, black square). (a)
Transmission electron microscope image
of myofibrils, a: Z-line, b: Length of
sarcomere, c: Thickness of myofibrils,

d: thickness of Z-line (x3000, bar 1 um).
(b) Length of sarcomere. (c) Thickness of
myofibrils. (d) Thickness of Z-line. Values
are shown as mean + standard error of the
mean (SEM) and ***p <0.001.

Summer Winter

et al., 2022; Rourke et al., 2006). Furthermore, the metabolism
of hibernators shifts from the glucose metabolism to lipolysis
during winter (Cotton, 2016), and unsaturated fatty acid such as
oleic acid in fat tissue changed during pre-hibernation to post-
hibernation (Falkenstein et al., 2001; Florant, 1998). In this study,
Oil Red O staining did not indicate morphological changes in in-
termuscular fat; however, oleic acid was significantly increased in
winter compared to summer in the muscle of Mangalica (data not
shown). Previous studies have revealed that the fat tissue of Man-
galica was different and contained a high concentration of oleic
acid compared to the commercial breed (Kim et al., 2022; Takatani
et al., 2021). These results on Mangalica are consistent with the
changes in the muscle physiology of hibernators in winter. Hence,
the gain in heat and cold tolerance by Mangalica may be related to
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the alterations of muscle based on seasonal change and the inter-
action between muscle and fat tissue.

In summary, Mangalica has gained tolerance to the seasonal heat
stress owing to changes in muscle fibre type and metabolic function.
These results may contribute to elucidating the mechanism of ther-

mogenetic adaptation in cold and heat environments in mammals.
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