
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/374634386

Seasonal adaptation of Mangalica pigs in terms of muscle morphology and

metabolism

Article  in  Anatomia Histologia Embryologia · October 2023

DOI: 10.1111/ahe.12982

CITATIONS

0
READS

18

8 authors, including:

Sangwoo Kim

Obihiro University of Agriculture and Veterinary Medicine

6 PUBLICATIONS   3 CITATIONS   

SEE PROFILE

Daisuke Kondoh

Obihiro University of Agriculture and Veterinary Medicine

69 PUBLICATIONS   482 CITATIONS   

SEE PROFILE

Yuki Muranishi

Obihiro University of Agriculture and Veterinary Medicine

44 PUBLICATIONS   2,163 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Yuki Muranishi on 04 May 2024.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/374634386_Seasonal_adaptation_of_Mangalica_pigs_in_terms_of_muscle_morphology_and_metabolism?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/374634386_Seasonal_adaptation_of_Mangalica_pigs_in_terms_of_muscle_morphology_and_metabolism?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sangwoo-Kim-28?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sangwoo-Kim-28?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Obihiro_University_of_Agriculture_and_Veterinary_Medicine?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sangwoo-Kim-28?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daisuke-Kondoh?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daisuke-Kondoh?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Obihiro_University_of_Agriculture_and_Veterinary_Medicine?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daisuke-Kondoh?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuki-Muranishi?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuki-Muranishi?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Obihiro_University_of_Agriculture_and_Veterinary_Medicine?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuki-Muranishi?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuki-Muranishi?enrichId=rgreq-fd117582fd8fd6fcfec5a9ae13e9a33f-XXX&enrichSource=Y292ZXJQYWdlOzM3NDYzNDM4NjtBUzoxMTQzMTI4MTI0MDg1MzE4NkAxNzE0ODExMDU1Nzc1&el=1_x_10&_esc=publicationCoverPdf


Anat Histol Embryol. 2024;53:e12982.	 ﻿	   | 1 of 8
https://doi.org/10.1111/ahe.12982

wileyonlinelibrary.com/journal/ahe

1  |  INTRODUC TION

The skeletal muscle plays an important role in maintaining body tem-
perature through shivering. Especially, the function of thermogen-
esis is associated with cold tolerance in muscle metabolic activity 
(Periasamy et al., 2017).

The Mangalica is a fat-type, native Hungarian pig (Sus scrofa do-
mesticus). Mangalica is thought to have evolved from Alföldi, Bako-
nyi and Szalontai, which are much older breeds that originated from 
domesticated Slovenian pigs and wild boars (Egerszegi et al., 2003). 
Mangalica shared part of its genetic background with Hungarian 
wild boars and had characteristic features similar to those of wild 
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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 
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.
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boars compared to commercial breeds (Bâlteanu 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, 
Mangalica has a unique fat tissue with a high rate of unsaturated 
fatty acids (Egerszegi et al.,  2003; Tomović 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 
(Pârvu 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  |  MATERIAL S 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 12 km 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 (4 μm) 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/softw​are/
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 2 mm3 blocks and placed in 10% 
formalin overnight. The muscle blocks were then fixed with 2.5% 
glutaraldehyde fixative (079-00533, Fujifilm Wako) for 2 h at room 
temperature and post fixed with 1% osmium tetroxide (30,202, 
Nisshin-EM) for 1 h 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 (70 nm) 
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 ImageJ 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 μg) was treated with DNase and con-
verted to cDNA using Random Primers (48,190,011, Thermo Fisher 
Scientific) and SuperScript II (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 30 s for 
denaturation, 95°C for 10 s and 60°C for 60 s for 35 cycles 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 2−ΔΔCT method.

2.6  |  Statistical analyses

All statistical analyses were performed using R version 4.2.2 
(https://www.r-proje​ct.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 1 year (0.195 ± 0.004 kg/day) and 

TA B L E  1 Primer pairs used in the analysis of gene expression.

Gene Primer
Product length 
(bp)

Annealing temperature 
(°C) Accession number

MYH1 F CTTTC​CTC​TTC​ACT​GGCGCA 290 60 NM_001104951.2

R GATTC​TGC​TTG​GGA​AGCCCT

MYH2 F CCAGA​CGG​AAG​AGG​ATCGGA 237 60 NM_214136.1

R ACTTT​TGT​GTG​AAC​CTC​CCGG

MYH4 F CTGGC​TTT​CCT​CTT​TGC​TGAGA 184 60 NM_001123141.1

R TGGTC​TCA​TTG​GGG​ATG​ATGC

MYH7 F GGAAG​AGT​GAG​CGT​CGCAT 290 60 NM_213855.2

R AATCT​ACT​CCT​CGT​TCA​AGCCC

GLUT4 F TGGGA​AGG​AAG​AAG​GCA​ATGCT 234 60 NM_001128433.1

R AGAAT​GCC​AAT​GAC​GAT​GGCC

S18 F TGCCT​TTG​CTA​TCA​CTGCGA 285 60 NM_213940.1

R CTGTG​GGC​CCG​AAT​CTTCTT
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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 TA
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F I G U R E  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, 
***p < 0.001.
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in summer and winter were 3.00 ± 0.05 and 2.52 ± 0.04 × 103 μm2, 
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 μm, 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 ± 1.42 nm, 
respectively, and it was significantly higher in winter than that in 
summer (Figure 3a,d, p < 0.001).

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 MYH7 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 

F I G U R E  2 Comparison of muscle morphology between summer 
and winter. (a) Images of haematoxylin and eosin (H&E) and Oil 
Red O staining (bar 100 μm). (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.
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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 

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 

F I G U R E  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 (×3000, bar 1 μm). 
(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.
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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.

ACKNO​WLE​DG E​MENTS
We would like to thank the staff of the Tokachi Royal Mangalica 
Farm for providing us with samples and helping in the measure-
ments of body weight and ambient temperature of Mangalica. We 
would like to thank Editage (www.edita​ge.com) for English language 
editing. This work was supported by the Station for Management of 
Common Equipment, Obihiro University.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The datasets generated and/or analysed during the current study 
are available in the website of Anatomia, Histologia, Embryologia at 
https://onlin​elibr​ary.wiley.com/journ​al/14390264.

ORCID
Yuki Muranishi   https://orcid.org/0000-0001-8784-2136 

R E FE R E N C E S
Bal, N. C., Maurya, S. K., Singh, S., Wehrens, X. H. T., & Periasamy, 

M. (2016). Increased reliance on muscle-based thermogene-
sis upon acute minimization of brown adipose tissue function. 
Journal of Biological Chemistry, 291(33), 17247–17257. https://doi.
org/10.1074/jbc.M116.728188

Bâlteanu, V. A., Cardoso, T. F., Amills, M., Egerszegi, I., Anton, I., Beja-
Pereira, A., & Zsolnai, A. (2019). The footprint of recent and strong 
demographic decline in the genomes of Mangalitza pigs. Animal, 
13(11), 2440–2446. https://doi.org/10.1017/S1751​73111​9000582

Blaauw, B., Schiaffino, S., & Reggiani, C. (2013). Mechanisms modulating 
skeletal muscle phenotype. Comprehensive Physiology, 3(4), 1645–
1687. https://doi.org/10.1002/cphy.c130009

Carroll, J. A., Burdick, N. C., Chase, C. C., Coleman, S. W., & Spiers, 
D. E. (2012). Influence of environmental temperature on the 

physiological, endocrine, and immune responses in livestock 
exposed to a provocative immune challenge. Domestic Animal 
Endocrinology, 43(2), 146–153. https://doi.org/10.1016/j.doman​
iend.2011.12.008

Choi, J., Kwon, K., Lee, Y., Ko, E., Kim, Y., & Choi, Y. (2019). Characteristics 
of pig carcass and primal cuts measured by the autofom III depend 
on seasonal classification. Food Science of Animal Resources, 39(2), 
332–344. https://doi.org/10.5851/kosfa.2019.e30

Ciciliot, S., Rossi, A. C., Dyar, K. A., Blaauw, B., & Schiaffino, S. (2013). 
Muscle type and fiber type specificity in muscle wasting. 
International Journal of Biochemistry and Cell Biology, 45(10), 2191–
2199. https://doi.org/10.1016/j.biocel.2013.05.016

Claus, R., & Weiler, U. (1994). Endocrine regulation of growth and me-
tabolism in the pig: A review*. Livestock Production Science, 37(3), 
245–260.

Cotton, C. J. (2016). Skeletal muscle mass and composition during mam-
malian hibernation. Journal of Experimental Biology, 219(2), 226–
234. https://doi.org/10.1242/jeb.125401

Duclos, M. J., Berri, C., & Le Bihan-Duval, E. (2007). Muscle growth and 
meat quality. Journal of Applied Poultry Research, 16, 107–112.

Egerszegi, I., Rátky, J., Solit, L., & Brüssow, K. (2003). Mangalica - an 
indigenous swine breed from Hungary. Archives Animal Breeding, 
46(3), 245–256.

Egginton, S., Fairney, F., & Bratcher, J. (2001). Differential effects of cold ex-
posure on muscle fibre composition and capillary supply in hibernator 
and non-hibernator rodents. Experimental Physiology, 86(5), 629–639.

Falkenstein, F., Körtner, G., Watson, K., & Geiser, F. (2001). Dietary 
fats and body lipid composition in relation to hibernation in free-
ranging echidnas. Journal of Comparative Physiology - B Biochemical, 
Systemic, and Environmental Physiology, 171(3), 189–194. https://doi.
org/10.1007/s0036​00000157

Florant, G. L. (1998). Lipid metabolism in hibernators: The importance of 
essential fatty acids 1. American Zoologist, 38(2), 331–340. https://
acade​mic.oup.com/icb/artic​le/38/2/331/213932

Frank, K., Molnár, J., Barta, E., & Marincs, F. (2017). The full mitochon-
drial genomes of Mangalica pig breeds and their possible origin. 
Mitochondrial DNA Part B: Resources, 2(2), 730–734. https://doi.
org/10.1080/23802​359.2017.1390415

Frontera, W. R., & Ochala, J. (2015). Skeletal muscle: A brief review of 
structure and function. Behavior Genetics, 45(2), 183–195. https://
doi.org/10.1007/s0022​3-014-9915-y

Gao, Y. F., Wang, J., Wang, H. P., Feng, B., Dang, K., Wang, Q., & Hinghofer-
Szalkay, H. G. (2012). Skeletal muscle is protected from disuse in 
hibernating dauria ground squirrels. Comparative Biochemistry and 
Physiology - A Molecular and Integrative Physiology, 161(3), 296–300. 
https://doi.org/10.1016/j.cbpa.2011.11.009

Guo, Z., Lv, L., Liu, D., & Fu, B. (2018). Effects of heat stress on piglet 
production/performance parameters. Tropical Animal Health and 

F I G U R E  4 Gene expressions of muscle 
tissue. The muscle tissue was collected 
from the longissimus muscle of 8-month-
old Mangalica in summer (n = 3, white 
square) and in winter (n = 3, black square). 
Values are shown as mean ± standard 
error of the mean (SEM) and *p < 0.05, 
***p < 0.001.

 14390264, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ahe.12982 by C

ochrane Japan, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.editage.com
https://onlinelibrary.wiley.com/journal/14390264
https://orcid.org/0000-0001-8784-2136
https://orcid.org/0000-0001-8784-2136
https://doi.org/10.1074/jbc.M116.728188
https://doi.org/10.1074/jbc.M116.728188
https://doi.org/10.1017/S1751731119000582
https://doi.org/10.1002/cphy.c130009
https://doi.org/10.1016/j.domaniend.2011.12.008
https://doi.org/10.1016/j.domaniend.2011.12.008
https://doi.org/10.5851/kosfa.2019.e30
https://doi.org/10.1016/j.biocel.2013.05.016
https://doi.org/10.1242/jeb.125401
https://doi.org/10.1007/s003600000157
https://doi.org/10.1007/s003600000157
https://academic.oup.com/icb/article/38/2/331/213932
https://academic.oup.com/icb/article/38/2/331/213932
https://doi.org/10.1080/23802359.2017.1390415
https://doi.org/10.1080/23802359.2017.1390415
https://doi.org/10.1007/s00223-014-9915-y
https://doi.org/10.1007/s00223-014-9915-y
https://doi.org/10.1016/j.cbpa.2011.11.009


8 of 8  |     KIM et al.

Production, 50(6), 1203–1208. https://doi.org/10.1007/s1125​
0-018-1633-4

Heldmaier, G. (1988). Seasonal Acciimatization of energy requirements 
in mammals: Functional significance of body weight control, hy-
pothermia, torpor and hibernation. 10th European Society for 
Comparative Physiology and Biochemistry, 130–139.

Herpin, P., Damon, M., & Le Dividich'unite, J. (2002). Development 
of thermoregulation and neonatal survival in pigs. Livestock 
Production Science, 78, 25–45. www.elsev​ier.com/locat​e/livpr​
odsci

Kaltenbrunner, M., Mayer, W., Kerkhoff, K., Epp, R., Rüggeberg, H., 
Hochegger, R., & Cichna-Markl, M. (2019). Differentiation be-
tween wild boar and domestic pig in food by targeting two gene 
loci by real-time PCR. Scientific Reports, 9(1), 9221. https://doi.
org/10.1038/s4159​8-019-45564​-7

Kawata, M., Luziga, C., Miyata, H., Sugiura, T., & Wada, N. (2022). 
Differential expression of myosin heavy chain isoforms type II 
in skeletal muscles of polar and black bears. Journal of Veterinary 
Medicine Series C: Anatomia Histologia Embryologia, 52, 363–372. 
https://doi.org/10.1111/ahe.12893

Kim, S., Taniguchi, K., Sasaki, M., Yamane, K., Takatani, R., Koide, A., 
Yoneda, E., Hagiya, K., Sasaki, M., & Muranishi, Y. (2022). Study on 
fat development and the unique feature of genes related to lipo-
genesis with the growth of Mangalica. Hokkaido Journal of Livestock 
and Grassland Science, 10, 39–46.

Lefaucheur, L., Ecolan, P., Plantard, L., & Gueguen, N. (2002). 
New insights into muscle fiber types in the pig. The Journal of 
Histochemistry & Cytochemistry, 50(5), 719–730. http://www.jhc.
org

Li, X. S., & Wang, D. H. (2005). Regulation of body weight and thermo-
genesis in seasonally acclimatized Brandt's voles (Microtus brandti). 
Hormones and Behavior, 48(3), 321–328. https://doi.org/10.1016/j.
yhbeh.2005.04.004

Liang, F., Yan, L., Li, Y., Jin, Y., Zhang, J., Che, H., Diao, J., Gao, Y., He, 
Z., Sun, R., He, Y., & Zhou, C. (2022). Effect of season on slaugh-
ter performance, meat quality, muscle amino acid and fatty acid 
composition, and metabolism of pheasants (Phasianus colchicus). 
Animal Science Journal, 93(1), e13735. https://doi.org/10.1111/
asj.13735

Liu, F., Zhao, W., Le, H. H., Cottrell, J. J., Green, M. P., Leury, B. J., 
Dunshea, F. R., & Bell, A. W. (2022). Review: What have we learned 
about the effects of heat stress on the pig industry? Animal, 16, 
100349. https://doi.org/10.1016/j.animal.2021.100349

Morrison, S. F., Nakamura, K., & Madden, C. J. (2008). Central control 
of thermogenesis in mammals. Experimental Physiology, 93(7), 773–
797. https://doi.org/10.1113/expph​ysiol.2007.041848

Pârvu, M., Bogdan, A. T., Andronie, I. C., Simion, V. E., & Amfim, A. 
(2012a). Influence of cold stress on the chemical composition of 
carcass to Mangalica pigs. Scientific Papers: Animal Science and 
Biotechnologies, 45(2), 394–396. http://www.agros​ervice.hu/
manga​info1.htm

Pârvu, M., Bogdan, A. T., Andronie, I. C., Simion, V. E., & Amfim, A. 
(2012b). The bioproductive effect of thermic stress at Mangalica 
pigs. Scientific Papers: Animal Science and Biotechnologies, 2, 45.

Periasamy, M., Herrera, J. L., & Reis, F. C. G. (2017). Skeletal muscle ther-
mogenesis and its role in whole body energy metabolism. Diabetes 
and Metabolism Journal, 41(5), 327–336. https://doi.org/10.4093/
dmj.2017.41.5.327

Rourke, B. C., Cotton, C. J., Harlow, H. J., & Caiozzo, V. J. (2006). 
Maintenance of slow type I myosin protein and mRNA expres-
sion in overwintering prairie dogs (Cynomys leucurus and ludovi-
cianus) and black bears (Ursus americanus). Journal of Comparative 
Physiology B: Biochemical, Systemic, and Environmental Physiology, 
176(7), 709–720. https://doi.org/10.1007/s0036​0-006-0093-8

Sales, J., & Kotrba, R. (2013). Meat from wild boar (Sus scrofa L.): A re-
view. Meat Science, 94(2), 187–201. https://doi.org/10.1016/j.
meats​ci.2013.01.012

Schiaffino, S. (2018). Muscle fiber type diversity revealed by anti-myosin 
heavy chain antibodies. FEBS Journal, 285(20), 3688–3694. https://
doi.org/10.1111/febs.14502

Schiaffino, S., & Reggiani, C. (2011). Fiber types in mammalian skel-
etal muscles. Physiological Reviews, 91, 1447–1531. https://doi.
org/10.1152/physr​ev.00031.2010.-Mamma​lian

Skubis, J., Łabudzki, L., Górecki, G., & Wlazełko, M. (2009). Analysis 
of selected biometric features and population attributes of wild 
boar in the Zielonka game investigation centre. Acta Scientiarum 
Polonorum Silvarum Colendarum Ratio et Industria Lignaria, 8(3), 
45–54.

Stanisz, M., Skorupski, M., Ślósarz, P., Bykowska-Maciejewska, M., 
Składanowska-Baryza, J., Stańczak, Ł., Krokowska-Paluszak, 
M., & Ludwiczak, A. (2019). The seasonal variation in the quality 
of venison from wild fallow deer (Dama dama) – A pilot study. 
Meat Science, 150, 56–64. https://doi.org/10.1016/j.meats​
ci.2018.12.003

Suttie, J. M., & Webster, J. R. (1995). Are arctic ungulates physiologically 
unique? The Second International Arctic Ungulate Conference, 18(3–
4), 99–118.

Takatani, R., Yamane, K., Kosaka, K., Kayano, M., Hagiya, K., Mikami, N., 
Hayashida, S., Miyashita, T., Koide, A., Yamaguchi, Y., & Muranishi, 
Y. (2021). Research on growth curve and suitable slaughter weight 
of the Mangalica pig. Hokkaido Journal of Livestock and Grassland 
Science, 9, 25–35.

Tomović, V. M., Šević, R., Jokanović, M., Šojić, B., Škaljac, S., Tasić, T., 
Ikonić, P., Polak, M. L., Polak, T., & Demšar, L. (2016). Quality traits 
of longissimus lumborum muscle from white Mangalica, Duroc × 
white Mangalica and large white pigs reared under intensive condi-
tions and slaughtered at 150 kg live weight: A comparative study. 
Archives Animal Breeding, 59(3), 401–415. https://doi.org/10.5194/
aab-59-401-2016

Watanabe, D., Dutka, T. L., Lamboley, C. R., & Lamb, G. D. (2019). 
Skeletal muscle fibre swelling contributes to force depression in 
rats and humans: A mechanically-skinned fibre study. Journal of 
Muscle Research and Cell Motility, 40(3–4), 343–351. https://doi.
org/10.1007/s1097​4-019-09521​-1

Wiklund, E., Dobbie, P., Stuart, A., & Littlejohn, R. P. (2010). Seasonal 
variation in red deer (Cervus elaphus) venison (M. Longissimus dorsi) 
drip loss, calpain activity, colour and tenderness. Meat Science, 
86(3), 720–727. https://doi.org/10.1016/j.meats​ci.2010.06.012

Wilson, J. M., Loenneke, J. P., Jo, E., Wilson, G. J., Zourdos, M. C., & Kim, 
J.-S. (2012). The effects of endurance, strength, and power training 
on muscle fiber type shifting. The Journal of Strength & Conditioning 
Research, 6, 1724–1729. www.nsca-jscr.org

Yu, J., Chen, S., Zeng, Z., Xing, S., Chen, D., Yu, B., He, J., Huang, Z., Luo, 
Y., Zheng, P., Mao, X., Luo, J., & Yan, H. (2021). Effects of cold ex-
posure on performance and skeletal muscle fiber in weaned piglets. 
Animals, 11(7), 2148. https://doi.org/10.3390/ani11​072148

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Kim, S., Nakayama, C., Kondoh, D., 
Okazaki, T., Yoneda, E., Tomita, K., Sasaki, M., & Muranishi, Y. 
(2024). Seasonal adaptation of Mangalica pigs in terms of 
muscle morphology and metabolism. Anatomia, Histologia, 
Embryologia, 53, e12982. https://doi.org/10.1111/ahe.12982

 14390264, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ahe.12982 by C

ochrane Japan, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

View publication stats

https://doi.org/10.1007/s11250-018-1633-4
https://doi.org/10.1007/s11250-018-1633-4
http://www.elsevier.com/locate/livprodsci
http://www.elsevier.com/locate/livprodsci
https://doi.org/10.1038/s41598-019-45564-7
https://doi.org/10.1038/s41598-019-45564-7
https://doi.org/10.1111/ahe.12893
http://www.jhc.org
http://www.jhc.org
https://doi.org/10.1016/j.yhbeh.2005.04.004
https://doi.org/10.1016/j.yhbeh.2005.04.004
https://doi.org/10.1111/asj.13735
https://doi.org/10.1111/asj.13735
https://doi.org/10.1016/j.animal.2021.100349
https://doi.org/10.1113/expphysiol.2007.041848
http://www.agroservice.hu/mangainfo1.htm
http://www.agroservice.hu/mangainfo1.htm
https://doi.org/10.4093/dmj.2017.41.5.327
https://doi.org/10.4093/dmj.2017.41.5.327
https://doi.org/10.1007/s00360-006-0093-8
https://doi.org/10.1016/j.meatsci.2013.01.012
https://doi.org/10.1016/j.meatsci.2013.01.012
https://doi.org/10.1111/febs.14502
https://doi.org/10.1111/febs.14502
https://doi.org/10.1152/physrev.00031.2010.-Mammalian
https://doi.org/10.1152/physrev.00031.2010.-Mammalian
https://doi.org/10.1016/j.meatsci.2018.12.003
https://doi.org/10.1016/j.meatsci.2018.12.003
https://doi.org/10.5194/aab-59-401-2016
https://doi.org/10.5194/aab-59-401-2016
https://doi.org/10.1007/s10974-019-09521-1
https://doi.org/10.1007/s10974-019-09521-1
https://doi.org/10.1016/j.meatsci.2010.06.012
http://www.nsca-jscr.org
https://doi.org/10.3390/ani11072148
https://doi.org/10.1111/ahe.12982
https://www.researchgate.net/publication/374634386

	Seasonal adaptation of Mangalica pigs in terms of muscle morphology and metabolism
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Seasonal experimental setting for Mangalica
	2.2|Animals
	2.3|Preparation of muscle tissue for histological analysis
	2.4|Preparation of muscle tissue for transmission electron microscopy
	2.5|Analysis of gene expression in muscle tissue
	2.6|Statistical analyses
	2.7|Animal ethics

	3|RESULTS
	3.1|Body weight of Mangalica in each season
	3.2|Histological analysis of muscle tissue
	3.3|Gene expression in muscle tissue

	4|DISCUSSION
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


