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SUMMARY

 

Skeletal muscle fiber types classified on the basis of their content of different
myosin heavy chain (MHC) isoforms were analyzed in samples from hindlimb muscles of

 

adult sedentary llamas (

 

Lama glama

 

) by correlating immunohistochemistry with specific
anti-MHC monoclonal antibodies, myofibrillar ATPase (mATPase) histochemistry, and quan-
titative histochemistry of fiber metabolic and size properties. The immunohistochemical
technique allowed the separation of four pure (i.e., expressing a unique MHC isoform)
muscle fiber types: one slow-twitch (Type I) and three fast-twitch (Type II) phenotypes. The
same four major fiber types could be objectively discriminated with two serial sections
stained for mATPase after acid (pH 4.5) and alkaline (pH 10.5) preincubations. The three
fast-twitch fiber types were tentatively designated as IIA, IIX, and IIB on the basis of the ho-
mologies of their immunoreactivities, acid denaturation of their mATPase activity, size, and
metabolic properties expressed at the cellular level with the corresponding isoforms of rat
and horse muscles. Acid stability of their mATPase activity increased in the rank order
IIA

 

�

 

IIX

 

�

 

IIB. The same was true for size and glycolytic capacity, whereas oxidative capacity
decreased in the same rank order IIA

 

�

 

IIX

 

�

 

IIB. In addition to these four pure fibers (I, IIA,
IIX, and IIB), four other fiber types with hybrid phenotypes containing two (I

 

�

 

IIA, IIAX, and
IIXB) or three (IIAXB) MHCs were immunohistochemically delineated. These frequent phe-
notypes (40% of the semitendinosus muscle fiber composition) had overlapped mATPase
staining intensities with their corresponding pure fiber types, so they could not be delin-
eated by mATPase histochemistry. Expression of the three fast adult MHC isoforms was spa-
tially regulated around islets of Type I fibers, with concentric circles of fibers expressing
MHC-IIA, then MHC-IIX, and peripherally MHC-IIB. This study demonstrates that three adult
fast Type II MHC isoproteins are expressed in skeletal muscle fibers of the llama. The gen-
eral assumption that the very fast MHC-IIB isoform is expressed only in small mammals can
be rejected.

 

(J Histochem Cytochem 49:1033–1044, 2001)

 

S

 

keletal muscle cells

 

 fall into several specialized
classes, termed fiber types, which show differences in
morphological, contractile, and metabolic properties.
Myosin is the most abundant protein in muscle and
makes up the primary component of the thick fila-

ments. Its molecule is composed of two heavy chains
(MHCs) and four light chains. Both kinds of chains
occur as several distinct isoforms coded by different
genes (DeNardi et al. 1993). These isoforms represent
the best markers of muscle fiber diversity (Schiaffino
and Reggiani 1996; Pette and Staron 1997; Bottinelli
and Reggiani 2000). Different combinations of MHC
isoforms may occur in the same fiber, but the predom-
inant isoform is the main determinant of their func-
tional properties, such as the speed of contraction and
fatigue resistance.

From the literature available, it has been suggested
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that the molecular diversity of adult skeletal muscle fi-
bers is species-specific, and important physiological
differences between species related to body size have
already been reported (Pette and Staron 1990; Schi-
affino and Reggiani 1996). In adult skeletal muscle of
certain small species of mammals (i.e., rat, mouse, and
rabbit), three fast MHC isoforms, termed IIA, IIX, or
IID (henceforth IIX), and IIB, have been identified
(Bär and Pette 1988; Schiaffino et al. 1989). The dif-
ferential distribution of these MHCs defines three
pure fast fiber types containing a single MHC isoform
(IIA, IIX, and IIB) and some hybrid fiber population
containing two or three fast MHCs (Gorza 1990;
Hämäläinen and Pette 1993). The relative abundance
of the fast MHC IIB isoform decreases among mam-
mals with increasing body size and is not expressed in
humans (Smerdu et al. 1994), carnivores (Talmadge et
al. 1996), ruminants (Tanabe et al. 1998), and horses
(Rivero et al. 1999). In all these species, the differen-
tial distribution of their fast MHCs defines only two
fast fiber types containing a single MHC isoform
(Types IIA and IIX) and an intermediate hybrid fiber
population containing the two fast MHCs (Type IIAX).
The differences among species in the expression of fast
MHCs are believed to be based on the structural and
functional divergences in homologous MHC isoforms
(Schiaffino and Reggiani 1996; Canepari et al. 2000).
Therefore, the maximal velocity of shortening of muscle
fibers expressing homologous MHC isoforms greatly
decreases with increasing body size (Rome et al. 1990).
The lack of expression of the MHC-IIB isoform in
large mammals has been related to body size and mus-
cle fiber length (Rome et al. 1990). However, some re-
cent studies in adult pigs have showed evidence of the
existence of all three fast MHC isoforms, including
the MHC-IIB isoform (Lefaucheur et al. 1998; Tanabe
et al. 1999), suggesting that the lack of this MHC iso-
form is not merely a matter of body size (Bottinelli
and Reggiani 2000).

The llama (

 

Lama glama

 

) is a South American cud-
chewing mammal related to the camel, but smaller
and without a hump. It was domesticated in the Andes
and is now used as a beast of burden and a source of
food. The adult body weight of this mammal is 101 

 

�

 

18 kg (mean 

 

�

 

 SD) for females and 116 

 

�

 

 22 kg for
males (Nuevo–Freire 1994). The average productive
life is about 8–10 years, whereas natural longevity is
14–15 years (Nuevo–Freire 1994). To the authors’
knowledge, no previous studies have characterized
skeletal muscle fiber types in llamas according to the
MHC isoform they express. Therefore, this investiga-
tion could increase our current knowledge about the
peculiarities and locomotor system in this species. Fur-
thermore, the muscle fiber type classification based on
protein expression patterns of MHC could clarify the
relationship between meat quality and skeletal muscle

fiber types (Henckel 1989). The working hypothesis is
that this species expresses one slow and two fast MHC
isoforms because of its relative high body weight. The
main purpose of this study was to characterize skeletal
muscle fiber types in llamas according to the MHC
isoform they express, revealed by immunohistochem-
istry with a panel of specific anti-MHCs monoclonal
antibodies and myofibrillar ATPase histochemistry af-
ter acid and alkaline denaturation. Our results show
evidence for the existence of four distinct MHC iso-
forms in adult skeletal muscle of the llama, one slow
and three fasts, including the MHC IIB. The differen-
tial distribution of these isoforms categorizes four
pure fiber types containing a single MHC isoform and
a very large number of hybrid fibers with two or three
different isoforms.

 

Materials and Methods

 

Six elderly (8–10-year-old) and clinically healthy llamas (all
males) were used. Semitendinosus muscle, biceps femoris
muscle, and vastus lateralis muscle were dissected and
cleaned of connective tissues. Muscle samples (1 

 

�

 

 1 

 

�

 

 0.5
cm) were removed from the midbelly region of these mus-
cles, frozen by immersion in isopentane kept in liquid nitro-
gen, and stored at 

 

�

 

80C until analyzed.
Samples were transferred to a cryostat at 

 

�

 

20C, serially
sectioned at 10-

 

�

 

m, and mounted on poly-

 

l

 

-lysine-coated
glass slides for immunohistochemistry and histochemistry.
Samples from the rat extensor digitalis longus muscle and bi-
opsies from the equine gluteus medius muscle were also re-
moved and used as standard references of skeletal muscle of
two well-known species expressing three (rat) and two
(horse) fast MHC isoforms. These samples were frozen and
processed in the same way as the llama samples.

Serial sections were reacted with a panel of monoclonal
antibodies (MAbs) specific for MHC isoforms (Table 1).
The specificity of the majority of these MAbs for rat (Schi-
affino et al. 1986,1989) and equine (Rivero et al. 1999)
MHC isoforms has been demonstrated. The MAb BF-G6 re-
acts with rat and human embryonic MHC, but also, when

 

Table 1

 

Specificity of monoclonal antibodies (MAbs) against 
adult rat skeletal myosin heavy chain (MHC) isoforms used in 
the study

 

a

 

MAb

Myosin heavy chain isoforms

 

b

 

I IIA IIX IIB

BA-F8

 

� � � �

 

SC-75

 

� � � �

 

SC-71

 

� � � �

 

BF-35

 

� � � �

 

S5-8H2

 

� � � �

 

BF-G6

 

c

 

� � � �

 

a

 

According to Schiaffino et al. (1986,1989), except for the MAb S5-8H2 (Riv-
ero et al. 1999).

 

b

 

�

 

, Positive reaction for that MAb with that specific MHC isoform; 

 

�

 

, no re-
action between MAb and MHC isoform.

 

c

 

Antibody BF-G6 reacts primarily with the embryonic MHC isoform, but it also
binds MHC IIB at a lower affinity (Schiaffino et al. 1986).
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used in a more concentrated dilution, with the adult rat
MHC IIB isoform (Schiaffino et al. 1986). The MA S5-8H2
reacts with all adult rat, human (unpublished observation),
and horse (Rivero et al. 1999) MHCs, except for MHC IIA.
An additional serial section was incubated without the pri-
mary antibody and used as standard to control nonspecific
immunoreactivity. The avidin–biotin–peroxidase complex
immunohistochemical procedure was used as previously de-
scribed (Rivero et al. 1999).

Additional sections were stained for qualitative myo-
fibrillar ATPase activity and acid (pH 4.2–4.6, 2 min) and
alkaline (range of pH 10.3–10.6, 10 min) preincubations by
using a modification (Nwoye et al. 1982) of the Brooke and
Kaiser (1970) method. The optimal pH of the preincubation
solution was searched separately for each muscle and for
each species in order to distinguish at least three levels of
staining intensities after both acid and alkaline preincuba-
tions. Two additional serial sections were also stained for
succinic dehydrogenase (SDH; Blanco et al. 1988) and 

 

�

 

-glyc-
erophosphate dehydrogenase (GPD; Martin et al. 1985), and
used to assess oxidative and glycolytic capabilities of single
muscle fibers, respectively.

To characterize fiber types according to their MHC con-
tent expressed at the protein level and to determine the rela-
tive proportion and mean fiber size, a region of the cross-
sections containing 150–175 fibers was selected for further
analyses. The sections stained for immunohistochemistry,
myofibrillar ATPase histochemistry, and metabolic proper-
ties (SDH and GPD) were surveyed to find regions free of ar-
tifact. Serial sections were visualized and analyzed using a
Leica DMLS microscope (Leica Microsistemas; Barcelona,
Spain), a Leica high-resolution color charge-coupled device
camera (Leica Microsistemas), an eight-bit Matrox meteor
frame-grabber (Matrox Electronic Systems; Barcelona, Spain),
combined with image-analyzing software (Visiolog 5, Noemi;
Microptic, Barcelona, Spain). With the use of the mATPase
staining after acid preincubation, a fiber mask was drawn
along the cell borders of the desired number of fibers. Im-
ages of the remaining immunohistochemical and histochemi-
cal sections were then fitted into the fiber mask. Single fibers
were subsequently identified and qualitatively classified as
positive or negative for a given immunohistochemical reac-
tion. The fiber type distribution of each muscle biopsy was es-
tablished by immunohistochemistry.

Figure 1 Serial cross-sections of rat control extensor digitorum longus muscle stained by immunohistochemistry with a number of MAbs
against specific myosin heavy chain (MHC) isoforms (A–D; see Table 1 for specificities) and by enzyme histochemistry of myofibrillar ATPase,
succinic dehydrogenase, and �-glycerophosphate dehydrogenase (E–H). (A) BA-F8 MAb (anti-MHC-I). (B) SC-71 (anti-MHC IIA) MAb. (C) BF-
35 (anti-MHCs I�IIA�IIB) MAb. (D) BF-G6 (anti-MHC IIB) MAb. (E,F) Myofibrillar ATPase activity after preincubations at pH 4.35 (E) and pH
10.5 (F). (G,H) Succinate dehydrogenase (G) and �-glycerophosphate dehydrogenase (H) activities. The fibers labeled 1, 3, 5, and 7 are
“pure” fibers containing MHC I, MHC IIA, MHC IIX, and MHC IIB, respectively. Fibers 2, 4, and 6 are “hybrid” fibers containing MHC I plus
MHC IIA (2), MHC IIA plus MHC IIX (4), and MHC IIX plus MHC IIB (6). Bar 	 50 �m.
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For each fiber analyzed, a mean optical density (OD) was
determined for qualitative mATPase after acid and alkaline
preincubation, as well as for the SDH and GPD reactions. In
addition, the cross-sectional areas of the same individual
muscle fibers were determined in the SDH histochemical re-
action. Measurements for each fiber were made in duplicate
in two consecutive serial sections, and the mean of both was
used to quantify the intensity of the reaction and size of an
individual fiber.

Quantitative data were averaged according to fiber type
and differences between mean values analyzed by a one-way
ANOVA. In the presence of a significant F ratio, post hoc com-
parisons of means were provided by a Fisher’s least significant
difference test. Statistical significance was accepted at 

 

p

 




 

0.05.

 

Results

 

Rat

 

Seven muscle fiber types were delineated using IHC
MAbs against specific MHC isoforms in the control
sample of rat muscle (Figures 1A–D; Table 2). Four
pure muscle fiber types were identified according to
their MHC content: I, IIA, IIX, and IIB (e.g., fibers 1,
3, 5, and 7, respectively, in Figure 1). A few fibers (e.g.,
fiber 2 in Figure 1) demonstrated coexpression of
MHC I and MHC IIA and corresponded to classical
IIC fibers (Staron and Hikida 1992). It was possible to
distinguish hybrid fibers coexpressing two fast iso-
forms (IIAX and IIXB; e.g., fibers 4 and 6 in Figure 1).

The four pure fiber types (I, IIA, IIX, and IIB) were
also delineated by myofibrillar ATPase (mATPase)
histochemistry using combined staining after acid (pH
4.35) and alkaline (pH 10.5) preincubations (Figures
1E and 1F). Type I fibers stained dark after acid prein-
cubation and very light after alkaline preincubation
(e.g., fiber 1 in Figures 1E and 1F). The reverse was
true for IIA fibers (e.g., fiber 3 in Figures 1E and 1F).
Type IIX and IIB fibers stained medium after preincu-
bation at pH 4.35 (e.g., fibers 5 and 7, respectively, in
Figure 1E), but IIX fibers stained darker than IIB fi-
bers after alkaline pretreatment (Figure 1F). Quantita-
tive differences in the intensity of staining for mATPase
after both acid and alkaline preincubations of these
four main fiber types are presented in Table 3. Conse-
quently, these four fiber types could be objectively dis-
criminated with only two sections stained for mATPase
histochemistry (Figure 2A). In addition, intermediate
hybrid fibers containing MHC I plus MHC IIA were
also delineated with these two mATPase histochemical
reactions (Figure 2A), because they stained medium to
dark after both acid and alkaline preincubations (e.g.,
fiber 2 in Figures 1E and 1F). Conversely, fast hybrid
fibers (IIAX and IIXB) had mean ATPase activities in-
termediate between those of their respective pure MHC
fiber types (Table 3). As a consequence, all these fibers
had overlapping ATPase activities and could not be ob-
jectively divided into discrete categories (Figure 2A).

Muscle fiber types expressing different MHC iso-
forms also showed important differences in both their
intensity of staining for SDH and GPD and their mean
cross-sectional areas (Figures 1G and 1H and Table 3).

 

Horse

 

Five different fiber populations were demonstrated
immunohistochemically according to the MHC iso-
form they express in the horse gluteus medius muscle
(Figures 3A–3E; Table 2). Three were pure fibers con-
taining a unique MHC isoform and were identified as
Types I, IIA, and IIX (e.g., fibers labeled 1, 3, and 5 in
Figure 3). A few fibers were demonstrated to be hy-
brid fibers coexpressing MHC I and MHC IIA (e.g.,
fiber 2 in Figure 3). Many other fibers were hybrid fi-
bers containing the two fast MHC isoforms, i.e., IIA
and IIX (e.g., fiber 4 in Figure 3).

On the basis of mATPase reactions after acid (pH
4.45) and alkaline (pH 10.35) preincubations, equine
muscle fibers could be objectively divided into three
categories (Figures 3F and 3G). Type I fibers were
acid-stable and alkaline-labile (e.g., fiber 1 in Figures
3F and 3G). Type IIA fibers were acid-labile and par-
tially alkaline-stable (e.g., fiber 3 in Figures 3F and
3G). Type IIX fibers were partially acid-stable and al-
kaline-stable (e.g., fiber 5 in Figures 3F and 3G).

 

Table 2

 

Immunohistochemical characterization of skeletal 
muscle fiber types in rat, horse, and llama according to the 
myosin heavy chain isoform they express

 

a

 

MAb

Muscle fiber types

 

b

 

1
I

2
I

 

�

 

IIA
3

IIA
4

IIAX
5

IIX
6

IIXB
7

IIB
8

IIAXB

Rat
BA-F8

 

� � � � � � �

 

SC-75

 

� � � � � � �

 

SC-71

 

� � � � � � �

 

BF-35

 

� � � � � � �

 

S5-8H2

 

� � � � � � �

 

BF-G6

 

� � � � � � �

 

Horse
BA-F8

 

� � � � �

 

SC-75

 

� � � � �

 

SC-71

 

� � � � �

 

BF-35

 

� � � � �

 

S5-8H2

 

� � � � �

 

BF-G6

 

� � � � �

 

Llama
BA-F8

 

� � � � � � � �

 

SC-75

 

� � � � � � � �

 

SC-71

 

� � � � � � � �

 

BF-35

 

� � � � � � � �

 

S5-8H2

 

� � � � � � � �

 

BF-G6

 

� � � � � � � �

 

a

 

�

 

, positive reaction for that specific fiber type with that monoclonal anti-
body; 

 

�

 

, negative reaction for that specific fiber type with that monoclonal
antibody; 

 

�

 

, intermediate reaction for that specific fiber type with that mono-
clonal antibody.

 

b

 

The number of each fiber type (1 to 8) corresponds to those shown in figures.
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Quantitative differences observed in the staining in-
tensity of the three major fiber types for both mATP-
ase methods were statistically significant (Table 3),
and they could be discriminated into discrete clusters
of fibers (Figure 2B). Type C fibers were also his-
tochemically delineated (e.g., fiber 2 in Figures 3F and
3G). A continuum in the staining intensity for mATP-
ase was observed, however, between pure IIA and
IIX fibers (Figures 3F and 3G). In fact, hybrid IIAX fi-
bers (e.g., fiber 4 in Figures 3F and 3G) had lower
mATPase activity after acid preincubation than pure
IIX fibers, but this activity was not different between
the two fiber types after alkaline pretreatment (Table 3).
As a consequence, hybrid Type IIAX fibers were graphi-
cally scattered across their respective pure MHC fiber
types (Figure 2B).

The MHC content also had a significant impact on
SDH and GPD activities, as well as on areas, of equine
skeletal muscle fiber types (Figures 3H and 3I; Table 3).

 

Llama

 

Eight different fiber populations were demonstrated
immunohistochemically in hindlimb muscles of adult
llamas with the panel of MAbs specific for MHC iso-
forms used in the present study (Figures 4A–4F; Table
2). These phenotypes were classified as four pure fi-
bers containing a single MHC isoform (named I, IIA,
IIX, and IIB) and four hybrid fibers with two (i.e.,
I

 

�

 

IIA, IIAX, and IIXB) or three (i.e., IIAXB) different

MHC isoforms. Despite this, the immunoreactivity
patterns of these MAbs to MHC isoforms in llama
skeletal muscle fibers were not identical to those re-
corded in rat and horse skeletal muscle fibers (Table
2), and the results of the present study are not conclu-
sive regarding the identity of the MHC isoforms ex-
pressed in llama skeletal muscle. However, we have
adopted a conventional terminology to describe the
various muscle fiber phenotypes found in this species
to maintain a consistent nomenclature across different
species.

On the basis of mATPase reactions after acid (pH
4.5) and alkaline (pH 10.5) preincubations, the mus-
cle fibers could be divided into four basic categories
(Figures 4G, 4H, 5A, and 5B). Type I fibers stained
dark after acid and light after alkaline preincubations
(e.g., fiber 1 in Figures 4G and 4H). Type IIA stained
light after acid preincubation and medium after alka-
line pretreatment (e.g., fiber 3 in Figures 4G and 4H).
Type IIX fibers had moderate mATPase activity after
acid and high activity after alkaline preincubations
(e.g., fiber 5 in Figures 4G and 4H). Type IIB fibers
also stained medium by mATPase after acid and alka-
line preincubations, but they stained darker than IIX
fibers after acid pretreatment (e.g., fiber 7 in Figures
4G and 4H). To sum up, after acid preincubation,
Type I fibers had the highest mATPase activity, fol-
lowed in the rank order by IIB

 

�

 

IIX

 

�

 

IIA (Figure 5A;
Table 3). The mATPase activity after alkaline preincu-
bation increased in rank order I

 




 

IIA

 




 

IIB

 




 

IIX (Figure

 

Table 3

 

Mean (

 

�

 

SD) optical densities (OD) of myofibrillar ATPase (mATPase) activity after acid and alkaline preincubations, 
succinic dehydrogenase activity (SDH), 

 

�

 

-glycerophosphate dehydrogenase (GPD), and cross-sectional area (CSA, 

 

�

 

m

 

2

 

) of skeletal 
muscle fiber types in rat, horse, and llama (semitendinosus muscle) according to the myosin heavy chain isoform they express

 

a

 

Muscle fiber types

 

b

 

Species/Variable
1
I

2
I

 

�

 

IIA
3

IIA
4

IIAX
5

IIX
6

IIXB
7

IIB
8

IIAXB

Rat (

 

n

 

	

 

500) (

 

n

 

	

 

35) (

 

n

 

	

 

0) (

 

n

 

	

 

125) (

 

n

 

	

 

35) (

 

n

 

	

 

105) (

 

n

 

	

 

45) (

 

n

 

	

 

145)
mATPase, pH 4.35 0.97 

 

�

 

 0.03 0.71 

 

�

 

 0.03 0.31 

 

�

 

 0.05

 

A

 

0.32 

 

�

 

 0.19

 

A

 

0.46 

 

�

 

 0.09

 

B

 

0.42 

 

�

 

 0.06

 

B

 

0.43 

 

�

 

 0.08

 

B

 

mATPase, pH 10.5 0.26 

 

�

 

 0.06

 

A

 

0.53 

 

�

 

 0.09 0.75 

 

�

 

 0.12 0.56 � 0.14B 0.50 � 0.10B 0.35 � 0.06 0.25 � 0.06A

SDH 0.52 � 0.05A 0.55 � 0.06AB 0.60� 0.09B 0.46 � 0.15A 0.32 � 0.08 0.24 � 0.07C 0.21 � 0.07C

GPD 0.17 � 0.02A 0.19 � 0.00A 0.25 � 0.04B 0.26 � 0.01B 0.34 � 0.06 0.40 � 0.05 0.43 � 0.08
CSA 1655 � 272A 1853 � 196A 1810 � 486AB 2271 � 555B 2561 � 729C 2529 � 345C 2900 � 693

Horse (n	410) (n	85) (n	5) (n	200) (n	80) (n	40)
mATPase, pH 4.45 0.77 � 0.05A 0.68 � 0.01A 0.28 � 0.06 0.40 � 0.09 0.50 � 0.06
mATPase, pH 10.35 0.27 � 0.03 0.54 � 0.04A 0.38 � 0.07 0.49 � 0.08A 0.51 � 0.04A

SDH 0.49 � 0.03A 0.50 � 0.02A 0.46 � 0.05A 0.36 � 0.03 0.24 � 0.08
GPD 0.15 � 0.04 0.22 � 0.01A 0.26 � 0.03A 0.35 � 0.07 0.64 � 0.09
CSA 1645 � 272 2134 � 645 2788 � 809 3120 � 915 4324 � 995

Llama (n	1000) (n	55) (n	10) (n	130) (n	50) (n	320) (n	250) (n	145) (n	40)
mATPase, pH 4.5 0.89 � 0.10A 0.91 � 0.05A 0.03 � 0.02 0.23 � 0.24B 0.21 � 0.09B 0.65 � 0.08C 0.65 � 0.04C 0.62 � 0.08C

mATPase, pH 10.5 0.02 � 0.01 0.78 � 0.06AB 0.30 � 0.10 0.54 � 0.12BC 0.70 � 0.11A 0.50 � 0.11C 0.49 � 0.10C 0.48 � 0.13C

SDH 0.85 � 0.04A 0.80 � 0.02AB 0.66 � 0.12B 0.55 � 0.16C 0.44 � 0.09D 0.43 � 0.10CD 0.34 � 0.03 0.59 � 0.06C

GPD 0.13 � 0.05 0.20 � 0.03 0.29 � 0.05A 0.28 � 0.06A 0.39 � 0.06B 0.52 � 0.11 0.67 � 0.10 0.38 � 0.03B

CSA 1435 � 507A 1630 � 608A 1794 � 873A 2204 � 789 3172 � 1572B 3999 � 857C 4040 � 1533C 3135 � 612B

aWithin a row, means with the same letter are not statistically different (p�0.05).
bThe number of each fiber type (1 to 8) corresponds to those shown in Figures.
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5B; Table 3). Once again, hybrid fibers had intermedi-
ate staining intensities for mATPase histochemistry (Ta-
ble 3). When the relationship between acid and alkaline
ATPase activities of the same individual fibers was plot-
ted, a clear grouping of muscle fiber types with homo-
geneous MHC content was possible in the llama (Fig-
ure 2C). Hybrid C fibers also were delineated, but fast
hybrid fibers (i.e., IIAX, IIXB, and IIAXB) were ad-
mixed with their respective MHC pure phenotypes
(Figure 2C).

The staining intensities of SDH (Figures 4I and 5C)
and GPD (not shown) activities also formed a contin-
uum, but differences could be elicited between fiber
types of presumed homogeneous MHC content (Table
3). Type I fibers had the highest SDH activity, fol-
lowed in rank order by IIA�IIX�IIB. The staining in-
tensities of GPD reaction was consistently ranked ac-
cording to fiber type such that IIB�IIX�IIA�I. Hybrid
fibers generally showed intermediate SDH and GPD ac-
tivities in between their respective pure MHC fiber
types. The cross-sectional areas of llama muscle fibers
also varied significantly according to the MHC isoform

they express (Table 3). Type I and IIA fibers were the
smallest, type IIB the largest, and type IIX of interme-
diate fiber size. There was an inverse relationship be-
tween fiber area and fiber SDH activity (r	0.81,
p
0.001) in the llama muscle, but this relationship did
not allow a certain grouping of myofibers (Figure 2D).

After a population of 972 fibers in the semitendino-
sus muscle of the llama were examined, 58.7% of fi-
bers were pure phenotypes (i.e., expressing a single
MHC isoprotein), whereas the remaining 41.3% were
hybrid fibers with two or even three MHCs. Within
the pure phenotypes, IIX fiber was the most common
(37.9%), followed in rank order by IIB (14.4%), IIA
(3.6%), and I (2.8%). The most common hybrid phe-
notype was IIXB (23.5%), followed by IIAXB
(11.3%), IIAX (6.1%), and I�IIA (0.4%).

Distribution of the three fast fiber types in skeletal
muscle fiber types was spatially regulated around typi-
cal islets of Type I fibers (Figure 6A). Fibers express-
ing MHC IIA were contiguous to those expressing
MHC I (Figures 6B and 6C). Pure IIX fibers were in
the direct vicinity of Type I and IIA fibers, and hybrid

Figure 2 Relationship between the
optical density (OD) of individual
muscle fibers identified according to
the myosin heavy chain they express
and stained for qualitative myofibril-
lar ATPase after acid and alkaline pre-
incubations for rat (A), horse (B), and
llama (C) muscles. Clusters of four (rat
and llama) and three (horse) pure (i.e.,
expressing a unique myosin heavy
chain isoform) fiber could be objec-
tively delineated, but hybrid fast fi-
bers were scattered between their
corresponding pure fiber phenotypes.
The linear relationship between the
OD of individual muscle fibers stained
with succinic dehydrogenase and
cross-sectional area for the llama
muscle is also shown in D.
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IIXB and IIAXB were located mostly within primary
fascicles between the islets of Type I fibers (Figure
6D). However, pure IIB fibers were located mainly at
the periphery of the rosettes near the edges of primary
fascicles (Figure 6E).

Discussion
By using different MAbs, it was possible to identify
four MHC isoforms in adult llama skeletal muscle: the
MHC-�/slow or MHC I and three fast (Table 4).
Whereas the identity of one of these three fast MHC
isoforms seems to be clearly an MHC IIA isoform, the
present results are not conclusive regarding the final
characterization and identification of the other two

fast MHCs. We have provisionally referred to these
isoforms as IIX and IIB on the basis of their immuno-
labeling, enzyme histochemistry, and size homologies
at the cellular level with the corresponding isoforms of
rat and horse muscles (Table 4). This adoption is
based on the assumption that the structure of each
MHC isotype is generally conserved between species,
whereas greater sequence divergence may be found be-
tween different isotypes within the same species (Schi-
affino and Reggiani 1996). However, some important
differences in the primary structure of the llama IIX
and IIB MHC isoforms with regard to those of rat and
horse muscles were evident from the different staining
pattern of some MAbs. The unequal reactivity of the
fibers containing the MHC IIX with the MAb SC-71,

Figure 3 Serial cross-sections of horse control gluteus medius muscle stained by immunohistochemistry with a number of MAbs against
specific myosin heavy chain (MHC) isoforms (A–E; see Table 1 for specificities) and by enzyme histochemistry of myofibrillar ATPase, succinic
dehydrogenase and �-glycerophosphate dehydrogenase (F–I). (A) BA-F8 MAb (anti-MHC I). (B) Fast MAb (anti-MHCs IIA�IIX�IIB). (C) SC-71
(anti-MHC IIA) MAb. (D) BF-35 (anti-MHCs I�IIA�IIB) MAb. (E) S5-8H2 (anti-MHC I�IIX�IIB) MAb. (F,G) Myofibrillar ATPase activity after pre-
incubations at pH 4.45 (F) and pH 10.35 (G). (H,I) Succinate dehydrogenase (H) and �-glycerophosphate dehydrogenase (I) activities. The fi-
bers labeled 1, 3, and 5 are “pure” fibers containing MHC I, MHC IIA, and MHC IIX, respectively. Fibers 2 and 4 are “hybrid” fibers contain-
ing MHC I plus MHC IIA (2), and MHC IIA plus MHC IIX (4). Bar 	 50 �m.
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specific for MHC IIA, between llama and rat/horse
muscles (Table 4), shows that llama MHC IIX has
common epitopes with the MHC IIA of rat and horse.
Similarly, immunoreactivity of llama MHC IIB was
very close to that of rat MHC IIB, but this isoform
was not recognized in llama by the MAb BF-35, di-
rected against all (including IIB) rat MHCs except the
MHC IIX (Table 4). Consequently, further studies are
required to precisely characterize these MHCs in the
llama.

Fiber typing in mammalian skeletal muscle has ex-
tensively been identified by myofibrillar ATPase his-
tochemical methods based on acid (Brooke and Kaiser
1970) and alkaline (Guth and Samaha 1970) denatur-
ation. Only three major fiber types [one slow-twitch

(Type I) and two fast-twitch (Types IIA and IIB)]
could be distinguished with these traditional methods
in mature skeletal muscle of the majority of mammals
(Matoba et al. 1985). By applying combined and more
refined mATPase histochemical methods, three pure
fast Type II fibers can be delineated in skeletal muscle
of a number of rodents (Gorza 1990; Rowlerson
1991; Hämäläinen and Pette 1993). The identification
of three fast-twitch fiber populations can also be ob-
tained in skeletal muscle of a large mammal such as
the llama with the simultaneous application of two
different mATPase histochemical stainings (Figure 2C).
The acid stability of mATPase activity of Type II fi-
bers in llama increased consistently in the rank order
IIA�IIX�IIB (Table 4). Identical patterns have al-

Figure 4 Serial cross-sections of llama (Lama glama) semitendinosus muscle stained by immunohistochemistry with a number of MAbs
against specific myosin heavy chain (MHC) isoforms (A–F; see Table 1 for specificities) and by enzyme histochemistry of myofibrillar ATPase
and succinic dehydrogenase (G–I). (A) BA-F8 MAb (anti-MHC I). (B) SC-75 MAb (anti-MHC IIA�IIX�IIB). (C) SC-71 (anti-MHC IIA) MAb. (D) BF-
35 (anti-MHC I�IIA�IIB) MAb. (E) S5-8H2 (anti-MHCs I�IIX�IIB) MAb. (F) BF-G6 (anti-MHC IIB) MAb. (G,H) Myofibrillar ATPase activity after
preincubations at pH 4.5 (G) and pH 10.5 (H). (I) Succinate dehydrogenase activity. The fibers labeled 1, 3, 5, and 7 are “pure” fibers contain-
ing MHC I, MHC IIA, MHC IIX, and MHC IIB, respectively. Fibers 2, 4, 6, and 8 are “hybrid” fibers containing MHC I plus MHC IIA (2), MHC IIA
plus MHC IIX (4), MHC IIX plus MHC IIB (6), and MHC IIA plus MHC IIX plus MHC IIB (8). Bar 	 50 �m.
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ready been reported in the mouse skeletal muscle
(Gorza 1990; Rowlerson 1991). By contrast, the acid
stability of mATPase activity of IIX and IIB fibers in
rat muscle was identical because they could be not ob-
jectively delineated (Table 4). Another important in-
terspecies variability was observed in the alkaline sta-
bility of the mATPase of Type II fibers (Table 4).
Whereas in rat muscle the alkaline stability of mATPase
activity of type II fiber types decreased in the rank or-
der IIA�IIX�IIB, in llama muscle the rank order was
IIX�IIB�IIA (Table 4). In the horse, Type IIX fibers
also were more alkaline-stable than IIA fibers (Table
4). Nevertheless, both acid and alkaline stability of
mATPase activity of skeletal muscle fiber types can
vary greatly according to the mATPase histochemical
method used (Latorre et al. 1993). This means that
acid and alkaline stabilities of mATPase are not ho-
mogeneous in the same fiber types of different species.

The limitation of histochemical ATPase procedures
is clearly illustrated in the present study by the fact
that a large number (30% of those examined) of his-
tochemically designated IIB fibers in the llama actually
are hybrid IIXB (27%) and IIAXB (13%) fibers. Simi-
larly, a large number (6% of the fiber population) of
hybrid Type IIAX fibers were admixed with their cor-
responding pure phenotypes. These data emphasize
the advantages of an immunohistochemical analysis to
detect fibers with mixed MHC composition.

The phenotypic differences in fiber size, oxidative
capacity and glycolytic capacity seen between llama fi-

ber types were, in general, linked to the MHC content
and very similar to those observed in rat muscle (Riv-
ero et al. 1998; and present results). In llama, as in rat
muscle (Rivero et al. 1998), Type IIX fibers are smaller,
more oxidative, and less glycolytic than IIB fibers,
whereas they are larger, less oxidative, and more gly-
colytic than Type IIA fibers. Furthermore, the inverse
relationship between oxidative and fiber size in the
llama muscle is in agreement with that previously re-
ported in rat (Rivero et al. 1998). Fibers containing
MHC-IIB are generally larger and have lower SDH ac-
tivities than fibers that display higher fatigue resis-
tance (I and IIA) MHC isoforms. Nevertheless, this re-
lationship is not conserved across the full range of
mammalian species, because in dog skeletal muscle
the larger Type IIB fibers (named by the authors “II-
Dog”) usually have an uncommon very high oxidative
capacity (Latorre et al. 1993).

Results from the present study have demonstrated
the presence of MHC IIB isoprotein at a very high per-
centage (49.2% in semitendinosus muscle) of the fi-
bers in several hindlimb muscles of adult llamas. Inter-
estingly, the percentage of Type II fibers was greater
than 90% in all these muscles. In agreement with our
data, Lefaucheur et al. (1998) also reported the pres-
ence of MHC IIB transcripts in about 67% of the fi-
bers in pig longissimus muscle (predominantly com-
posed of fast-contracting fibers), but they were not
expressed in the red portion of the semitendinosus
muscle (predominantly composed of slow-contracting

Figure 5 Serial cross-sections of llama vastus lateralis muscle stained by enzyme histochemistry of myofibrillar ATPase (A,B) and succinic de-
hydrogenase (C). (A,B) Myofibrillar ATPase activity after preincubations at pH 4.5 (A) and pH 10.5 (B). (C) Succinate dehydrogenase activity.
Four levels of staining intensities can be observed for both acid and alkaline stabilities of mATPase activity. Nevertheless, a continuum in the
staining intensity was clearly observed between subgroups of fast fiber types. Bar 	 50 �m.
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muscle fiber). Tanabe et al. (1999), however, reported
only 30% of MHC IIB transcripts in pig longissimus
thoracis muscle, but 60% in the white portion of the
semitendinosus muscle. Expression of MHC IIB tran-
scripts was not observed in pig semiespinalis muscle,
tongue, and diaphragm (all composed predominantly
of slow Type I fibers). Overall, these results may indi-
cate that the expression of the very fast MHC IIB may
also be considered muscle-specific. It is also reason-
able to postulate that the MHC IIB gene could also be
expressed in other larger mammals, and also very
probably in selected fast-contracting muscles or in se-
lected portions of these muscles in a number of large
mammals, including those in which the expression of
this isoform has not yet been identified. In fact, al-
though no fibers containing MHC IIB in human mus-
cles have been found until now, the gene coding for
this isoform is present in the human genome and has
been localized to chromosome 17 (Bottinelli and Reg-
giani 2000).

The differential distribution of the four MHC iso-
forms identified in llama skeletal muscle defines four
major fiber types containing a single MHC isoform
(i.e., I, IIA, IIX, and IIB) and a number of intermediate
hybrid fiber populations containing (a) both MHC-I
and MHC-IIA (i.e., Type I�IIA MHC fibers or Type
“C” fibers), (b) two of the three fast MHCs (i.e., Type
IIAX and IIXB fibers), or (c) even the three fast MHC
isoforms (i.e., Type IIAXB fibers). The large number
of fibers expressing IIB and/or IIX MHC isoforms
(93.2% of those examined in semitendinosus muscle)
may well be related to the very low level of fitness
of animals included in the study, because inactivity
induces a transition of MHC isoform in the order
I→IIA→IIX→IIB (Pette and Staron 1997). Hybrid fi-
bers are often assumed to represent a very low popula-
tion in normal sedentary mammals, and their physio-
logical meaning has been related to transitional fibers
resulting from transformation of one fiber type into
another (Pette and Staron 1997). Current data, how-

Figure 6 Spatial distribution of skeletal muscle fiber types in the llama. Serial sections of semitendinosus muscle were stained with MAbs
against specific myosin heavy chain (MHC) isoforms. (A) BA-F8 (specific for MHC I). (B) S5-8H2 (specific for all MHCs except MHC IIA). (C) BF-
35 (specific for MHCs I�IIA in the llama). (D) SC-71 (specific for MHCs IIA�IIX in the llama). (E) BF-G6 (specific for MHC IIB in the llama). Note
the low percentage of Type I (positive in A) and Type IIA (negative in B) fibers, the high percentage of fibers expressing MHC IIX (positive in
B and D), and the moderate number of fibers expressing MHC IIB (positive in E). Furthermore, note that the three Type II fibers are spatially dis-
tributed around the typical islets of Type I fibers encountered in llama skeletal muscle. Thus, fibers expressing MHC IIA are contiguous to Type
I fibers forming typical rosettes of muscle fibers (both positive in C). Fibers expressing MHC IIX are in the direct vicinity of Type I and IIA fibers
(D), and fibers containing MHC IIB are located mainly at the periphery of the rosettes near the edges of primary fascicles (E). Bar 	 50 �m.
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ever, indicate that a considerable percentage of these
fibers (41.3% in semitendinosus muscle) exist in the
skeletal muscle of sedentary llamas, so they should be
considered as stable fibers with mixed MHC composi-
tion. Similar results have been obtained in a wide vari-
ety of mammals (Talmadge et al. 1996; Lefaucheur et
al. 1998; Andersen et al. 1999; Linnane et al. 1999).

Some previous studies have revealed fibers that si-
multaneously coexpress three different MHC isoforms
in muscles of elderly subjects (Andersen et al. 1999). A
similar phenotype (IIAXB fibers) was also frequently
observed in the present study. This observation might
be associated with the extensive neuropathological
changes that normally occur in elderly individuals
and/or might be the consequence of some genetically
regulated endogenous program setting with advancing
age (reviewed by Andersen et al. 1999).

Finally, another interesting observation of the present
study is the spatial distribution of muscle fiber types in
llama skeletal muscle (Figure 6). Whereas in most mam-
malian species muscle fibers belonging to the same mo-
tor unit are randomly distributed and are mixed with
other muscle units, exhibiting a classical “mosaic” pat-
tern, llama muscle exhibits unique rosette patterns con-
sisting of islets of a single slow fiber, surrounded by con-
centric circles of fast fibers expressing successively MHC
IIA, then IIX, and finally IIB. Accordingly, the vast ma-
jority of the fibers expressing MHC IIB are located at
the periphery of primary fascicles. Similar spatial distri-
bution patterns have already been described in pig mus-
cles (Lefaucheur et al. 1998), but the reason for such a
peculiar distribution is not fully known.

This study demonstrates that at least four adult MHC
isoforms, one slow-twitch and three fast-twitch, are ex-
pressed at the protein level in llama limb muscles. These
isoforms have provisionally been referred to as Types I,
IIA, IIX, and IIB, based on the homologies of their im-
munoreactivies with a panel of MAbs, acid and alkaline
stabilities of mATPase histochemistry, and their meta-
bolic and size properties with the corresponding iso-
forms of rat and horse muscles. Nevertheless, further
studies are needed to fully characterize these MHC iso-
forms. The present study confirms that the very fast
MHC-IIB isoform is not exclusively expressed in skeletal
muscles of small species of mammals but is also present
in predominantly fast-contracting muscles of larger
mammals such as the llama. It is noteworthy that con-
ventional IIB fibers, as defined by traditional mATPase
histochemistry, constitute a heterogeneous population
and should be characterized either as pure (IIB) or as hy-
brid (IIXB and IIAXB) phenotypes. This improvement in
accuracy of muscle fiber typing is of practical importance
to better understand the involvement of fiber types in lo-
comotor, growth, and meat quality traits of the llama.
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Table 4 Comparative immunohistochemical reactivity with anti-MHC monoclonal antibodies, histochemical intensity with myosin 
ATPase after acid and alkaline preincubations, succinic dehydrogenase (SDH), and �-glycerophosphate dehydrogenase (GPD), and 
relative fiber size of pure muscle fiber types identified according to the MHC isoform they express

Monoclonal antibodiesa Histochemistryb

BA-F8 SC-75 SC-71 BF-35 S5-8H2 BF-G6
Acid

ATPase
Alkaline
ATPase SDH GPD Sizec

Rat
I � � � � � � ���� � ��� � �

IIA � � � � � � � ��� ���� �� �

IIX � � � � � � �� �� �� ��� ��

IIB � � � � � � �� � � ���� ���

Horse
I � � � � � � ��� � ��� � �

IIA � � � � � � � �� ��� �� ��

IIX � � � � � � �� ��� � ��� ���

Llama
I � � � � � � ���� � ���� � �

IIA � � � � � � � �� ��� �� �

IIX � � � � � � �� ���� �� ��� ��

IIB � � � � � � ��� ��� � ���� ���

aFor monoclonal antibodies: � and �, positive and negative, respectively, reaction for that specific fiber type with that monoclonal antibody.
bFor histochemistry: �, ��, ���, and ����, light, intermediate, dark, and very dark staining, respectively, for that specific fiber type with that histochemical
staining.
cFor size: �, ��, and ���, small, intermediate, and large, respectively.



1044 Graziotti, Ríos, Rivero

Literature Cited
Andersen JL, Terzis G, Kryger A (1999) Increase in the degree of co-

expression of myosin heavy chain isoforms in skeletal muscle fi-
bers of the very old. Muscle Nerve 22:449–454

Bär A, Pette D (1988) Three fast myosin heavy chain in adult rat
skeletal muscle. FEBS Lett 235:153–155

Blanco CE, Sieck GC, Edgerton VR (1988) Quantitative histochem-
istry determination of succinic dehydrogenase activity in skeletal
muscle fibres. Histochem J 24:431–444

Bottinelli R, Reggiani C (2000) Human skeletal muscle fibres: mo-
lecular and functional diversity. Prog Biophys Mol Biol 73:195–
262

Brooke MM, Kaiser KK (1970) Muscle fibre types: how many and
what kind? Arch Neurol 23:369–379

Canepari M, Rossi R, Pellegrino MA, Bottinelli R, Schiaffino S,
Reggiani C (2000) Functional diversity between orthologous my-
osins with minimal sequence diversity. J Muscle Res Cell Motil
21:375–382

DeNardi C, Ausoni S, Moretti P, Gorza L, Velleca M, Buckingham
M, Schiaffino S (1993) Type 2X myosin heavy chain is coded by
a muscle fibre type-specific and developmentally regulated gene.
J Cell Biol 123:823–835

Gorza L (1990) Identification of a novel type 2 fiber population in
mammalian skeletal muscle by combined use of histochemical
myosin ATPase and anti-myosin monoclonal antibodies. J His-
tochem Cytochem 38:257–265

Guth L, Samaha FJ (1970) Procedure for the histochemical demon-
stration of actomyosin ATPase. Exp Neurol 28:365–367

Hämäläinen N, Pette D (1993) The histochemical profiles of fast fi-
ber IIB, IID, and IIA in skeletal muscles of mouse, rat, and rab-
bit. J Histochem Cytochem 41:733–743

Henckel P (1989) Muscle fibre types as a source of variation of
meat quality. Proc Eur Assoc Anim Prod 40:39–45

Latorre R, Gil F, Vázquez JM, Moreno F, Mascarello F, Ramírez G
(1993) Skeletal muscle fiber types in the dog. J Anat 182:329–
337

Lefaucheur L, Hoffman RK, Gerrard DE, Okamura CS, Rubinstein
N, Kelly A (1998) Evidence for three adult fast myosin heavy
chain isoforms in type II skeletal muscle fibers in pigs. J Anim Sci
76:1584–1593

Linnane L, Serrano AL, Rivero JLL (1999) Distribution of fast myo-
sin heavy chain-based muscle fibers in the gluteus medius of un-
trained horses: mismatch between antigenic and ATPase determi-
nants. J Anat 194:363–372

Martin TP, Vailas AC, Durivage JB, Edgerton VR, Castelman KR
(1985) Quantitative histochemical determination of muscle en-
zymes: biochemical verification. J Histochem Cytochem
33:1053–1059

Matoba H, Allen JR, Bayly WM, Oakley CR, Gollnick PD (1985)
Comparison of fiber types in skeletal muscles from ten animal

species based on sensitivity of the myofibrillar actomyosin ATP-
ase to acid or copper. Histochemistry 82:175–185

Nuevo-Freire CM (1994) Sinopsis de la historia de los camélidos su-
damericanos. Bienos Aires, Excerta Anatomica Camelidae I, 3–9

Nwoye L, Mommaerts WFHM, Simpson DR, Sreyderian K, Marushi
M (1982) Evidence for a direct action of thyroid hormone in spec-
ifying muscle properties. Am J Physiol 242:R401–408

Pette D, Staron S (1990) Cellular and molecular diversities of mam-
malian skeletal muscle fibers. Rev Physiol Biochem Pharmacol
116:1–76

Pette D, Staron S (1997) Mammalian skeletal muscle fibre type
transitions. Int Rev Cytol 170:143–223

Rivero JLLL, Serrano AL, Barrey E, Valette JP, Jouglin M (1999)
Analysis of myosin heavy chains at the protein level in horse skel-
etal muscle. J Mus Res Cell Motil 20:211–221

Rivero JLL, Talmadge RJ, Edgerton VR (1998) Fibre size and meta-
bolic properties of myosin heavy chain-based fibre types in rat
skeletal muscle. J Mus Res Cell Motil 19:733–742

Rome LC, Sosnicke AA, Goble DO (1990) Maximum velocity of
shortening of three fibre types from horse soleus muscle: implica-
tions for scaling with body size. J Physiol 431:173–185

Rowlerson AM (1991) Acid myosin ATPases in mouse muscle. J
Histochem Cytochem 39:383

Schiaffino S, Gorza L, Sartore S, Saggin L, Ausoni S, Vianello M,
Gundersen K, Lomo T (1989) Three myosin heavy chain iso-
forms in type 2 skeletal muscle fibers. J Musc Res Cell Motil
10:197–205

Schiaffino S, Gorza L, Sartore S, Saggin L, Carli M (1986) Embry-
onic myosin heavy chain as a differentiation markers of human
developing muscle and rhabdomyosarcoma. A monoclonal anti-
boy study. Exp Cell Res 163:211–220

Schiaffino S, Reggiani C (1996) Molecular diversity of myofibrillar
proteins: gene regulation and functional significance. Physiol Rev
76:271–423

Smerdu V, Karsh–Mizrachi I, Campione M, Leinward L, Schiaffino
S (1994) Type IIx myosin heavy chain transcripts are expressed
in type IIb fibers of human skeletal muscle. Am J Physiol
267:C1723–1728

Staron RS, Hikida RS (1992) Histochemical, biochemical, and ul-
trastructural analyses of single human muscle fibers with special
reference to the C fiber population. J Histochem Cytochem
40:563–568

Talmadge RF, Grossman EJ, Roy RR (1996) Myosin heavy chain
composition of adult feline (Felis catus) limb and diaphragm
muscles. J Exp Zool 275:413–420

Tanabe R, Muroya S, Chikuni K (1998) Sequencing of the 2a, 2x,
and slow isoforms of bovine myosin heavy chain and the differ-
ent expression among muscles. Mamma Genome 9:1056–1058

Tanabe R, Muroya S, Chikuni K (1999) Expression of myosin
heavy chain isoforms in porcine muscles determined by multiplex
PCR. J Food Sci 64:222–225


