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ABSTRACT 

The scratch-digging Cape dune mole-rat, (Bathyergus suillus) and chisel toothed 

digging naked mole-rat, (Heterocephalus glaber) are African mole-rats that differ in 

their digging strategy. The aim of this study was to determine if these behavioural 

differences are reflected in the muscle architecture and fibre type composition of the 

forelimb muscles. Muscle architecture parameters of 39 forelimb muscles in both 

species (n=6 each) were compared. Furthermore, muscle fibre type composition of 21 

forelimb muscles were analysed using multiple staining protocols. In B. suillus, muscles 

involved with the power stroke of digging (limb retractors and scapula elevators), 

showed higher muscle mass percentage, force output and shortening capacity compared 

to those in H. glaber. Additionally, significantly higher percentages of glycolytic fibres 

were observed in the scapular elevators and digital flexors of B. suillus compared to H. 

glaber, suggesting that the forelimb muscles involved in digging in B. suillus provide 

fast, powerful motions for effective burrowing. In contrast, the m. sternohyoideus a head 

and neck flexor, had significantly more oxidative fibres in H. glaber compared to B. 

suillus. In addition, significantly greater physiological cross-sectional area (PCSA) and 

fascicle length values were seen in the neck flexor, m. sternocleidomastoideus, in H. 

glaber compared to B. suillus, which indicates a possible adaptation for chisel-tooth 

digging. While functional demands may play a significant role in muscle morphology, 

the phylogenetic differences between the two species may play an additional role which 

needs further study. 

Keywords: thoracic limb, PCSA, burrowing, Bathyergidae, histology
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RESEARCH HIGHLIGHTS: 

Large architectural values and large numbers of glycolytic fibres were seen in essential 

scratch-digging muscles of B. suillus. However, the neck muscles of H. glaber had a 

fast shortening capacity or excursion, indicating possible adaptations for chisel-tooth 

digging. 

1. INTRODUCTION:  

Multiple studies on subterranean rodents have suggested that species-specific 

behaviours such as hind foot-drumming, chisel-tooth digging and scratch-digging may 

influence the morphology of their limbs (Lehmann, 1963; Hildebrand, 1985; 

Fransescoli, 2000; Rose, Sandefur, Huskey, Demler & Butcher, 2013; Sahd, Bennett & 

Kotzé, 2019; 2020; 2021; 2022a; Sahd, Doubell, Bennett & Kotzé, 2022b). 

Subterranean rodents exhibit different methods of soil excavation during burrowing, 

which may be influenced by their unique habitat, such as soil hardness, rainfall and type 

of vegetation cover (Hildebrand, 1985; Lessa, Vassallo, Verzi & Mora, 2008; Kubiak et 

al., 2018), or phylogeny (Lehmann, 1963).  

Bathyergus suillus (the Cape dune mole-rat; Schreber, 1782) is a solitary species and 

the largest member of the family Bathyergidae and can weigh up to 2kg in body mass 

(Bennett & Faulkes, 2000). This species prefers mesic regions with sandy soils in the 

coastal regions of the Cape Peninsula and sands of the western and southern Cape in 

South Africa (Skinner & Smithers, 1990; Bennett & Faulkes, 2000). They are known as 

scratch-diggers and use their well-developed foreclaws and short forelimbs to dig their 

burrow systems and to loosen the sandy soils which they inhabit (Bennett & Faulkes, 
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2000). Furthermore, B. suillus uses hind foot-drumming to produce seismic signals for 

communication (Bennett & Jarvis, 1988; Hart, O’Riain, Jarvis, Bennett, 2006).  

Heterocephalus glaber (the naked mole-rat, Rüppell, 1842) is the smallest member of 

the family Bathyergidae with a mean body mass of 34g (Bennett & Faulkes, 2000). In 

this eusocial species, colony members are in constant close proximity (Jarvis & Sale, 

1971; Bennett & Faulkes, 2000) and use vocalisations and tactile signalling to 

communicate (Bennett & Jarvis, 1988; Pepper, Braude, Lacey, Sherman, 1991). 

Heterocephalus glaber is endemic to dry regions of eastern Africa (Brett, 1991; 

Honeycutt, Allard, Edwards & Schlitter, 1991). It is a known as a chisel-tooth digging 

species as it uses its procumbent incisors to dig burrows in hard, compact, lateritic soils 

(Brett, 1991, Bennett & Faulkes, 2000). The non-reproductive workers of the colony 

work co-operatively to excavate extensive burrow systems that can be several hundred 

meters in length. (Brett 1991; Bennett & Faulkes, 2000; Kutsukake, Inada, Sakamoto & 

Okanoya, 2019).  

Muscle architectural properties such as fibre length, muscle mass and PCSA have been 

documented in the forelimb muscles of scratch-digging terrestrial animals such as the 

badger (Taxidea taxus; Moore, Budny, Russell & Butcher, 2013), nine banded armadillo 

(Dasyspus novemcinctus; Olson, Woble, Thomas, Glenn & Butcher, 2016), groundhog 

(Marmota monax; Rupert, Rose, Organ & Butcher, 2015) as well as the subterranean 

Eastern mole (Scalopus aquaticus; Rose, et al., 2013). Muscle architecture is a 

determinant and reflection of muscle function. Moreover, muscle architectural 

properties determine the force with which the muscle contracts and plays an important 

role in understanding the structure-function relationship of muscles (Sacks & Roy, 
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1982; Lieber & Fridén, 2000; Eng, Smallwood, Rainiero, Lahey, Ward &Lieber 2008; 

Rupert et al., 2015). Muscle fibre length is an important aspect of muscle architecture 

(Lieber & Ward, 2011) as it is directly proportional to the muscle excursion (the 

displacement of the myotendinous junction throughout the range of motion). A long 

muscle fibre has many serial sarcomeres that act as a single muscle fascicle when 

activated. This leads to higher maximum muscle velocity and ultimately permits a 

greater muscle excursion (Bodine et al., 1982; Winters, Takahashi, Lieber & Ward, 

2010; Lieber & Ward, 2011) compared to muscles with short fibre lengths. Furthermore, 

the isometric force of a muscle is proportional to the physiological cross-sectional area 

(PCSA). The PCSA is calculated using various parameters, including fascicle length, 

pennation angle and muscle volume (Gans & Bock, 1965; Gans & De Vries, 1987). The 

isometric force-velocity relationship suggests that muscles with high shortening 

velocity led to low force production, whereas muscles with low shortening velocities 

produce large forces. Therefore, large PCSA and long fascicle length are both indicators 

of a powerful muscle (Lieber & Ward, 2010; Moore, et al., 2013). However, there are 

multiple components that determine the functional properties of a muscle in addition to 

the architectural properties (Talbot & Maves, 2016). Therefore, combining muscle 

architecture and other properties such as muscle fibre type composition, contribute to 

the understanding of muscle function (Eng et al., 2008). 

There are four main myosin heavy chain (MHC) isoforms that can be expressed in 

adult muscle fibres, and these include I, IIA, IIB and IIX (Eng et al., 2008; Talbot & 

Maves, 2016; Serrano, Perez, Lucia, Chicharro, Quiroz-Rothe & Rivero, 2001; Acevedo 

and Rivero, 2006; Hyatt, Roy, Rugg & Talmadge, 2006). The MHC isoform of an 

individual muscle fibre affects the contractile properties of the muscle fibre, namely 
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myosin ATPase activity, contraction velocity of the fibre, the filament sliding velocity 

and the power output of the fibre (Bottinelli, Canepari, Reggiani & Stienen, 1994; 

Schiaffino & Reggiani, 2011). All four muscle fibre types can be expressed in a single 

muscle. MHC I fibres are slow-contracting fibres, resistant to fatigue, and have a high 

mitochondrial density. MHC IIaA, IIB and IIX are fast-twitch fibres, but type IIB fibres 

have lower fatigue resistance compared to MHC IIX (Peter, Barnard, Edgerton, 

Gillespie & Stempel, 1972; Talbot & Maves, 2016). Additionally, hybrid MHC 

expression resulting in subtypes of muscle fibres such as MHC I/IIA or IIA/IIX (Rivero, 

2018) is possible. Thomas, Chadwell, Walker, Budde, VandeBerg & Butcher (2017) 

suggested that MHC expression is constrained by phylogeny, but that subtle changes 

can occur due largely to behavioural differences between terrestrial and arboreal 

animals. Metabolic transformation of oxidative and glycolytic fibres may occur more 

dramatically due to functional demands (Yan, Okutsu, Akhtar & Lira, 2011). Kohn, 

Burroughs, Hartman & Noakes, (2011a); Kohn, Curry & Noakes (2011b); Curry, Hohl, 

Noakes & Kohn, (2012) further suggest a lack of correlation between MHC isoform and 

muscle energy metabolism. Therefore, muscle fibres may have different metabolic 

properties than the MHC gene expression would suggest. For example, an MHC I 

muscle fibre may have a glycolytic and/or oxidative metabolism (Kohn, Hoffman & 

Myburgh, 2007). 

Therefore, by comparing two species that differ in both digging and communication 

strategies, and combining muscle architecture and muscle fibre type composition, will 

contribute to a more complete understanding of their muscle function (Eng et al., 2008). 

The aim of the present study was to determine if the muscle architecture and fibre type 

composition of the muscles in the forelimb and neck of B. suillus and H. glaber are 
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influenced by their digging mode and possible stabilization function during hind foot-

drumming. The present study hypothesises that the neck muscles of H. glaber will 

indicate architectural adaptations for chisel tooth digging such as large PCSA values, 

and that these muscles will have more type II fibres compared to that in the forelimb of 

the scratch-digging B. suillus. Additionally, the present study hypothesises that the limb 

retractors and digital flexors of B. suillus will be powerful muscle groups (i.e., with large 

PCSA values and long fascicles). Furthermore, it is hypothesised that these two muscle 

groups will have more type II muscle fibres to account for the quick contractions needed 

for scratch digging in B. suillus.  

2. MATERIALS AND METHODS 

2.1. Sample 

Ethical clearance was obtained for the use of animal tissue from the Research Ethics 

Committee: Animal Care and Use of Stellenbosch University (SU-ACUM 16-00005). 

Ethical clearance was extended for the present study under a new number, ACU-2020-

19344 and the Ethics committee of the University of Pretoria (EC069-17). The B. suillus 

(Stellenbosch University: 10NP_VAN01; University of Cape Town: 200/V7/JOR 

University of Pretoria EC069-17) and H. glaber (University of the Western Cape: 

ScR1RC2007/3/30) specimens were obtained from previous unrelated studies. No 

animals were specifically killed for the present study.  

The left forelimbs of 12 formalin fixed specimens (n=6 per species) were used for 

muscle architecture analysis, unless multiple muscles were damaged, and the right limb 

was used. The right forelimbs of six frozen B. suillus specimens and six formalin fixed 

H. glaber specimens were used for the muscle fibre typing. 
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2.2. MUSCLE ARCHITECTURE 

Thirty-nine muscles were dissected from origin to insertion on each limb, as previously 

described by Doubell, Sahd & Kotzé (2020), after which the muscles were removed. 

Four architectural parameters were measured for each of the 39 forelimb muscles in 

each specimen based on techniques described by Payne, Hutchinson, Robilliard, Smith 

& Wilson (2005) and Martin, Warburton, Travouillon & Fleming (2019). Muscle mass 

was measured to the nearest 0.001 g using a digital scale (Ohaus Adventurer Pro 

AV3102, Nanikon, Switzerland). A Mastercraft digital sliding calliper (150mm 

measuring range) was used to measure the muscle belly length (LM; length between the 

origin of the most proximal muscle fibres and the insertion of the most distal fibres) to 

the nearest 0.001 mm. High magnification photographs were taken of each muscle using 

a Leica MZ67 Stereomicroscope (Leica Biosystems, Wetzlar, Germany). Composite 

images were then created using Image Composite Editor (Microsoft 2.0.3) after which 

six to eight random fascicles per muscle were chosen to measure the fascicle length (Lf) 

using the ‘segmented line tool’ in ImageJ (Java 1.8.0_112; Schneider, Rasband, & 

Elceiri, 2012; RRID:SCR_003070). Additionally, five random fascicles per muscle 

were chosen to measure the pennation angle (θ) using the ‘angle tool’ in ImageJ. Muscle 

mass and Lf values were increased with 14% and 11%, respectively, according to the 

correction factors used by Kikuchi & Kuraoka (2014), since formalin fixation causes 

shrinkage of muscle tissue. The mammalian skeletal muscle density (ρ) was determined 

as 0.001056 g/mm3 according to Mendez & Keys (1960) and Ward & Lieber (2005). 

The physiological cross-sectional area (PCSA) of each muscle was calculated using a 

formula described by Sacks & Roy (1982) and Charles, Cappellari, Spence, Hutchinson 

& Wells (2016).  
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𝑃𝐶𝑆𝐴 ሺ𝑚𝑚ଶሻ  ൌ  ሾ𝑀௠ሺ𝑔ሻ ൈ 𝑐𝑜𝑠𝜃ሿ/ ሾ𝐿௙ሺ𝑚𝑚ሻ  ൈ 𝜌ሺ𝑔/𝑚𝑚ଷሻሿ 

Additionally, the maximum isometric force (Fmax) of contraction was estimated by 

multiplying the PCSA by a maximum isometric stress of 0.3 N/mm-2 (Medler, 2002). 

However, this is only an estimation of the maximum isometric force because of the 

variation in the displacement of the myotendinous junction throughout the range of 

motion (Fukunaga, Roy, Shellock, Hodgson & Edgerton, 1996). Last, an architectural 

index (AI) was determined by calculating the fascicle length to muscle length ratio 

(Lf/LM), which is proportional to the shortening capacity (Sharir, Milgram & Shahar, 

2006; Charles et al., 2016). 

The 39 selected muscles were categorised according to their main functions into 

thirteen functional muscle groups for statistical analysis (Table 1; Olson et al., 2016; 

Martin et al., 2019). Biarticular muscles, crossing two joints and having more than one 

function, were placed into more than one functional muscle group, such as mm. biceps 

brachii and triceps brachii caput longum (Rupert et al., 2015; Olson et al., 2016; 

Böhmer et al., 2017) (Table 1). The biarticular muscles were only included in one 

muscle group when determining the muscle mass distribution (m. biceps brachii in the 

elbow flexors and m. triceps brachii caput longum in the elbow extensors). There are 

species differences in the absence and presence of specific muscles: mm. 

coracobrachialis, tensor fasciae antebrachium and abductor digiti I longus, were absent 

in H. glaber, while m. deltoideus pars clavicularus was absent in B. suillus (Doubell et 

al., 2020).  
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Table 1: List of muscle function groups 

Muscle group Muscle 

Head flexors and hyoid bone 
depressors (HH) 

M. sternocleidomastoideus (m. cleidomastoideus and m. 
sternomastoideus measured as one muscle due to common 
tendon of insertion) 

M. sternohyoideus 

Scapular 
elevators/stabilizers/rotators (SE) 

M. trapezius pars cervicales 

M. trapezius pars thoracica 

M. rhomboideus cervicis 

M. rhomboideus capitis 

M. serratus ventralis 

M. subclavius 

M. omotransversarius 

M. scapuloclavicularis 

Limb retractors (LR) M. latissimus dorsi 

M. pectoralis superficialis 

M. infraspinatus 

M. teres major 

M. deltoideus pars acromialis 

M. deltoideus pars scapularis 

M. deltoideus pars clavicularis (only in H. glaber) 

M. triceps brachii caput longum 

Limb protractors (LP) M. subscapularis 

M. supraspinatus 

M. coracobrachialis (only in B. suillus) 

M. biceps brachii 

Elbow extensors (EEX) M. triceps brachii caput longum 

M. triceps brachii caput laterale 

M. triceps brachii caput mediale 

M. tensor fasciae antebrachium (only in B. suillus) 

Elbow flexors (EF) M. biceps brachii 

M. brachialis 

Carpal flexors (CF) M. palmaris longus 

M. flexor carpi ulnaris 
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M. flexor carpi radialis 

Carpal extensors (CE) M. extensor carpi radialis 

M. extensor carpi ulnaris 

Digital flexors (DF) M. flexor digitorum superficialis 

M. flexor digitorum profundus 

Digital extensors (DEX)  M. extensor digiti I longus 

M. extensor communis digitorum 
 

M. abductor digiti I longus (only in B. suillus) 

M. extensor digitorum lateralis 

Supinators (S) a M. supinator 

Pronators (P)a M. pronator teres 

a Studied as individual muscles  

2.2.1. Statistical analysis 

The mean (± standard deviation) of the muscle architectural parameters for each 

species were reported. Ordinary Least Squares (OLS) regressions of log10-transformed 

data of the MM, Lf and PCSA for each individual muscle as well as the functional muscle 

groups, were plotted against log10 of body mass to determine the scaling coefficients for 

each species. The two species studied here scaled allometrically to body mass for all the 

parameters. Thus, log10 body mass was used as the covariate to compare the log10-

transformed data. A one-way analysis of covariance (ANCOVA) was performed to 

determine significant differences within the muscle groups as well as the individual 

muscles between the two species (Sahd et al., 2021). Fischer’s Least Significant 

Difference (LSD) post-hoc test was used to determine the p-values with a p < 0.05 

indicating statistically significant results. Statistica 13.5 (TIBCO software, Palo Alto, 

California, USA; RRID:SCR_014213) was used to perform all statistical analysis. All 

graphs were created using ggplot2 (Wickham, 2016; RRID: SCR_014601) in R (R Core 

team; RRID:SCR_001905). 
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2.2.2. Functional space plots 

The scatter plots of the mean PCSA (normalised to body mass, PCSA/Mb
0.67) of each 

individual muscle and muscle group were plotted against mean Lf (normalised to body 

mass, Lf/Mb
0.33) in both species (Martin et al., 2019). The normalization of parameters 

to body mass allowed comparison between species as there was a large difference in 

body size between the two species. 

 

Figure 1. Slide layouts for the placement of muscle sections. See Tables 4 and 5 for muscle 

abbreviations. 
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2.3. MUSCLE FIBRE TYPING 

Twenty-one specific forelimb muscles were chosen based on a similar study on the 

nine-banded armadillo (Dasypus novemcinctus; Olson et al., 2016). A layout (Figure 1) 

was designed of the muscle arrangement on the histology slides to ensure accurate 

identification of specific muscles. 

2.3.1. Bathyergus suillus 

Tissue preparation and sectioning 

After individually thawing each specimen, small sections from the mid-bellies of each 

muscle were harvested from the frozen B. suillus specimens. The muscle sections were 

snap-frozen in liquid nitrogen (-170°C) and stored in a -80°C freezer overnight to allow 

for optimal cryostat sectioning of samples. Cross-sections of the mid-belly of each 

muscle were positioned onto labelled squares of cork and tissue freezing medium (OCT, 

Leica Biosystems: Wetzlar, Germany) was placed around the muscle to keep it in the 

correct orientation. The freezing medium and muscle tissue were sprayed with Pellox 

freezing spray (Cell Path Services, Midrand, South Africa) to keep the tissue frozen 

during sectioning. The muscles were sectioned at -15°C using a Leica CM1520 Cryostat 

(Leica Biosystems, Wetzlar, Germany) and one 7µm section of each muscle was placed 

onto positively charged slides according to the slide layout. Three slides of the exact 

same slide layout were produced using serial sections: one slide for each staining 

method and a backup slide which was stored in a dust-free container in a -20°C freezer. 
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Staining 

Immunohistochemistry was performed with the NovoCastra Lyophilized Mouse 

Monoclonal Antibody Myosin Heavy Chain (slow; CAS: NCL-MHCs; LOT: 6065928; 

Leica Biosystems: Wetzlar, Germany; RRID: AB_563898) to identify slow isoform 

within the MHC fibres. A Novolink Polymer detection system (CAS: RE7150-CE; 

LOT: 6029001; Leica Biosystems: Wetzlar, Germany) and diaminobenzidine 

tetrahydrochloride (DAB; LOT: 6072346; Leica Biosystems: Wetzlar, Germany) were 

used to detect positive staining of the MHC I fibres. This staining protocol is similar to 

the protocol described by Kalmar, Blanco & Greensmith (2012) and Sahd et al. (2022b). 

Briefly, the frozen slides were brought to room-temperature prior to staining. The slides 

were washed in TRIS buffered saline (TBS, pH 7.6) for two increments of five minutes 

after which each individual tissue section was circled using a Novopen (NCL-Pen; Leica 

Biosystems: Wetzlar, Germany) reagent pen, which kept the reagents within the welled 

area. After applying 50µl of the primary antibody onto each tissue section (MHCs: 

TRIS; 1:40 dilution), the slides were placed in a plastic humidity chamber and incubated 

for one hour at 37°C (TC2323 SHEL LAB CO2 Incubator, Sheldon Manufacturing Inc.: 

Cornelius, Oregon, United States). Between each step the slides were washed in TBS 

for two increments of five minutes each. Three to five drops of Novolink post-primary 

antibody (secondary antibody) were applied to each section and incubated for 15 

minutes at room temperature. The same procedure was followed for the Novolink 

Polymer (3-5 drops; 15 minutes incubation). After the last TBS wash, 50µl of DAB 

solution (1:20 dilution of Novolink DAB chromogen and Novolink DAB substrate 

buffer) was applied to each tissue section and incubated for five minutes at room 

temperature. Slides were counterstained with Meyer’s haematoxylin for one minute 
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before washing the slides in tap water. After counterstaining, the slides were washed in 

running tap water for five minutes and dehydrated in a series of ethanol (70%, 96%, 

96%, 99%, 99%), cleared in xylene and mounted using DPX mounting media. Cross 

sections of the m. biceps femoris of a rat was used as a positive control for all runs. The 

primary antibody and Novolink Polymer detection system was tested on m. biceps 

femoris sections was tested for each element before being applied to the mole-rat 

sections.  

The second staining method used B. suillus muscle tissue, β-nicotinamide adenine 

dinucleotide, reduced disodium salt hydrate (β-NADH; CAS: 606-68-8; Sigma-Aldrich: 

Missouri, United States) with nitroblue tetrazolium salt (Sigma-Aldrich CAS: 298-83-

9) was applied to detect the levels of oxidative enzymes within the muscle fibres. Fibres 

with a high oxidative capacity stained dark blue and fibres with low oxidative capacity 

stained a light blue. Prepared slides were removed from the -20°C freezer and allowed 

to reach room temperature. Five to seven drops of NADH solution were applied to each 

tissue section after which the slides were placed in a humidity chamber and incubated 

at 37°C for 35 minutes. The slides were rinsed in distilled water and mounted with 

glycerine jelly. 

2.3.2. Heterocephalus glaber 

Tissue preparation and sectioning 

The muscles of the fixed H. glaber specimens were harvested and processed in an 

Automated Vacuum Tissue Processor (ASP6025; Leica Biosystems, Wetzlar, 

Germany). The cross-sections of the mid-belly of each muscle were embedded into 

Paraplast® paraffin wax blocks using a Leica EG 116 Embedder (Leica Biosystems, 

16



 

 

Wetzlar, Germany) according to the pre-determined slide layout (Figure 1). Each wax 

block was sectioned using a Leica RM 2125 RT microtome (Leica Biosystems, Wetzlar, 

Germany) to produce three serial sections that were placed onto positively charged 

slides. Furthermore, three additional muscles (mm. latissimus dorsi, anconeus and flexor 

carpi ulnaris) of B. suillus were harvested and fixed in 10% buffered formalin for a 

minimum of 24 hours after which the muscles were processed and embedded into 

paraffin wax blocks with Paraplast® paraffin wax and a Leica EG 116 Embedder (Leica 

Biosystems: Johannesburg, South Africa). The fixed B. suillus muscles were placed into 

two wax blocks (1-m. latissimus dorsi; 2- mm. flexor carpi ulnaris and triceps brachii 

caput medialis) and were sectioned onto positively charged slides. These additional 

three muscles served as a test which compared the staining of the muscle fibres between 

the fresh and the fixed muscle tissue to ensure the different approaches used on the two 

species were comparable. In addition, these muscles served as the positive control for 

the slow MHC staining in the H. glaber tissue. 

Staining 

For the fixed H. glaber muscle tissue, antigen retrieval was conducted using heat 

induced epitope retrieval (HIER) by using an AEG Electrolux Digital Pressure Cooker 

(AEG: Frankfurt, Germany). The prepared slides were first deparaffinised from xylene 

and rehydrated through a series of ethanols of various concentrations for 10 minutes in 

each solution. Thereafter, the slides were placed into a metal slide rack and submerged 

into Leica BOND Epitope Retrieval Solution (X10 concentrate, pH 6; Leica Biosystems: 

Wetzlar, Germany) within the pressure cooker. The slides were steamed on high 

pressure for one minute after which the steam was released. The slide rack was removed 
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and placed into a container with warm water (60-80°C) before slowly washing the slides 

with running tap water. This allowed the slides to gradually cool down to prevent tissue 

damage. The slow myosin immunohistochemical staining proceeded as described above 

for the B. suillus tissue. For each run, one of the B. suillus slides with fixed tissue was 

stained and used as a positive control. 

For the second staining method with the H. glaber tissue, Periodic Acid Schiff (PAS) 

was applied to demonstrate the glucose content within muscle fibres. An amylase 

digestion was done using Sigma α-amylase type VI-B (CAS: 9000-90-2; Sigma-Aldrich: 

Missouri, United States) to differentiate between glycogen and other structures such as 

capillaries and polysaccharides within the sarcolemma. The prepared slides were 

deparaffinised in xylene and through a series of ethanol concentrations for five minutes 

in each solution. Thereafter, five to eight drops of 0.35% amylase solution were applied 

to each tissue section and incubated in a plastic humidity chamber at 38°C for 20 

minutes (TC2323 SHEL LAB CO2 Incubator, Sheldon Manufacturing Inc.: Cornelius, 

Oregon, United States). The slides were washed in tap water and stained according to a 

slightly adjusted PAS stain protocol (Dubowitz & Sewry, 2007). Briefly, slides were 

placed into Schiff reagent for twenty minutes instead of the usual 15 minutes. Fibres 

with a high glycogen content stained dark pink and fibres with a low glycogen content 

stained light pink. For each run, one of the B. suillus slides with fixed tissue was stained 

to compare the results of the PAS stain with the NADH stain. 

Visualization and quantification  

The slides for both species were scanned using the 40X objective of an Olympus V120-

100L slide scanner (Olympus Corporation, Tokyo, Japan) at the University of Cape 
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Town, Pathology Learning Centre. The images had a final resolution of 16µm per pixel. 

Quantification of the positively stained fibres per muscle cross section and the staining 

intensity of both the NADH and PAS stains were done using Qupath version 0.2.3 

(Bankhead et al., 2017; RRID:SCR_018257). Prior to the analysis of the slow MHC 

slides, the image type was set to ‘Brightfield (H-DAB)’, and the stain vectors of each 

slide were set for the positive and negative cells in the Qupath programme. The 

percentage of MHC I fibres for each section was determined by using the polygon tool 

to select the muscle tissue area (folded and longitudinal tissue areas were avoided) and 

then using the positive cell detection function to determine the positively stained cell 

percentages. The negative cells or fibres that were not stained positively were 

considered to be MHC II fibres. 

The differences in the oxidative capacity (NADH) between fibre types were quantified 

by using the polygon tool to select the muscle tissue area and the cell detection function 

to determine the area for cell classification. Thereafter, the cell intensity threshold 

setting was used to classify the cells according to its stain intensity based on the three 

thresholds automatically determined by the Qupath software. The number of cells per 

threshold was determined with this setting, which were then calculated as the percentage 

of light, medium and dark fibres per muscle per species. The same method was applied 

for the quantification of the glycogen content (as a reflection of oxidative capacity) of 

the PAS stained slides. Both the positive cell detection and cell detection functions had 

a maximum cell parameter of 25 µm. Due to the cell size of both species being much 

larger than the maximum cell parameter of Qupath, the software counted every muscle 

fibre as 2 cells and automatically determined the percentages from the total detections. 

The exact settings used in the analysis are detailed in the supplementary information.  
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Optimization for counting the cells of the different stains (NADH and PAS) was done 

by comparing the results of the three additional fixed B. suillus muscles (PAS stain) and 

the three frozen muscles of the same B. suillus specimen (NADH stain). 

2.4. Statistical analysis  

Descriptive statistics of the percentages of the muscle fibre composition and oxidative 

capacity were reported per species, which include the means ± SD. Significant 

differences between the muscles of each species were determined using a one-way 

analysis of variance (ANOVA). Fischer’s Least Significant Difference (LSD) post-hoc 

test was used to determine the p-values. A p<0.05 was considered as statistically 

significant. Statistica 13.5 (TIBCO software, Palo Alto, California, USA) was used to 

create most of the graphs and to perform all statistical analyses. The graphs were created 

using ggplot2 (Wickham, 2016) in R (R core team). 

3. RESULTS 

3.1. Muscle architecture comparisons of muscle groups 

The results of the ANCOVA analysis including p-values are detailed in Table 2. Both 

B. suillus (mean body mass=798.23g ± 431.67g) and H. glaber (mean body mass 

=40.76g ± 6.6g) had a proximal to distal reduction in muscle mass in the forelimb 

(Figure 2). The forelimb muscle mass consists of ~75% proximal and ~25% distal 

muscle mass, where B. suillus has slightly more proximal muscle mass compared to H. 

glaber (<1%). Of all the muscle groups studied, in both B. suillus and H. glaber, the 

scapular elevators/rotators had the largest percentage muscle mass of the total forelimb 

muscle mass (28.5% and 29.9%, respectively). The muscle mass percentage of the limb 
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Table 2: The analysis of covariance (ANCOVA) results of the comparisons of the muscle groups between species. 

Muscle group Muscle mass (Mm) Fascicle length (Lf) Physiological cross-sectional area (PCSA) 

F df P F df P F df P 

Head extensors and hyoid bone depressors 0.1 1 0.76 18.29 1 p<.01 0.13 1 0.72 

Scapular elevators 0.65 1 0.42 11.61 1 p<.01 0.85 1 0.36 

Limb retractors 2.58 1 0.11 12.79 1 p<.01 4.69 1 0.03 

Limb protractors 1.61 1 0.21 21.42 1 p<.01 0.91 1 0.35 

Elbow extensors 1.5 1 0.23 25.81 1 p<.01 0.00 1 0.95 

Elbow flexors 4.67 1 0.06 7.74 1 0.02 7.12 1 0.03 

Carpal extensors 2.85 1 0.11 15.38 1 p<.01 3.87 1 0.06 

Carpal flexors 3.25 1 0.08 14.37 1 p<.01 4.17 1 0.05 

Digital extensors 0.39 1 p<0.01 20.08 1 0.01 0.00 1 0.95 

Digital flexors 2.05 1 0.17 45.87 1 p<.01 0.83 1 0.37 

Bold text indicates significant results p<0.05  
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retractors (shoulder flexors) was the second largest group in B. suillus (24.9%) and H. 

glaber, respectively.  

 

Figure 2. The muscle mass distribution of each muscle group to the total forelimb muscle mass of 

Bathyergus suillus (blue) and Heterocephalus glaber (magenta). The summed muscle mass of all the 

individual muscles was used to calculate the total forelimb muscle mass. Muscle functional group mass 

is expressed as percentages with the bars indicating the mean percentage of each muscle functional group. 

See Table 1 for muscle group abbreviations. 

 Additionally, the fascicles of all the muscle groups were significantly longer in B. 

suillus compared to H. glaber. The PCSA values of the limb retractors, elbow flexors, 

were significantly larger in B. suillus compared to H. glaber (Table 2). 
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The mean normalised PCSA of each muscle group was plotted against the mean 

normalised fascicle length per species illustrated in Figure 3. The scapular elevators and 

limb retractors of both species are in the upper right quadrant and indicate capabilities 

of high-power output. The limb protractors of B. suillus fall within the upper left 

quadrant, indicating a slightly higher force capability than the limb protractors of H. 

glaber. Furthermore, the head flexors and hyoid bone depressors (HH) of both species 

fall within the lower left quadrant. The HH group of H. glaber extends further towards 

the right, which indicates a faster shortening capability via longer fascicles compared to 

the HH group of B. suillus. 

 

Figure 3. Physiological cross-sectional area (PCSA), normalised to body mass (PCSA/Mb
0.67) as a 

function of resting fascicle length normalised to body mass (Lf/Mb
0.33) of the muscle functional groups in 

Bathyergus suillus (blue) and Heterocephalus glaber (magenta). The force capability is represented by 

the horizontal dashed line (high-above line; low-below line), while the vertical dashed line separates 

muscles with high (right) and low (left) shortening capability. Muscles located in the upper right quadrant 
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have both high force and high shortening capabilities and are therefore adapted for high-power outputs. 

See Table 1 for muscle functional group abbreviations. 

3.2.  Muscle Architecture Comparison of Individual Muscles 

The results of the ANCOVA analysis, including p-values are detailed in Table 3. The 

values of the measured muscle architecture parameters per species are detailed in Tables 

4 and 5. 

Significant differences between the two species were found in the normalised muscle 

mass (Mm) of 21 muscles, with all of these muscles being larger in B. suillus compared 

to those in H. glaber. In most of the individual muscles the fascicle lengths were 

significantly longer in B. suillus compared to H. glaber. Lastly, the PCSA values of 11 

muscles were significantly larger in B. suillus compared to H. glaber. Additionally, 

significant differences between B. suillus and H. glaber were found in the Lf/LM ratios 

of mm. subscapularis (p=0.03), teres major (p=0.01), sternocleidomastoideus (p=0.04) 

and extensor digitorum communis (p<0.01where H. glaber had the larger values (Figure 

4). The Lf/LM ratio of m. flexor digitorum superficialis was significantly larger in B. 

suillus compared to H. glaber (p=0.02; Table 3). 
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Table 3: The analysis of covariance (ANCOVA) results of the comparisons of the individual muscles between species. 

Muscle Muscle mass (Mm) Fascicle length (Lf) Physiological cross-sectional area (PCSA) Lf/Lm 

F df P F df P F df P F df P 

M. Trapezius pars cervicalis 0.21 1 0.66 26.61 1 p<.01 0.35 1 0.57 0.89 1 0.38 

M. Trapezius pars thoracis 0.41 1 0.54 32.6 1 p<.01 2.13 1 0.2 0.72 1 0.43 

M. Rhomboideus cervicis 0.42 1 0.56 5.82 1 0.09 1.35 1 0.33 2.81 1 0.19 

M. Rhomboideus capitis 0.88 1 0.39 5.14 1 0.07 3.91 1 0.1 4.4 1 0.09 

M. Serratus ventralis 3.26 1 0.1 20.62 1 p<.01 3.21 1 0.11 0.01 1 0.93 

M. Latissimus dorsi 1.26 1 0.29 8.46 1 0.02 0.13 1 0.73 0.06 1 0.81 

M. Pectoralis superficialis 0.17 1 0.69 26.12 1 p<.01 0.44 1 0.53 0.2 1 0.67 

M. Subclavius 11.23 1 0.02 1.89 1 0.22 8.46 1 0.03 0.01 1 0.92 

M. Omotransversarius 0.53 1 0.49 8.6 1 0.02 0.12 1 0.74 1.09 1 0.33 

M. Scapuloclavicularis 7.27 1 0.02 19.65 1 p<.01 2 1 0.19 0.29 1 0.6 

M. Subscapularis 15.69 1 p<.01 25.37 1 p<.01 4.61 1 0.06 6.92 1 0.03 

M. Supraspinatus 10.35 1 0.01 11.45 1 0.01 6.5 1 0.03 5.45 1 0.05 

M. Infraspinatus 22.39 1 p<.01 9.9 1 0.01 1.77 1 0.22 0.23 1 0.64 

M. Teres major 5.83 1 0.04 4.71 1 0.06 4.48 1 0.06 12.47 1 0.01 
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Muscle Muscle mass (Mm) Fascicle length (Lf) Physiological cross-sectional area (PCSA) Lf/Lm 

F df P F df P F df P F df P 

M. Deltoideus pars acromialis 6.81 1 0.03 92.85 1 p<.01 2.92 1 0.12 0.33 1 0.58 

M. Deltoideus pars scapularis 7.21 1 0.03 8.69 1 0.02 10.82 1 0.01 4.2 1 0.07 

M. Sternohyoideus 0.55 1 0.49 5.19 1 0.07 0.27 1 0.63 0.24 1 0.65 

M. Sternoclaviculomastoideus 0.37 1 0.56 15.22 1 0.01 54.23 1 p<.01 6.6 1 0.04 

M. Biceps brachii 11.26 1 0.01 41.25 1 p<.01 23.64 1 p<.01 0.38 1 0.55 

M. Brachialis 4.67 1 0.06 7.74 1 0.02 7.12 1 0.03 1.89 1 0.2 

M. Triceps caput longus 34.24 1 p<.01 45.19 1 p<.01 20.05 1 p<.01 1.15 1 0.31 

M. Triceps caput lateralis 10.12 1 0.01 25.00 1 p<.01 0.03 1 0.87 3.74 1 0.09 

M. Triceps caput medialis 5.09 1 0.05 45.45 1 p<.01 0.03 1 0.86 3.29 1 0.1 

M. Palmaris longus 6.63 1 0.04 1.94 1 0.21 5.9 1 0.05 3.1 1 0.12 

M. Pronator teres 5.5 1 0.04 12.71 1 0.01 1.18 1 0.3 0.00 1 0.99 

M. Flexor digitorum superficialis 8.7 1 0.02 33.11 1 p<.01 0.17 1 0.69 9.04 1 0.02 

M. Flexor digitorum profundus 12.89 1 0.01 24.97 1 p<.01 5.63 1 0.05 0.27 1 0.62 

M. Flexor carpi ulnaris 9.17 1 0.02 13.96 1 0.01 7.16 1 0.03 0.42 1 0.54 

M. Flexor carpi radialis 13.8 1 p<.01 6.32 1 0.03 7.16 1 0.03 0.18 1 0.68 

M. Extensor digiti I longus 6.08 1 0.04 65.06 1 p<.01 2.47 1 0.16 0.13 1 0.73 
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Muscle Muscle mass (Mm) Fascicle length (Lf) Physiological cross-sectional area (PCSA) Lf/Lm 

F df P F df P F df P F df P 

M. Extensor carpi radialis 10.04 1 0.01 32.37 1 p<.01 4.99 1 0.06 0.02 1 0.9 

M. Extensor carpi ulnaris 2.26 1 0.17 8.13 1 0.02 1.71 1 0.22 0.58 1 0.47 

M. Extensor digitorum communis 20.37 1 p<.01 15.45 1 p<.01 22.81 1 p<.01 24.56 1 p<.01 

M. Extensor digitorum lateralis 39.06 1 p<.01 11.41 1 0.01 9.22 1 0.02 0.01 1 0.93 

M. Supinator 3.13 1 0.11 9.85 1 0.01 12.32 1 0.01 0.26 1 0.62 

Bold text indicates significant results p<0.05  
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Figure 4. The mean (±standard deviation) architectural index of muscle fascicle length/muscle belly 

length (Lf/LM) for the proximal (a) and distal (b) individual muscles of Bathyergus suillus (blue) and 

Heterocephalus glaber (magenta). *Indicates a significant difference of p < .05 between species. See 

Tables 4 and 5 for muscle abbreviations. 

The mean normalised PCSA of each individual muscle was plotted against the mean 

normalised fascicle length per species in Figure 5. The m. subscapularis of B. suillus is 

in the highest position in the upper left quadrant, indicating that it produces higher force 

than H. glaber. The m. latissimus dorsi of both species is in the lower right quadrant 

with H. glaber having a faster shortening capability than B. suillus (far right in lower 

right quadrant), while that of B. suillus has a slightly higher force-output than H. glaber 

(upper right in lower right quadrant). The m. sternohyoideus (SH) of H. glaber is in the 

lower right quadrant while the m. sternocleidomastoideus is situated to the left of SH. 

This indicates a higher shortening capacity when compared to the muscles of the HH 

group (mm. sternohyoideus and sternocleidomastoideus) of B. suillus, which are situated 

more to the left compared to H. glaber. 
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Table 4: The mean and standard deviation (±) of the architecture parameters of the front limb muscles of Bathyergus suillus  

Muscle Abbr. n Muscle mass 
(Mm, g) 

Belly length (LM, 
mm) 

Fascicle length (Lf, 
mm) 

Physiological 
cross-sectional 
area (PCSA, 
mm2) 

Angle of 
pennation (θ, 
°) 

Fmax (N) 

M. Trapezius pars cervicalis 
TC 4 2.7±1.53 48.90±10.05 36.09±6.01 76.64±51.23 0 22.99±15.37

M. Trapezius pars thoracis 
TT 4 1.21±0.6 67.09±11.33 58.00±10.45 16.99±6.98 0 5.1±2.1

M. Rhomboideus cervicis 
RC 3 0.73±0.39 37.24±12.66 30.29±10.21 22.71±10.4 0 5.11±4.25

M. Rhomboideus capitis 
RCa 3 1.17±0.61 52.92±17.87 42.70±11.5 25.11±8.72 0 5.65±4.33

M. Serratus ventralis 
SV 6 3.35±1.51 51.63±7.79 33.97±5.94 70.91±17.37 48.85±7.55 17.73±9.86

M. Latissimus dorsi 
LD 5 2.33±1.08 74.65±15.88 54.56±12.45 38.72±21.51 24.52±9.5 9.86±7.47

M. Pectoralis superficialis 
PS 4 2.16±0.99 42.08±3.6 35.43±4.92 59.57±27.74 0 14.3±10.76

M. Subclavius 
SB 3 0.09±0.27 19.16±3.66 11.65±0.8 7.01±2.14 0 1.58±1.17

M. Omotransversarius 
OT 4 0.44±0.2 32.96±8.76 30.22±5.88 13.81±5.85 0 3.31±2.4

M. Scapuloclavicularis 
SC 6 0.56±0.22 29.82±4.24 18.75±3.94 29.60±13.46 0 8.88±4.04

M. Subscapularis 
SuS 6 1.69±0.55 36.18±3.38 12.38±2.4 118.57±47.43 31.49±6.99 35.57±14.23

M. Supraspinatus 
SS 6 1.38±0.5 37.40±2.16 20.92±3.55 56.12±19.31 26.37±7.23 16.84±5.79

M. Infraspinatus 
IS 6 1.37±0.47 39.52±2.47 22.32±5.52 57.59±29.25 21.08±3.41 17.28±8.77

M. Teres major 
TM 6 0.61±0.24 34.45±6.85 24.01±6.05 24.85±9.62 0 7.45±2.89

M. Deltoideus pars 
acromialis DA 6 0.48±0.19 23.63±2.43 16.55±2.16 28.79±12.6 0 8.64±3.78
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Muscle Abbr. n Muscle mass 
(Mm, g) 

Belly length (LM, 
mm) 

Fascicle length (Lf, 
mm) 

Physiological 
cross-sectional 
area (PCSA, 
mm2) 

Angle of 
pennation (θ, 
°) 

Fmax (N) 

M. Deltoideus pars 
scapularis DS 6 0.61±0.24 34.65±5.9 23.74±5.69 24.63±7.29 0 7.39±2.19
M. Sternohyoideus 

SH 3 0.22±0.12 27.25±4.79 22.95±4.4 9.81±6.74 0 1.77±2.15
M. 
Sternoclaviculomastoideus SCM 4 0.72±0.33 27.88±8.99 20.51±5.44 33.25±17.71 20.11±9.02 7.98±6.41
M. Tensor fasciae 
antebrachii TFA 6 0.14±0.05 22.24±2.2 19.00±2.44 6.10±1.87 0 1.83±0.56
M. Biceps brachii 

BB 6 0.33±0.12 33.01±5.2 17.63±1.64 18.22±6.08 0 5.47±1.82
M. Coracobrachialis 

CB 6 0.15±0.07 30.42±8.44 20.97±6.43 6.14±2.5 0 1.84±0.75
M. Brachialis 

Br 6 0.48±0.2 31.49±6.25 22.77±4.9 20.23±7.03 0 6.07±2.11
M. Triceps caput longus 

TLo 6 2.16±0.69 36.28±2.31 24.04±3.2 83.97±24.49 13.78±1.89 25.19±7.35
M. Triceps caput lateralis 

Tla 6 0.99±0.36 34.80±3.95 30.17±13.42 38.53±20.22 0 11.56±6.07
M. Triceps caput medialis 

TMe 6 0.68±0.28 26.63±1.15 18.16±4.72 40.76±24.05 0 12.23±7.21
M. Palmaris longus 

PL 6 0.18±0.06 28.39±5.6 16.74±6 10.44±3.72 19.44±5.05 3.13±1.12
M. Pronator teres 

PT 6 0.17±0.07 23.33±2.94 10.38±3.07 17.73±8.56 0 5.32±2.57
M. Flexor digitorum 
superficialis FDS 6 0.17±0.05 27.89±3.37 12.48±3.9 13.60±6.06 17.72±8.95 4.08±1.82
M. Flexor digitorum 
profundus FDP 6 0.73±0.23 35.59±3.6 15.45±2.6 44.37±16.29 21.91±5.91 13.31±4.89

M. Flexor carpi ulnaris FCU 6 0.38±0.14 31.11±4.24 13.29±2.69 25.19±7.56 21.70±8.95 7.56±2.27

M. Flexor carpi radialis FCR 6 0.12±0.04 22.21±2.8 14.45±4.03 8.38±2.89 15.16±5.21 2.51±0.87
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Muscle Abbr. n Muscle mass 
(Mm, g) 

Belly length (LM, 
mm) 

Fascicle length (Lf, 
mm) 

Physiological 
cross-sectional 
area (PCSA, 
mm2) 

Angle of 
pennation (θ, 
°) 

Fmax (N) 

M. Abductor digiti I longus APL 6 0.07±0.02 26.63±3.58 11.67±0.96 5.14±1.37 12.12±1.87 1.54±0.41

M. Extensor digiti I longus EP 6 0.02±0.01 20.29±1.88 12.38±2 1.75±0.43 14.73±1.95 0.52±0.13

M. Extensor carpi radialis ECR 6 0.33±0.12 26.43±3.22 20.68±2.62 14.67±5.24 15.06±3.12 4.40±1.57

M. Extensor carpi ulnaris ECU 6 0.16±0.07 29.86±3.75 14.73±4.29 10.01±3.71 13.49±4.17 3.00±1.11
M. Extensor digitorum 
communis EDC 6 0.16±0.04 28.81±3.59 17.57±3.41 8.54±1.82 8.91±2.22 2.56±0.55
M. Extensor digitorum 
lateralis ADV 6 0.13±0.03 28.59±2.24 14.20±2.86 8.72±3.04 13.84±3.07 2.62±0.91

M. Supinator Su 6 0.03±0.01 13.98±2.38 9.40±2.24 76.64±1.03 0 0.92±0.31
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Table 5: The mean and standard deviation (±) of the architecture parameters of the front limb muscles of Heterocephalus glaber 

Muscle Abbr. n Muscle mass 
(Mm,  g) 

Belly length (LM, 
mm) 

Fascicle length (Lf, 
mm) 

Physiological 
cross-sectional 
area (PCSA, 
mm2) 

Angle of pennation 
(θ, °) 

Fmax (N) 

M. Trapezius pars cervicalis 
TC 6 0.07±0.081 16.27±1.394 10.95±1.102 6.12±7.705 0 1.84±2.31

M. Trapezius pars thoracis 
TT 4 0.04±0.006 20.79±0.791 13.55±1.382 2.63±0.275 0 0.79±0.08

M. Rhomboideus cervicis 
RC 3 0.02±0.003 14.20±3.314 7.74±0.651 2.00±0.223 0 0.60±0.07

M. Rhomboideus capitis 
RCa 5 0.06±0.008 18.15±2.286 14.52±2.046 4.11±0.689 0 1.23±0.21

M. Serratus ventralis 
SV 6 0.13±0.019 15.52±1.786 11.45±1.043 5.72±0.965 56.77±6.507 1.72±0.26

M. Latissimus dorsi 
LD 6 0.12±0.02 30.13±2.077 25.05±2.874 4.56±1.01 0 1.37±0.3

M. Pectoralis superficialis 
PS 6 0.07±0.014 13.39±1.578 11.26±1.332 5.75±0.877 0 1.73±0.26

M. Subclavius 
SB 6 0.004±0.001 5.38±0.767 5.48±4.12 0.86±0.424 0 0.26±0.13

M. Omotransversarius 
OT 6 0.02±0.002 13.66±1.431 12.10±1.556 1.69±0.327 0 0.51±0.1

M. Scapuloclavicularis 
SC 6 0.03±0.005 11.49±1.302 7.74±1.361 3.63±0.993 0 1.09±0.3

M. Subscapularis 
SuS 6 0.07±0.009 12.14±0.755 7.24±0.973 8.31±0.979 22.78±3.501 2.49±0.29

M. Supraspinatus 
SS 5 0.04±0.008 12.47±1.122 8.47±7.975 4.71±0.749 22.304.647± 1.41±0.23

M. Infraspinatus 
IS 6 0.03±0.007 13.12±0.456 8.07±1.99 4.08±1.367 20.38±2.934 1.22±0.41

M. Teres major 
TM 6 0.03±0.003 11.66±0.967 10.77±0.684 2.51±0.347 0 0.75±0.1

M. Deltoideus pars acromialis 
DA 6 0.01±0.001 6.60±0.695 5.05±0.502 1.88±0.317 0 0.56±0.1
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Muscle Abbr. n Muscle mass 
(Mm,  g) 

Belly length (LM, 
mm) 

Fascicle length (Lf, 
mm) 

Physiological 
cross-sectional 
area (PCSA, 
mm2) 

Angle of pennation 
(θ, °) 

Fmax (N) 

M. Deltoideus pars scapularis 
DS 6 0.02±0.004 11.19±0.749 8.02±0.991 2.97±0.551 0 0.89±0.17

M. Deltoideus pars 
clavicularis DC 6 0.02±0.002 10.27±0.464 9.24±0.77 2.13±0.18 0 0.64±0.05
M. Sternohyoideus 

SH 5 0.01±0.003 15.41±2.967 13.83±0.79 1.01±0.227 0 0.30±0.07
M. Sternoclaviculomastoideus 

SCM 6 0.04±0.009 15.71±2.145 11.88±1.78 3.40±0.88 22.65±6.051 1.02±0.26
M. Biceps brachii 

BB 6 0.02±0.002 10.28±0.851 6.92±1.426 2.30±0.628 0 0.69±0.19
M. Brachialis 

Br 6 0.03±0.005 10.96±0.703 9.61±1.176 2.61±0.383 0 0.78±0.12
M. Triceps brachi caput 
longus 

TLo 
6 0.09±0.01 11.27±1.002 6.81±1.013 12.07±1.321 17.61±2.61 3.62±0.4

M. Triceps brachi caput 
lateralis TLa 6 0.05±0.004 10.85±0.922 8.13±1.295 5.59±0.606 0 1.68±0.18
M. Triceps brachi caput 
medialis TMe 6 0.03±0.003 9.27±0.905 5.94±1.149 4.30±0.985 0 1.29±0.3
M. Palmaris longus 

PL 4 0.01±0.001 7.86±0.761 5.90±0.853 1.01±0.25 0 0.30±0.08
M. Pronator teres 

PT 6 0.01±0.001 6.43±0.887 3.76±0.918 1.96±0.859 0 0.59±0.26
M. Flexor digitorum 
superficialis FDS 5 0.01±0.003 11.94±1.423 4.11±1.402 3.08±0.89 29.70±4.715 0.92±0.27
M. Flexor digitorum 
profundus FDP 5 0.02±0.002 9.25±1.638 6.2±1.706 2.67±0.339 19.98±13.848 0.8±0.1

M. Flexor carpi ulnaris FCU 5 0.02 ± 0.002 10.70±0.795 4.00±0.46 4.49±0.691 20.40±6.592 1.35±0.21

M. Flexor carpi radialis FCR 6 0.005 ± 0.001 7.37±1.383 5.26±0.837 0.88±0.24 13.40±2.951 0.26±0.07

M. Extensor digiti I longus EP 4 0.004 ± 0.001 8.58±0.906 4.03±0.581 1.02±0.181 10.71±2.39 0.31±0.05
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Muscle Abbr. n Muscle mass 
(Mm,  g) 

Belly length (LM, 
mm) 

Fascicle length (Lf, 
mm) 

Physiological 
cross-sectional 
area (PCSA, 
mm2) 

Angle of pennation 
(θ, °) 

Fmax (N) 

M. Extensor carpi radialis ECR 5 0.02 ± 0.002 9.37±0.2 8.12±0.69 1.96±0.201 19.78±3.895 0.59±0.06

M. Extensor carpi ulnaris ECU 6 0.01 ± 0.001 9.37±0.654 3.34±1.175 2.57±0.893 19.03±2.766 0.77±0.27
M. Extensor digitorum 
communis EDC 6 0.01 ± 0.002 9.59±0.761 7.08±0.468 1.17±0.216 10.02±2.079 0.35±0.07
M. Extensor digitorum 
lateralis ADV 3 0.01 ± 0.001 9.31±1.015 5.34±2.243 1.00±0.428 12.98±2.589 0.30±0.13

M. Supinator Su 4 0.0014 ± 0.001 4.78±0.827 3.12±1.014 0.43±0.162 0 0.13±0.05
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Figure 5. Physiological cross-sectional area (PCSA), normalised to body mass (PCSA/Mb
0.67) as a 

function of resting fascicle length normalised to body mass (Lf/Mb
0.33) of all the individual muscles 

(Bathyergus suillus [blue] and Heterocephalus glaber [magenta]). In top panel, the force capability is 

represented by the horizontal dashed line (high-above line; low-below line), while the vertical dashed line 

separates muscles with high (right) and low (left) shortening capability. See Tables 4 and 5 for muscle 

abbreviations 

3.3.  Muscle fibre typing 

3.3.1. Differentiation of type I and II fibres 

Both species had predominantly MHC II muscle fibres in all the muscle groups (Figure 

6). However, B. suillus (mean body mass of 842.79g ± 335.18g) had the least MHC II 

fibres in all individual muscles when compared to H. glaber (mean body mass of 40.76g 

± 6.6g), with the exception of mm. triceps brachii caput lateralis, flexor digitorum 
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profundus and pectoralis superficialis which had lower MHC II fibre percentages in H. 

glaber (Figure 7). 

 

Figure 6. The mean fast and slow myosin heavy chain (MCH) composition (%) of the muscle functional 

groups in Bathyergus suillus (a) and Heterocephalus glaber (b). See Table 1 for muscle group 

abbreviations. 
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3.

 

Figure 7. The mean (±standard deviation) of the fast MCH composition (%) of individual muscles in 

Bathyergus suillus (blue) and Heterocephalus glaber (magenta). *Indicates statistically significant 

difference between two species, p < .05. See Tables 4 and 5 for muscle abbreviations. 

Bathyergus suillus had significantly fewer MHC II fibres in m. teres major compared 

to H. glaber (p=0.03; Figure 7). Although not significant, the MHC II fibre percentages 

in mm. triceps brachii caput medialis (TMe) and biceps brachii were ±20% lower in B. 

suillus compared to H. glaber. Furthermore, TMe in B. suillus had the least MHC II 

fibres (33.8% ± 15.5) while the m. teres major in H. glaber had the greatest expression 

of fast fibres (92.1% ± 0.8). 

 

 

38



 

 

3.3.2. Oxidative capacity 

Fibres that had a dark NADH and PAS staining intensity did not necessarily stain 

positive for slow MHC. Therefore, the fibres that stained positively for slow MHC did 

not correlate with a high oxidative capacity or glycogen content of fibres (Figure 8). The 

results from the oxidative, oxidative-glycolytic and glycolytic fibre composition of the 

NADH and PAS staining were consistent and accurate (Figure 9). Comparison of the 

frozen NADH and fixed PAS from B. suillus tissue sections of mm. latissimus dorsi, 

TMe and flexor carpi ulnaris provided results with a difference of less than or equal to 

ten percent. 

The percentage of oxidative fibres in mm. sternohyoideus, trapezius pars cervicalis 

and flexor digitorum profundus was significantly higher in H. glaber compared to B. 

suillus (Table 6). In contrast, in B. suillus the percentage of glycolytic fibres was 

significantly higher in the mm. sternohyoideus, scapuloclavicularis, trapezius pars 

cervicalis, triceps brachii caput longum et lateralis, deltoideus pars scapularis and 

flexor digitorum profundus compared to the same muscles in H. glaber (Table 6). 

Although not statistically significant, between the two species m. latissimus dorsi in B. 

suillus had the most glycolytic fibres (55.6% ± 15.2) while the most oxidative and 

oxidative glycolytic fibres were observed in H. glaber in the mm. latissimus dorsi 

(49.4% ± 23.2) and scapuloclavicularis (44.4% ± 8.8), respectively. 
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Table 6: The mean percentage and standard deviation (±) of the oxidative, oxidative glycolytic and glycolytic stained fibres in the individual muscles of Bathyergus suillus 

and Heterocephalus glaber. 

Muscle  

Bathyergus suillus Heterocephalus glaber 

Glycolytic Oxidative glycolytic Oxidative Glycolytic Oxidative glycolytic Oxidative 

M. Sternohyoideus 23.49 ± 17 43.17 ± 15.66 33.34 ± 1.55 51.53 ± 12.97 34.75 ± 9.56 13.72 ± 12.48 

M. Omotransversarius 36.41 ± 20.17 33.99 ± 3.9 29.59 ± 22.46 
 

46.1 ± 12.19 34.18 ± 6.99 19.71 ± 16.22 

M. Scapuloclavicularis 19.23 ± 15.61 37.5 ± 12.29 43.27 ± 21.5 29.86 ± 3.03 44.43 ± 8.82 25.7 ± 11.35 

M. Trapezius pars 
cervicallis 

13.85 ± 9.46 33.64 ± 9.74 52.51 ± 16.57 39.04 ± 14.2 30.46 ± 6.7 30.5 ± 12.08 

M. Latissimus dorsi 13.63 ± 8.74 30.73 ± 8.36 55.64 ± 15.19 26.81 ± 24.25 23.84 ± 10.35 49.44 ± 23.17 

M. Triceps brachi caput 
longus 

24.84 ± 16.56 33.52 ± 5.26 41.69 ± 16.17 38.65 ± 12.79 38.54 ± 11.95 22.81 ± 7.37 

M. Triceps brachi caput 
lateralis 

24.84 ± 25.55 28.18 ± 5.55 46.98 ± 26.62 40.15 ± 12.15  39.05 ± 10.11 20.8 ± 9.53 

M. Tensor fasciae 
antebrachia 

31.9 ± 21.2 28.46 ± 10.3 39.64 ± 23.37 
- - - 

M. Deltoideus pars 
acromialis 

17.56 ± 18.39 33.16 ± 8.07 49.28 ± 17.96 35.39 ± 6.67 32.51 ± 8.19 32.1 ± 8.56 

M. Deltoideus pars 
scapularis 

18.9 ± 16.89 32.29 ± 3.83 48.82 ± 15 34.28 ± 11.15 34.86 ± 8.43 30.86 ± 8.2 

M. Deltoideus pars 
clavicularis 

- - - 
34.46 ± 11.05 35.13 ± 9.53  30.41 ± 12.34 

M. Biceps brachii 32.42 ± 20 31.76 ± 12.04 35.82 ± 15.46 36.15 ± 8.06 35.47 ± 6.77 28.38 ± 8.05 

M. Coracobrachialis 34.12 ± 23.63 33.85 ± 10.84 32.04 ± 29.35 - - - 

M. Pronator teres 25.14 ± 6.99 36.25 ± 3.36 38.61 ± 15.86 32.94 ± 13.06 32.41 ± 8.15 34.65 ± 14.13 
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Muscle  

Bathyergus suillus Heterocephalus glaber 

Glycolytic Oxidative glycolytic Oxidative Glycolytic Oxidative glycolytic Oxidative 

M. Flexor carpi ulnaris 30.28 ± 2.94 35.83 ± 8.84 33.89 ± 3.19 35.78 ± 11.33  39 ± 5.2 25.22 ± 15.57 

M. Flexor digitorum 
profundus 

10.83 ± 24.93 38.63 ± 13.39 50.53 ± 24.94 41.18 ± 6.39 33.68 ± 6.83 20.04 ± 11 

M. Flexor digitorum 
superficialis 

19.16 ± 9.16 27.94 ± 15.08 52.9 ± 15.55 31.5 ± 7.37 33.65 ± 4.32 34.85 ± 11.12 

M. Triceps brachii 
caput medialis 

29.72 ± 15.08 42.03 ± 4.31 28.25 ± 23.48 39.04 ± 9.24 36.74 ± 7.17 24.22 ± 5.44 

M. Pectoralis 
superficialis 

19.24 ± 11.67 41.48 ± 18.32 39.28 ± 14.48 34.78 ± 3.7 41.03 ± 5.57 24.19 ± 8.72 

M. Teres major 47.54 ± 32.2 35.03 ± 3.53 17.42 ± 13.88 28.65 ± 8.39 33 ± 5.56 38.35 ± 12.17 

M. Extensor digitorum 
communis 

29.61 ± 16.14 34.28 ± 3.53 36.10 ± 17.84 37.81 ± 12.43 32.1 ± 8.07 30.09 ± 13.02 

Bold text indicates significant results p<0.05 
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Figure 8. Serial sections of the m. latissimus dorsi of Bathyergus suillus (a, b) stained for slow myosin 

heavy chain (MHC-I[a]), NADH (c), slow MHC-I with heat-induced epitope retrieval (c) and Periodic 

Acid Schiff (PAS) (d). (a, c) The MHC-positive fibres did not necessarily have a high oxidative capacity 

but were rather stained with a medium to dark intensity (NADH; b) and indistinctly pink stained fibres 

(PAS; d). MCH-I muscle fibre (I); oxidative fibres (O); oxidative-glycolytic fibres (OG); glycolytic fibres 

(G). Scale bar: a, b = 200 µm; c, d = 100 µm. 
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Figure 9. Frozen NADH-stained (a; scale bar = 100 µm) and fixed Periodic Acid Schiff (PAS)-stained 

(b; scale bar = 50 µm) sections of m. latissimus dorsi of Bathyergus suillus (a, b). O, oxidative fibres 

(yellow); OG, oxidative-glycolytic fibres (magenta); G, glycolytic fibres (red). 

The mean percentages of the oxidative, oxidative glycolytic and glycolytic fibres in 

the muscles groups of both species are detailed in Figure 10. The scapular elevators (SE) 

and digital flexors (DF) had significantly more glycolytic fibres in B. suillus, whereas 

the same two muscle groups (SE and DF) had significantly more oxidative fibres in H. 

glaber (p= 0.03). The digital flexors in B. suillus had the highest percentage of glycolytic 

fibres and the elbow extensors in H. glaber had the highest percentages of oxidative 

glycolytic and oxidative fibres. 
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Figure 10. The mean percentages of the oxidative, oxidative-glycolytic and glycolytic fibres in the 

muscle groups of Bathyergus suillus (a) and Heterocephalus glaber (b). *Indicates statistically significant 

difference between two species, p < .05. See Table 1 for muscle functional group abbreviations. 

4. DISCUSSION 

Skeletal muscles produce force dependent on area while velocity of contraction is 

dependent on length (Lieber & Ward, 2011). Therefore, the integration of muscle 

architecture parameters and muscle fibre type compositions determined in the current 

study provide insight into the relationship between homologous muscles and synergistic 

muscle groups, as well as functional specialisation in the scratch-digging B. suillus and 

chisel-tooth digging H. glaber.  

In both fossorial mole-rat species studied here, a proximal-to-distal reduction in 

forelimb muscle mass was observed. This is a feature observed in the forelimbs of highly 

cursorial mammals such as hares (Lepus europeus; Williams, Payne & Wilson, 2007), 
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cheetahs (Acinonyx jubatus; Hudson, Corr, Payne-Davis, Clacy, Lane & Wilson, 2011), 

greyhounds (Canis lupus familiaris; Pasi & Carrier, 2003) and horses (Brown, Kawcak, 

McIlwraith & Pandy, 2003) as well as the fossorial Eastern mole (Scalopus aquaticus; 

Rose et al., 2013) and several scratch-digging species such as the nine-banded armadillo 

(Dasypus novemcinctus, Olson et al., 2016), ground hog (Marmota monax, Rupert et al., 

2015), where limb muscle mass is concentrated proximally (Hildebrand & Goslow, 

2001). Contrary to this pattern, primates and the arboreal pine marten (Martes martes) 

have greater distal limb mass (approximately 40%; Isler et al., 2006; Raichlen, 2006; 

Böhmer, Fabre, Herbin, Peigné & Herrel, 2018). This indicates that higher distal limb 

mass may be advantageous for climbing, object manipulation, whereas high proximal 

forelimb muscle mass may be an adaptation for running (Böhmer et al., 2018) or 

burrowing (Olson et al., 2016). Therefore, the limb muscle mass distribution of both B. 

suillus and H. glaber (~75% proximally and ~25% distally) may reflect the functional 

need of fossorial animals to rapidly move bidirectionally within their burrow systems as 

well as produce the powerful contractions of the limb retractors and scapular elevators 

during the power stroke (Eilam, Adijes & Vilensky, 1995; Montoya- Sanhueza, Wilson, 

& Chinsamy, 2019; Montoya-Sanhueza, Šaffa, Šumbera, Chinsamy, Jarvis & Bennett, 

2022).  

According to Kikuchi (2010), PCSA values typically increase with increasing body 

mass and since an increase in PCSA was observed in all muscles of B. suillus, body 

mass was used as a covariate to compare the two species. Similar to other scratch-

digging mammals (Moore et al., 2013; Rose et al., 2013; Rupert et al., 2015; Olson et 

al., 2016), the PCSA values of the muscles involved in the power stroke of the scratch-

digging animal (limb retractor muscle group, LR) were significantly higher in B. suillus 

45



 

 

compared to H. glaber. In addition to the limb retractors, the scapula elevators / 

stabilisers (SE) are one of the main muscle groups involved in the power stroke of 

scratch-digging animals (Martin et al., 2019). Both these muscle groups are indicated in 

the present study to be powerful, which means they are capable of both fast and forceful 

contractions. Therefore, in B. suillus, although not statistically significant, the slightly 

higher force output of the LR and slightly higher shortening capacity of the SE (Figure 

2) could potentially provide the required power during the power stroke of digging. This 

feature was also seen in other scratch-digging animals such as the American badger 

(Taxidea taxus; Moore et al., 2013), groundhogs (Marmota monax, Rupert et al., 2015) 

and the nine-banded Armadillo (Dasypus novemcinctus; Olson et al., 2016). 

Furthermore, the fascicle lengths of the major extrinsic muscles involved in scratch-

digging, such as the mm. latissimus dorsi and pectoralis major, were significantly 

greater in B. suillus when compared to H. glaber, providing a higher shortening capacity 

(Table 2 & 3). The longer fascicles allow these extrinsic muscles to retract the forelimb 

through a large range of motion during the power stroke (Rupert et al., 2015; Martin et 

al., 2019). However, H. glaber also have powerful LR and SE which may indicate a 

stabilisation function of the shoulder during chisel tooth digging and increase the 

leverage of the head/neck/jaw to produce enough forward force to bite the soil with their 

incisors in combination with a downward thrust of the elbow extensors (EEX; 

Gambarayan & Gasc, 1993; Van Wassenbergh, Heindrycks & Adriaens, 2017; 

Montoya-Sanhueza et al., 2022) as evidenced by the EEX being capable of forceful 

contractions (Figure 3). 

The m. subscapularis (SuS) of B. suillus had the highest force output compared to the 

other muscles in both species. Because SuS had a slow shortening capacity in B. suillus 
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(short fascicle length), the high PCSA and isometric Fmax of the muscle are responsible 

for high force production typically seen in scratch-diggers, such as the American badger 

(Taxidea taxus; Moore et al., 2013) and the nine-banded Armadillo (Dasypus 

novemcinctus; Olson et al., 2016). The high force output of the SuS functions to counter 

the resistance of the soil against limb retraction during scratch-digging (Moore et al., 

2013). Furthermore, the high force output of SuS may provide a stabilising function 

(Moore et al., 2013) to support the larger body mass of B. suillus which requires 

relatively large forces for locomotion, scratch-digging and balance during hind foot 

drumming (Williams et al., 2007; Lamas, Main & Hutchinson, 2014; Randall, 2014; 

Martin et al., 2019). This is further supported by the lower percentages of MHC II fibres 

that were observed in the forelimb muscles of B. suillus, when compared to their hind 

limb muscles (Sahd et al., 2022b).  

Architectural indices or Lf/LM ratios higher than 0.5 indicate that a muscle has a large 

range of contraction to move over a joint as well as a high muscle shortening capacity-

excursion/velocity of contraction (Rose et al., 2013; Rupert et al., 2015; Olson et al., 

2016). The Lf/LM ratios of both mm. subscapularis (SuS), teres major (TM), as well as 

sternocleidomastoideus (SCM) were significantly smaller in B. suillus compared to H. 

glaber. Furthermore, these three muscles (SuS, TM, SCM) had higher force outputs in 

B. suillus compared to H. glaber (Figure 5). The low contraction velocity combined with 

the higher force output of SuS and TM may indicate a stabilisation function of the 

shoulder joint rather than fast movements in B. suillus (von Meiring & Fischer, 1999; 

Moore et al., 2013). The stabilisation function of the TM muscle is further reflected in 

the significantly lower percentage of MHC II fibres in B. suillus compared to H. glaber 

and may point towards the need for stabilisation of the forelimbs of B. suillus during 
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hind foot drumming and the stabilisation of the shoulder joint during burrowing (Rupert 

et al., 2015). However, TM has a predominately glycolytic metabolism (47.5%) in B. 

suillus which again indicates the lack of relationship between MCH expression and 

metabolism (Kohn et al., 2007).  

Interestingly, the PCSA value of SCM was significantly higher in H. glaber compared 

to B. suillus. Therefore, large values of both the Lf/LM ratio and PCSA of the SCM 

seems to be an adaptation for more forceful and faster contralateral movements of the 

head (Cain, Reynolds & Sarko, 2019) in H. glaber. This is reflected in the increased 

range of motion in the neck allowing the forelimbs and shoulders to remain in a fixed 

place to produce forward force. Additionally, it could act as a stabilising muscle for 

anchorage of the upper incisors into the soil during chisel tooth digging (Van 

Wassenbergh et al., 2017). The SCM of H. glaber appears to support its functional 

requirements for chisel-tooth digging, whereas the slightly larger force output of SCM 

in B. suillus may be contributed to its larger body mass and the need to stabilise and 

move its large head contralaterally. Although muscle fibre typing was not performed on 

the SCM, the percentage of oxidative fibres in the m. sternohyoideus (SH) of H. glaber 

was significantly higher compared to B. suillus. The SH (a head/neck flexor) in H. 

glaber may play a role in endurance movements of the jaw during long periods of 

digging by stabilising the mandible (as SH inserts on the mandibular symphysis 

(Doubell et al, 2020)) to allow effective action of the other neck muscles such as the 

digastric muscle, which retracts the mandible in H. glaber (Woods, 1975; Cain et al., 

2019). The large muscle mass percentage (Figure 1) and fast shortening capacity (Figure 

2) of the head flexor and hyoid bone depressor (HH) muscle group further indicates the 
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likelihood that the enlarged neck muscles may be an adaptation for chisel-tooth digging 

in H. glaber.  

In the current study, the differences observed in the muscle fibre type composition of 

the forelimb muscles may not be due to functional strains or environmental demands, 

but rather the phylogeny of the species (Alvarez & Perez, 2019). Ichikawa et al. (2019) 

discovered the absence of MHC IIb fibres within the muscles of two species of 

subterranean true moles (Eulipotyphla), whereas all subtypes of fast MHC II fibres were 

present in the semi-fossorial, terrestrial and semi-aquatic Eulipotyphla species. This 

suggests that the subterranean habitat may have an influence on the MHC II fibre 

compositions in species belonging to the same phylogenetic order. Terrestrial animals 

have to maintain body equilibrium and produce maximum speed to avoid predators or 

hunt prey, whereas subterranean mammals have no need to support their body weight 

to move at high speeds (Nevo, 1979). However, the fast movements produced for 

digging in subterranean mammals may influence the percentages of the subtypes of 

MHC II fibres, which were not evaluated in the present study. Furthermore, Ichikawa et 

al. (2019) indicated the absence of MHC I fibres in two subterranean mole species 

within the order Eulipotyphla (Douady et al., 2002). Other studies performed on species 

belonging to Eulipotyphla confirmed the absence of slow MHC I fibres within species 

with different locomotor habits and suggest that it may be due to phylogenetic effects 

and not locomotor adaptations (Suzuki, 1990; Peters et al., 1999; Savolainen & 

Vornanen, 1995). Recent studies have placed H. glaber into its own separate family, the 

Heterocephalidae (Patterson & Upham, 2014; Patterson, 2016; Burgin, Colella, Kahn & 

Uphan, 2018; Tavares & Seuánez, 2018; D’Elía, Fabre, & Lessa, 2019), whereas 

previously, B. suillus and H. glaber belonged to the same phylogenetic family, 
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Bathyergidae. Therefore, even though both of these species inhabit a subterranean 

environment, differences in muscle characteristics such as the architecture and fibre type 

composition, may be more attributable to phylogeny and not sociality or digging 

methods. However, in order to determine if the results herein are phylogenetically 

driven, further studies need to be conducted that include more species and incorporate 

a corrective phylogenetic analysis.  

Several studies focusing on muscle enzyme activity suggest little correlation between 

MHC isoform expression and muscle energy metabolism (Kohn, et al., 2011a; Kohn, et 

al., 2011b; Curry et al., 2012). However, oxidative capacity can be changed in response 

to environmental and functional stimuli without transformations to the MHC isoform 

content (Gollnick, Riedy, Quitinskie & Bertocci, 1985). More recently, Bloemberg & 

Quadrilatero (2012) reported that fast MHC isoforms may have different oxidative 

capacities across different muscles. Furthermore, other studies have shown the 

transformation of glycolytic fibres to oxidative fibres in both humans and rodents that 

underwent endurance training (Yan et al., 2011). This coincides with the observations 

of the present study as evidenced in Figure 8 where slow MHC-1 I fibres have differing 

oxidative capacities within the same muscle of B. suillus and no difference in oxidative 

capacity at all between muscle fibres of H. glaber, regardless of MHC I expression. 

Additionally, in the current study, the scapular elevators and digital flexors had 

significantly higher percentages of glycolytic fibres in B. suillus compared to H. glaber. 

This may indicate that various functional demands, such as vigorous bouts of scratch-

digging in B. suillus, may lead to a transition of oxidative fibres to glycolytic fibres in 

muscles that are involved in the power-stroke of digging. This transition may be to assist 

in reducing the bioenergetic cost of burrowing (Lovegrove,1989), by lowering the 
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amount of oxygen needed for the muscles by relying on the anaerobic processes of 

glycolytic muscle fibres.  

4.1.  LIMITATIONS 

The current study has several limitations. Information of health status, sex and 

breeding status was not known for all B. suillus specimens. Hormones have a known 

effect on muscle morphology and fibre type composition (English, Eason, Schwartz, 

Shirely & Carrasco, 1999; Daniels, Tian & Barton, 2007; Schiaffino & Reggiani, 2011), 

therefore possibly affecting the results of the present study. On the other hand, the H. 

glaber specimens were all male subordinates and have not gone through sexual 

maturation, thereby eliminating the effect of hormones on their muscle morphology and 

fibre type composition (Pinto, Jepsen, Terranova & Buffenstein, 2010). Thus, it is 

possible that differences in muscle architecture and muscle fibre typing between species, 

specifically the large standard deviations in the values of B. suillus, may have been 

influenced by sexual dimorphism (Schiaffino & Reggiani, 2011). 

The naked mole-rat specimens used were already fixed in 10% buffered formalin, and 

therefore the staining protocols, and techniques used for fibre typing had to be adapted 

for fixed tissue for comparison with the fresh-frozen B. suillus samples. The NADH 

stain could only be applied to the fresh-frozen B. suillus and was compared to a PAS 

stain on the H. glaber tissue. It is also important to note that this method of determining 

oxidative capacity is qualitative in nature. Furthermore, the present study did not 

differentiate between the types of fast fibres. 

Furthermore, the limbs of the H. glaber and some of the B. suillus specimens were not 

exactly fixed at an angle of 90°, but as close as possible. Due to the relatively small size 
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of the muscles measured in the present study, the length of the fascicles had to be 

measured on images rather than on the muscles themselves. Therefore, only superficial 

fascicles were measured, and this may influence the results of the study as superficial 

fascicles tend to be longer than those situated more deeply in the muscle (Martin et al., 

2019). Both these factors may have influenced the architectural analysis. Additionally, 

muscle moment arms were not measured in the present study.  

5. CONCLUSION 

Muscle mass percentage, force output and shortening capacity of muscles involved in 

the power stroke of scratch-digging, including the limb retractors and digital flexors, 

were all greater in B. suillus compared to H. glaber, and may reflect adaptations for 

scratch-digging in the forelimbs of B. suillus. The muscle architecture and fibre type 

compositions of the neck muscles in H. glaber suggest adaptations for chisel-tooth 

digging.  

Although myosin heavy chain (MHC)-expression of muscle fibres are possibly not 

strongly influenced by functional and environmental strains, metabolic transformation 

of oxidative and glycolytic fibres may take place due to functional strains (Glaser et al., 

2009; Yan et al., 2011). Significantly higher glycolytic fibres in the scapular elevators 

and digital flexors in B. suillus may be a result of the functional demands of vigorous 

scratch-digging (or the expression of MHC-IIA and IIX fibres) and not phylogeny as 

these mentioned muscle groups are particularly active during scratch-digging (Rupert et 

al., 2015).  

There are multiple aspects of the muscle architecture and fibre type compositions in 

the forelimb muscles of B. suillus that reflect possible adaptations for scratch-digging 
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and hind foot-drumming. However, the possibility remains that these differences may 

be attributed to phylogeny. Future research can be performed on other African mole-rat 

species that are closely related to B. suillus and H. glaber respectively to provide further 

insight on the effect of phylogeny on the muscle structure in this rodent family. 
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