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Abstract 

Meat colour is important for consumer acceptability, with excessively dark, high pH often 

associated with consumer rejection and this can negatively impact the carcass value. 

Meat colour is determined chromatically by the pigment and achromatically by the microstructure 

of the meat. The chromatic attributes have greatest influence on the chroma and hue (including 

redness and yellowness) parameters and have been extensively researched, whereas the 

achromatic attributes are primarily related to the lightness, brightness or darkness of the muscle, 

rather than the hue and have had less research attention. Achromatic attributes are primarily 

determined by the quantity of light scattering in the muscle. This is the process in which light is 

diffused or deflected by collisions with particles of the medium (meat microstructure) that it 

transverses. The meat microstructure is any element of the muscle which would cause deflection 

of light. Dark, high pH muscles show tendency for lower levels of scattering, whereas light, low 

pH muscles have a tendency for more light scattering. To date, the specific individual components 

of the meat microstructure that cause these variations in light scattering are still unknown. 

Consequently, this thesis aims to identify the individual components of the meat microstructure 

that cause differences in achromaticity. This entails a literature review of the components of the 

microstructure which could be involved (chapter 1) and investigations at various length scales of 

the different structural components in the muscle. Firstly, at the macro level, the visual appearance 

of the muscle as observed by an AUS-MEAT qualified grader was assessed (chapter 3). Secondly, 

the dimensions of the muscle fibres and periodical light scattering elements within each fibre 

(chapter 5, 6 and 7) along with the myofilament lattice and myofibrils which compose these fibres 

(chapter 7) were assessed. Lastly, the sarcoplasm and extracellular fluid that surrounds these 

components (chapter 4 and 7) were also assessed. The hypothesis was that each of these 

components would contribute to light scattering in the muscle, with dark, high pH having lower 

levels of light scattering compared to the light, low pH muscles. 



3 
 

In addition, in the thesis, a new microscopy imaging method for visualising and quantifying levels 

of light scattering in muscle was developed (chapter 2 and 5). This allowed for the determination 

of the effect of early post-mortem factors (pH, rigor temperature, stretching) on the light scattering 

properties of the meat. Using reflectance confocal laser scanning microscopy (RCLSM) the 

reflected light from either whole muscle or isolated muscle fibres was developed. The images 

captured were from the centre of the muscle fibres, rather than at the surface, and so were 

considered to be representative of the light scattered within the muscle fibre itself. After image 

capture, the mean intensity of the pixels on the image was assigned as the “global brightness” of 

the muscle fibre and used as an indicator of light scattering throughout the thesis. The periodical 

frequency of these pixels both in parallel (longitudinal) or perpendicular (transverse) to the fibre 

axis was also determined, and considered to be either the longitudinal periodicity or the transverse 

periodicity, respectively, of the light scattering pattern. These are discussed in detail in chapter 5, 

but also used in chapters 6 and 7.  

In a series of experiments, the structural and biochemical differences between light and dark 

muscles were investigated. Pale muscles with a higher colorimetric lightness (L*), more drip loss 

and low pH had muscle fibres with higher global brightness and a smaller diameter, compared to 

dark muscles which had a lower colorimetric lightness, lower drip and higher pH, with muscle 

fibres showing lower global brightness values and a larger diameter. Thus, dark muscle fibres had 

a swollen appearance which reduced the light scattering compared to light muscle fibres that had 

undergone more shrinkage, which promoted light scattering. The extent of the shrinkage appeared 

to be dependent upon the time post-mortem (longer times post-mortem reduced the incidence of 

dark meat) and upon the pH condition of the muscle.  

Various experiments (chapters 5 and 6) demonstrated that pH was central to the shrinkage of the 

muscle fibres and consequential to light scattering development. Lowering the pH surrounding 

the muscle fibres promoted shrinkage and increased light scattering, whereas increasing the pH 

promoted swelling and reduced light scattering. This occurred regardless if muscle fibres came 

from muscles of a low (light) or high (dark) ultimate pH (pHu) and was somewhat reversible (see 
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supplementary movie in chapter 6). Muscle fibres from the light (low pHu) muscles did have some 

semi-permanent modifications which caused them to behave differently to dark (high pHu) muscle 

fibres and indicated some permanent structural modifications had occurred previously. 

In chapter 5, the transverse periodicity patterns (perpendicular to the muscle fibre axis) of the 

light scattering elements were observed to be in the region of 1-2 µm, and were likely the gaps 

that occur between myofibrils within a muscle fibre. In the longitudinal orientation, the periodicity 

pattern ranged from 1.2-2.5 µm and was more difficult to interpret, but thought to relate to the 

sarcomere length, the integrity of the Z-line and the optical protein density in the I-band. 

Regardless, the light scattering periodicity in transverse and longitudinal orientations were 

strongly correlated and indicated similar mechanisms were involved. 

Dark muscles also had shorter sarcomere lengths, longer myofilament separation and the 

appearance of more Z-line degradation compared to light muscles (chapter 7). Intensity ratios of 

lattice spacings from the synchrotron analysis, SDS-PAGE and proteomic analysis also indicated 

there was extra mass on the dark myofilaments, which was either from the Z-line degradation or 

from the modification of sarcoplasmic proteins. The sarcoplasmic protein glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was implicated in the structural differences giving rise to 

light scattering, with more activity observed in dark muscles and also an increase in light 

scattering occurring when GAPDH was added back to washed muscle fibres. GAPDH also 

showed a less dense band in SDS-PAGE from drip samples from dark muscles (chapter 4) and 

indicated less of this protein is lost with lower drip loss. The similarities in correlation coefficients 

between lightness, drip loss and sarcoplasmic protein activities also suggests there are synergies 

between the light scattering mechanism and drip loss development, which should be explored 

further. 
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1. Introduction & literature review 

 

This chapter reviews the importance of meat colour within the industry and the economic impacts 

of dark meat colour to the beef industry. This chapter reviews the literature relevant to muscle 

microstructure and light scattering, illustrating the published theories that currently exist and the 

development of logical arguments which gave rise to the hypotheses and conclusions within this 

thesis. 

Unpublished 

 

Co-contributions: 

Frank Clarke & Robyn Warner:  Discussions around the impact of poor meat colour within the 

industry, particularly relevant to the beef industry.  

Peter Purslow: Discussions around the physical theory of light scattering application to meat 

microstructure. 
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 Introduction 

The colour of meat is determined not only by the chromatic contributions (pigment derived), but 

also by the physical achromaticity (free from colour saturation or hue as derived from structural 

attributes of the muscle). Thus, the colour is determined by both the light absorbed and scattered, 

hence the absorption and scattering coefficients or K/S ratio originally described by Kubelka and 

Monk (1931) are relevant. According to Krzywicki (1979), the reflex attenuance of light falling 

on a meat surface is the sum of two attributes; one related to the chromatic absorption by the 

pigment and the second related to the achromatic refraction and reflections (light scattering) 

caused by structural attributes of the muscle. In terms of the CIE (Commission Internationale de 

l’Eclairage or International Commission for Illumination) colour sphere, the chromatic attributes 

have greatest influence on the chroma, hue, redness and yellowness parameters, whereas the 

achromatic attributes are primarily related to the lightness, brightness or darkness of the muscle, 

rather than the hue or distinguished colour families (red, green, blue, etc) (MacDougall & Jones, 

1981).  

During the first 48 h post mortem (PM), biochemical, oxidative and physical changes in the 

muscle contribute to the variations in meat colour and hence, quality and value. Meat surface 

colour influences value because consumers buy according to visual appeal. Most research is 

focused on chromatic contributions from pigments, but achromaticity (free from colour saturation 

or hue) due to physical structure and spacing is also important.  

The contribution of physical structure of the muscle towards achromaticity is determined by the 

extent of light transmission, scattering and reflectance at the surface of the meat and is discussed 

in this review. Early PM effects, including the pH and temperature decline, are known to induce 

transverse shrinkage of the muscle fibres, and associated modifications to the myofilament lattice, 

and longitudinal shrinkage of the myofibrils. In addition, the sarcoplasm and extracellular space, 

also undergo changes in fluid migration, protein concentration and show an increase in osmolality 

with time PM. Together, these events could alter the extent of refraction, light scattering and 

achromaticity of the muscle. Thus, we reasoned that the extent of transverse and longitudinal 

shrinkage of the muscle structural lattice and the properties of the fluid in which they are 
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surrounded would determine the magnitude of achromaticity contribution to the surface colour of 

meat. 

 Importance of meat colour and relationship to other quality traits 

 Consumer acceptability 

The appearance of meat to consumers is of critical importance during the purchasing process with 

colour considered as the main determinant of consumer purchase (Jeremiah et al., 1972). Dark 

meat colours tend to have a low desirability score, whereas a pale red colour has the highest level 

of desirability (Jeremiah et al., 1972).  Dark meat tends to be associated with a high ultimate pH 

(pHu) and is also known as dark cutting; DC or dark, firm, dry; DFD meat. But sometimes, meat 

can have a dark colour without necessarily having a high pH, although the specific mechanisms 

behind this appearance are still relatively unknown. Beef longissimus thoracis et lumborum steaks 

have shown higher consumer acceptability scores for normal pH <5.8 compared to high pH ≥ 5.8 

DC steaks, which had an old or not fresh appearance (Viljoen et al., 2002). Thus, consumers are 

seeking an attractive red colour, and show less preference for steaks that are either extremely dark 

nor extremely pale (Jeremiah et al., 1972).  

However, more recently, in Australia at least, these consumer preferences appear to be changing 

towards dark beef (Polkinghorne et al., 2017). In this report, consumer meat colour liking was 

shown to be a predictor of purchase intent category, and surprisingly, it was only the extremely 

pale meat colours that consumers categorised as “definitely would not purchase”. The dark meat 

colours were more associated with the “would definitely purchase” score, indicating that now 

Australian consumers appear to be accepting of dark meat. So, either consumer attitudes are 

changing or else the meat itself is changing, with less extreme cases of dark meat experienced 

compared to a few decades ago. Otherwise, there could be some disconnect between the meat 

colour at grading and what the consumer visually sees at retail some time later. Whatever the 

reason, dark meat still appears to be problematic worldwide to the meat industry. 
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 Economic impact to industry 

In the meat industry, the colour and pH of the meat is of critical importance to the value of the 

carcass as it can impact the shelf-life, consumer preference and acceptability of the meat. If the 

colour of the meat is unacceptable, both producers and processors can bear a large economic loss 

and consumers of meat can experience an inferior quality product. Some countries have grading 

systems for the identity and downgrading of non-compliant beef carcasses for meat colour 

(Canada, 2014; JMGA, 2000; Meat and Livestock Australia Limited, 2011; USDA, 1997), with 

examples of meat grading charts displayed in Figure 1.1. It is normally the longissimus muscle 

which is cut and bloomed prior to grading assessment, by a qualified grader. The grader 

subjectively assigns a colour to the carcass based upon the visual meat colour of the exposed, 

bloomed muscle using the appropriate meat colour scale. Carcasses are classified based on this 

scale and can either be compliant (optimal meat colour) or non-compliant (less favourable meat 

colour) and are penalised accordingly. 

(a) 

 

(b) 

 

Figure 1.1: The (a) Australian AUS-MEAT colour scale (AUS-MEAT, 2005) used for meat 

colour assessment on beef longissimus muscle, after blooming (between 20 minutes and 3 h) at 

low temperature (4 to 8 °C). Non-compliant carcasses are considered to be outside the range of 

1B to 3. (b) The Japanese beef colour standards (BCS) used for meat colour assessment on beef 

longissimus muscle (JMGA, 2000). Meat colour is also assessed on the brightness of the meat and 

together these results contribute to the grade. 
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Worldwide, meat colour non-compliance is a major economic issue for the industry. A 

comprehensive review on the percentage of DC incidence in several countries and the associated 

economic impacts has recently been published (Ponnampalam et al., 2017). Briefly, in Australia, 

Meat Livestock Australia indicate the current economic impact of non-compliant DC beef 

carcasses is estimated at AU$ 0.45 per kg hot carcass weight or AU$ 35 million annually (Meat 

and Livestock Australia Limited, 2016) but industry sources suggest higher values are at stake 

(up to AU$ 1000/carcass) with some meat processors experiencing a greater than 25 % incidence, 

highlighting the severity of the problem (Hughes, Bolumar, et al., 2017). In the USA, recuperating 

the value of DC beef was reported to save the meat industry up to US$ 42/carcass, depending on 

grade and extent of DC (Bass et al., 2008). In Canada, the incidence of DC was reported to have 

increased in the last decade and is now reported at 1.6% (NBQA, 2017/18). This reduces the 

carcass value by up to C$300/ carcass or C$1.4 M per year in product value (NBQA, 2017/18). 

These economic impacts are not only observed in the beef industry, but also for other meat such 

as pork and lamb (Voon, 1991). In the EUROP grading system, unfavourable meat colours of 

lamb carcasses are recognised as not having a 1st class quality and are downgraded to 2nd class 

(European Commission, 2008). Thus, this is an international issue with economic penalties for 

processors and producers in all meat sectors, and consequently has a detrimental impact not only 

to consumers but also to domestic and export meat industries. 

Grading typically occurs up to 48 h post mortem (PM) and this review will mainly focus on this 

early PM period, as this tends to coincide with the most dramatic structural changes in the muscle 

and is also the time frame when the pH and temperature falls, when rigor mortis occurs and where 

drip formation can occur. 

 Relationship between colour, water holding capacity (WHC) and eating quality 

Meat colour is often closely associated with the WHC of the muscle, with excessive drip from 

pale meat viewed negatively by consumers (Hunt & Hedrick, 1977). Pale meat can be described 

as pale, soft, exudative (PSE) and can be caused by a high temperature, low pH (HTLP) at rigor 

and in beef can also be known as heat-induced toughening. This is associated with a failure to 

age, variable eating quality and reduced acceptability (Warner, Thompson, et al., 2014). Meat of 
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a pale colour can appear softer with a coarser texture and is described as having a loose or open 

appearance (Hamm, 1961). The combination of pale colour, soft texture and excessive drip can 

be problematic for the meat industry. 

In contrast, a dark coloured muscle with a purple or coarse-grained appearance (Culley, 1807) 

and a “close”, tight structure is associated with a higher WHC (Bate-Smith, 1948; Lawrie, 1958), 

a variable eating quality texture, which has been described as “crumbly”, “rubbery” or “mushy” 

(Holdstock et al., 2014). Dark steaks from various muscles have also been described as 

“peanutty”, “sour” and “bitter” in the sensory characteristics in comparison to normal steaks 

(Wulf et al., 2002) and have an increased rancidity flavour (Spanier et al., 1997; Yancey et al., 

2005) although this is not always the case (Hughes, McPhail, et al., 2015), highlighting the 

variability in the eating quality in respect to colour and pH of the muscle. In summary, both pale 

and dark meat can negatively impact eating quality. 

 Relationship between colour, lightness, pH and water holding capacity (WHC) 

Pore formation and high incidences of drip also occurs concurrently with transverse shrinkage of 

muscle fibres and fibre bundles and are often associated with high lightness values (Kim et al., 

2013). Positive correlation coefficients, as strong as r = 0.60, exist between reflected light and 

weep in the first 24 h PM in turkey pectoralis (Swatland et al., 2001). In pork longissimus, drip 

loss is negatively correlated with transmittance at both 5 and 22 °C, 3 days PM (Irie & Swatland, 

1992). On the surface of the muscle, larger pore sizes tend to be associated with lower water 

retention and an increased drip loss (Trout, 1988). The mechanism of drip loss formation, using 

nuclear magnetic resonance (NMR) proton relaxometry, is summarised in Figure 1.2 (Bertram et 

al., 2004). Briefly, as the pH declines (around 4 to 6 hours), proteins reduce their ability to hold 

and retain water and there is a transient increase of water intracellularly (T21 population) and 

consequently, the sarcoplasm becomes diluted and there is destabilisation and disruption of the 

cell membrane (sarcolemma), cellular shrinkage and drip channel formation (Diesbourg et al., 

1988; Huff-Lonergan & Lonergan, 2007; Offer & Cousins, 1992; Offer & Trinick, 1983; Will et 

al., 1980). This process may also be impacted by the structural configuration of sarcoplasmic 

proteins and the myosin heads, as discussed below (Liu et al., 2016). Faster glycolysing muscles 
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with lower WHC tend to show earlier membrane damage, mitochondria which are swollen and 

ruptured, more extracellular water and larger gaps between muscle fibres (Greaser, 1986; 

Tornberg et al., 2000; Will et al., 1980).  

 

Figure 1.2: Mechanism involved in drip channel formation during early PM storage of meat. 

Initially, a large influx of water promotes cellular swelling which induces large spaces between 

myofilaments within myofibrils. The sarcolemma becomes disrupted and myofibrils contract, 

resulting in myofibrillar shrinkage and leakage of fluid from cells. Drip channels form to expel 

this fluid (Bertram et al., 2004). 
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Lightness and WHC or pH correlations are normally significant but are not always large and it is 

likely this occurs due to the numerous mechanisms involved; especially when lightness values 

are high and there are large variations in pH and WHC values. In pork longissimus, “pHu 

explained less than 15% of the variation in exudation and reflectance” (Warriss & Brown, 1987). 

Another study, indicated only one third of the variation in WHC could be ascribed to variation in 

colour lightness, with no evidence of the influence of pigment concentration (van Laack et al., 

1994). The relationship that exists between lightness and these two other meat quality measures 

is biphasic, curvilinear and heteroscedastic. For example, at a higher pH, there is much less 

variation in surface lightness compared to at a lower pH (MacDougall & Jones, 1981; Warriss & 

Brown, 1987; Wulf & Wise, 1999). This is also the case for drip, where lower lightness values 

have a lot less variation, compared to the higher lightness values (van Laack et al., 1994). Thus, 

in the high pH, high WHC scenario, there appears to be a stronger correlation to lightness, 

indicative of a mechanism which is more consistent between samples. In comparison, higher 

lightness values have much more variation in pH and WHC, indicating several mechanisms are 

involved, each of which would have an impact on the overall lightness value and cause a 

substantial amount of variation in this attribute. This aligns with the conclusion of van Laack et 

al. (1994), who stated “brightness and WHC are determined by independent pre-rigor biological 

phenomena”, although there could be some underlying similarities between these meat quality 

parameters. 

As described in this review, there are many possible mechanisms which structural alterations 

could determine lightness, with the extent of each mechanism indirectly impacting on other 

quality characteristics (Warriss & Brown, 1987). The magnitude of each particular mechanism 

giving rise to the large variation that exists on the high end of the lightness scale. Thus, it seems 

probable that darker muscles would have a dominant mechanistic driver, compared to lighter 

muscles which would have numerous drivers, with the extent of each individual driver 

contributing to the large variation in pH and WHC.  
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 Chromatic contributions to colour 

 Absorption of light by chromatic attributes of the muscle. 

The light absorption properties within muscle are mainly due to the combination of various 

endogenous chromophores, such as haemoglobin, myoglobin and cytochrome oxidase. 

Myoglobin is the primary protein responsible for the chromatic contributions to meat colour. It 

absorbs light in the soret band, which corresponds to violet wavelengths between 410-430 nm. 

Myoglobin and its oxidative states are well known as the primary determinants of meat colour, 

with the majority of meat colour research being conducted on this pigment. There are some 

excellent reviews in the literature which explain myoglobin in terms of optimising colour 

(Faustman & Cassens, 1990; Mancini & Hunt, 2005; Neethling et al., 2017; Suman & Joseph, 

2013), ligand binding (Springer et al., 1994), relationship to lipid and protein oxidation (Baron & 

Andersen, 2002; Faustman et al., 2010) and measurement (AMSA, 2012), so explaining the role 

of myoglobin to colour is well beyond the scope of this review. However, myoglobin is the 

primary pigment and as a sarcoplasmic protein, both its concentration and oxidative state within 

the muscle determines chromaticity.  

 Muscle structure, oxygen consumption rate (OCR) and oxygenation of myoglobin 

High concentrations of myoglobin are associated with high muscle redness values; however the 

contribution of pigment to the lightness is much smaller than to either redness or yellowness. The 

contribution of meat pigments to lightness and scattering was explored in beef, using a fibre optic 

probe (MacDougall & Jones, 1981), where small differences (0.1 units) in the absorption 

coefficient, produced slight difference in lightness of between 1.4 and 2.2 units, whereas a smaller 

change in the scattering coefficient (0.05 units) produced a larger difference in lightness of 7 

units. Thus, the pigment makes a small contribution to lightness or light scattering properties. 

The oxygen penetration depth and formation of oxymyoglobin (red myoglobin form) is dependent 

upon the partial pressure of oxygen (pO2) and its ability to diffuse into the muscle structure. The 

oxygen consumption rate (OCR) is the speed of oxygen penetration into the muscle and has an 

inverse relationship to oxygen penetration depth (O'Keeffe & Hood, 1982). It is possible that 
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changes in the structure and spacing of the muscle could alter this depth and hence the OCR. For 

example, in high pH dark muscle, the closeness of the structure prevents oxygen diffusion into 

the tissue and there is a greater demand for oxygen by myoglobin in the interior, hence at the 

surface there is less oxymyoglobin and more purple deoxymyoglobin (Bate-Smith, 1948; 

Krzywicki, 1979). In comparison, lower pH muscles with a more open structure have a greater 

ability to undergo oxygenation and oxidation, resulting in higher redness and browning closer to 

the surface of the muscle, as shown in Figure 1.3. In addition, there is a shift in the equilibrium 

towards the oxidation reaction (Krzywicki, 1979). Therefore after extended storage, high pH 

muscles would have a thin brown metmyoglobin layer, whereas low pH muscles would have a 

thicker metmyoglobin layer, but there are likely other mechanisms involved. Thus, the structure 

of the muscle is likely to influence the ability of oxygen to diffuse into the muscle, so an open 

structure allows for more oxygenation and oxidation of myoglobin. 
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(a) (b) 

  

Figure 1.3: Representative steaks, sliced through the centre and showing the two cut surfaces, 

from (a) low (pH =5.57) or (b) high pH (pH =5.92) longissimus lumborum.  The muscles were 

storage in vacuum packs in the dark at -1.0 ± 0.5 °C for 12 weeks and then subjected to simulated 

retail display (290-1081 lux, of light at surface for 24 h/ day) for 12 days. Prior to display, the 

steaks were cut and bloomed for 60 minutes at 5 °C, then placed in black trays and over-wrapped 

and stored in the retail display cabinet. Both images were taken in exactly the same lighting 

conditions. Notice the difference in colour and surface texture, with (a) having a thicker brown 

surface layer and redder inner layer, with a ‘glossier’ or ‘moist’ surface compared to (b) which 

has a thinner brown surface layer and more purple inner layer, with more of a ‘dull’ or ‘matt’ 

appearance. 
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Myoglobin oxygenation and oxidation rates are dependent upon the pH and temperature of the 

meat, and less than favourable early PM conditions, would promote these reactions. Early reports 

on high and low pH meat, indicate the shifts in myoglobin oxygenation equilibrium that occur are 

not driven by chemical kinetics, with an equilibrium constant which is not dependent upon pH 

(Krzywicki, 1979). However, it is well known that with decreasing pH the rate constant of 

oxidation of oxymyoglobin to metmyoglobin is increased (see Figure 1.4) (Brown & Mebine, 

1969; Gutzke & Trout, 2002; Sauerland, 2008; Young & West, 2001). A similar trend is observed 

with increasing temperature (Gutzke & Trout, 2002; Sauerland, 2008). Also, metmyoglobin 

reducing activity (MRA) is a pH dependent reaction in which the reductase enzyme has been 

reported as being compromised during the different pH decline conditions the muscles are 

exposed to (Zhu & Brewer, 1998), but as pointed out by Bekhit and Faustman (2005) no 

differences are observed between the normal and pale meat. Thus, if muscles are exposed to early 

PM HTLP conditions, myoglobin would be more susceptible to oxygenation and oxidation 

reactions and one of the reasons for this could be due to the open nature of the structure, or further 

distance between muscle fibres, compared to a high pH muscles, which would have less distance 

between muscle fibres, thus reduce the oxygen diffusion. But overall, the myoglobin status is 

central to chromatic colour contributions, but would only minimally impact (if at all) on 

achromatic contributions, as other structural elements are involved. 

  



43 
 

 

Figure 1.4: Relationship between pH and the rate constant for the oxidation of deoxymyoglobin 

to metmyoglobin in bovine muscle (muscle type and ultimate pH not reported). All measurements 

were made using a sealed cell system at 22 °C on a spectrophotometer. Myoglobin was extracted 

and reduced using sodium hydrosulfite with pH modifications conducted in the cell using a 0.4 

M phosphate, 0.2 M citrate buffer. The oxidation rate measurements were made based on the 

changes in absorbance of the myoglobin peaks. As determined originally by (Brown & Mebine, 

1969) and reviewed and replotted by (Young & West, 2001) 
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 Achromatic contributions to meat colour through scattering of light. 

Light scattering is the process in which light is diffused or deflected by collisions with particles 

of the medium that it transverses. In meat, these particles could be any structural attributes of the 

muscle and are discussed at length in subsequent sections. The more light that is scattered in the 

meat, the less the light will be absorbed and transmitted into the depth of the meat, and the more 

that is reflected (as occurs in pale meat). In comparison, the less light scattered in the meat, the 

more transmittance, and absorption and less reflectance that occurs (as occurs in dark meat). In 

meat, the extent of light scattering and the achromatic colour contributions are determined by 

meat microstructure. By meat microstructure, we are referring to any structural element of the 

muscle which could cause deflection of light and is described in detail below. The extent of light 

scattering is determined by the microstructure or scattering elements within the muscle and is 

rarely related to the chromatic pigments haemoglobin or myoglobin.  

In general, paleness is associated with increased light scattering, whereas darkness is associated 

with less light scattering and an increase in the transmittance of light into the microstructure 

(Macdougall, 1970; Swatland, 2008).  

Light scattering is dependent on the texture of the surface to which it is exposed, as meat of the 

same actual pigment content can appear to be lighter in colour, by alterations in meat texture 

(Bate-Smith, 1948). Surface roughening interferes with scattering and is a major determinant of 

the quantity of light scattering (Zijp & Bosch, 1998). Also, reflectivity is more significantly 

related to scatter than absorption properties of the meat, indicative of the importance of meat 

microstructure to subjective colour perception by the naked eye (Macdougall, 1970). Thus, the 

meat microstructure determines the extent of light scattering and contributes to the visual 

appearance of meat. These specific scattering elements are still unknown, and are yet to be 

identified. 

The main components of the meat microstructure and the means by which they could individually 

promote light scattering, and how they could interact, are discussed individually below. The three 

components are (i) transverse shrinkage of the myofilament lattice, myofibrils and muscle fibres, 
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which would create light scattering between adjacent transverse elements; (ii) longitudinal 

shrinkage of the sarcomere, whereby changes in the protein density in the A/I-bands would impact 

light scattering; (iii) the optical protein density (OPD) or refractive index of the sarcoplasm or the 

extracellular fluid/ drip, mainly caused by changes in sarcoplasmic protein denaturation or 

relocation. Some of the proposed underlying mechanisms of specific proteins and structures are 

discussed relevant to these three components and in turn how they are likely to impact the quantity 

of light scattering in the muscle.  

 The pH decline post-mortem drives the transverse shrinkage of the myofilament lattice, 

myofibrils and muscle fibres and increases light scattering 

The formation of extracellular space from transverse shrinkage of muscle fibres is believed to be 

the major reason for increases in light scattering in the muscle, with the magnitude of shrinkage 

being dependent upon the pH decline. As the pH decline PM occurs, there is a reduction in muscle 

fibre diameter and increase in extracellular space, which occurs concurrently with an increase in 

lightness (Heffron & Hegarty, 1974; Offer & Cousins, 1992; Young et al., 1999). Titration 

experiments revealed the lowest fibre diameter occurs ~pH 5.3, with values above and below this 

value resulting in swelling of the fibre (Bendall & Wismer-Pedersen, 1962; Wilding et al., 1986).  

Experiments on beef sternomandibularis muscles fixed at various times PM, provide an 

indication of the magnitude of the diameter shrinkage as viewed by light microscopy and are 

diagrammatically illustrated in Figure 1.5 (Offer & Cousins, 1992). At approximately 4-6 hours 

PM, the muscle pH has fallen from pH 7 to pH 6.6 - 6.8 and gaps appear between fibre bundles, 

which are ~ 20-50 µm apart. As the myofilaments become closer together, the myofibrils shrink 

and the muscle fibre also shrinks, and is shown in Figure 1.6 as a decline in the myofilament 

lattice spacing (Diesbourg et al., 1988; Offer et al., 1989; Rome, 1968).  
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(a) Living muscle ~pH 7 

 “Fibre bundles fill the perimysial network” 

and “muscle fibres fill the endomysial 

network”.  

 

(b) 4-6 h PM ~pH 6.6-6.8 

“Large, presumably fluid filled, gaps 

(typically 20-50 µm apart) open between 

fibre bundles”. 

 

(c) Post rigor (24-48 h PM) ~pH 5.6-6.0 

“Gaps appear because of separation 

between muscle fibres and endomysial 

network”. Gaps between fibres are 

typically 20 µm apart. 

  

Figure 1.5: Diagram representing structural changes occurring in beef muscle post-mortem (PM). 

Transverse sections of 3 muscle fibre bundles illustrating the extracellular space generation and 

the reduction in muscle fibre diameter size during the early PM period (Offer & Cousins, 1992). 

 

 

Figure 1.6: Decrease of myofilament lattice spacing (myosin- myosin filaments) in beef rectus 

abdominis muscle (20 °C) with time PM, as measured using X-ray diffraction (Offer & Knight, 

1988). 

 



47 
 

A higher level of shrinkage occurs when the pH declines from 6 to 5.5, compared to that from pH 

7 to 6 (Matsuda & Podolsky, 1986), needless to say, it is likely higher pH muscles would incur 

less shrinkage. Little change in lattice spacing is observed when muscles are held around 

physiological pH (pH 7.2), and signifies the importance of the pH decline on the myofilament 

shrinkage (Diesbourg et al., 1988). At 24 - 48 h PM, or around the muscle ultimate pH (pHu), 

gaps appear between fibres and muscle fibre diameters shrink by ~15-18 % (Heffron & Hegarty, 

1974). At around pH 5.9, these events coincide with the transition from a translucent to an opaque 

material, indicative of the structural modifications which generate this change in transmission and 

increased lightness (MacDougall & Jones, 1981). Thus, the extent of muscle fibre and myofibril 

shrinkage is dependent upon the extent of the pH decline in the muscle, with muscles of a higher 

ultimate pH (pHu) having swollen, less shrunken muscle fibres compared to lower pHu muscles. 

Thus, the lack of pH decline in high pHu muscles, results in a larger fibre diameter, less gaps 

between muscle fibres and myofibrils, more light transmission (Swatland, 2002), and is postulated 

to cause less light scattering and consequently a darker appearance. The majority of this research 

has focused on pork and chicken, but fewer experiments have been conducted in beef muscle 

particularly in regards to meat colour at grading and the effect of pH manipulation. It is possible 

that in lower pHu muscles, this increase in shrinkage would promote a high protein density  

 Longitudinal shrinkage of the sarcomere is postulated to promote light scattering 

As shown in Figure 1.7 for thin and thick filaments, the extent of myofilament separation within 

the myofibril is also related to the sarcomere length, with longer sarcomeres having a reduced 

myofilament lattice spacing due to the isovolumetric nature of myofibrils (Ertbjerg & Puolanne, 

2017; Herring et al., 1965; Macintosh, 2003; Millman, 1998; Offer & Knight, 1988; Rome, 1968; 

Smith & Stephenson, 2011) and is theorised to be a secondary cause of reduced light scattering. 

This theory is supported by preliminary observations, which indicate an inverse relationship 

between sarcomere length and scattering exists, with sarcomere shortening during rigor resulting 

in higher scattering values (Jeacocke, 1984), although this may be confounded with a decrease in 

lattice spacing during rigor formation (Millman, 1998; Smith & Stephenson, 2011). Also, as the 

sarcomere shortens and myofilaments increase in overlap, there is a higher reflectance, but this 
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observation has only been made in aged meat and should be tested early PM (Swatland, 2003). In 

contrast, an increased scattering coefficient has been observed with increased sarcomere length 

(Yao, 2006), however in this study, little information was reported about animal and post-

slaughter treatments of the muscle. Of course, there are instances where changes in sarcomere 

length have not given rise to any dramatic change in lightness values (Bayraktaroglu & Kahraman, 

2011; Eikelenboom et al., 1985; van Laack et al., 1994), most likely because sarcomere length is 

only part of the contribution to light scattering. In summary, sarcomere shortening during rigor is 

accompanied by increased scattering, but this maybe confounded with the transverse shrinkage 

that occurs simultaneously. 

The inverse relationship of sarcomere length to light scattering and reflectance could be related 

to the differences that exist in protein density along the length of the sarcomere. The A-band has 

a high protein density compared to the I-band and this could generate differences in refractive 

index along the length of the sarcomere. So, the sarcomere length would determine the regularity 

of the optical protein density and impact on the light scattering.  
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(a) 

             

(b) 

 

Figure 1.7: Effect of sarcomere length on the estimated distance between myofilaments. (a) 

Diagrammatic representation of an array of the transverse myofilament lattice, where myosin 

filaments are large grey circles and actin filaments are smaller black circles. Unstretched 

myofilament lattice is shown on the left and after being stretched the myofilament spacing is 

reduced, as shown on the right (Shiels & White, 2008). (b) Effect of sarcomere length on the 

estimated distance between myofilaments, as calculated based upon unpublished data outlined in 

the filament lattice review by Millman (1998). Graphical representation, with the top line 

representing the estimated distance between myosin and actin filaments (centre to centre), the 

bottom line depicting the free space between adjacent myosin and actin filaments (Macintosh, 

2003).  
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 Refractive index (RI) of the extracellular space and sarcoplasm 

The third structural element which is postulated to alter light scattering within the muscle is the 

refractive properties of the sarcoplasm and extracellular space. The RI is a measure of refraction 

in a material or solution that describes how light propagates through that medium (Wikipedia, 

2018). Water has a higher RI than air, 1.33 verses 1.0 respectively, and this is a result of the slower 

speed of light passing through water. In turn, any solution (e.g. sarcoplasm) which contains 

particulate matter which will slow the speed of light further will have a higher RI compared to 

pure water. The extent or concentration of solutes present in the solution is related to the RI, with 

higher concentrations associated with a higher RI. This is extremely important considering the 

chemical crowding of cytosolic enzymes that occurs in the sarcoplasm of the cell (Zhao et al., 

2017). Also, the extent of scattering in a protein solution has been shown to be dependent upon 

the extent of protein aggregation, with more scattering observed as the degree of aggregation 

increases (Penzkofer et al., 2007). Protein concentration, solubility and aggregation within the 

sarcoplasm and extracellular space from meat that would therefore determine the speed and angle 

of light passing through the medium and the overall RI. 

In addition, sarcoplasmic light scattering is postulated to be related to measures of osmolarity and 

osmolality, which is the concentration of solutes per volume or per weight of solution 

respectively. Osmolality is highly correlation to the pH of the muscle and as shown in Figure 1.8, 

during the pH decline, osmolality increases until the pHu is reached and a plateau is formed 

(Bonnet et al., 1992). This was considered to be due to a combination of factors during the 

conversion of pre- to post-rigor muscles, such as increased permeability of membranes and/ or 

less binding of low molecular weight materials (especially inorganic electrolytes) to 

macromolecules (Winger & Pope, 1981). So, a lower muscle pHu would have a higher osmolarity 

and as the osmolality is known to impact on lattice spacing (April et al., 1972; Millman, 1998), a 

higher osmolarity would promote lattice shrinkage. April et al. (1972) studied the individual 

effects of both pH and osmolarity on the myofilament lattice spacing in the walking leg of crayfish 

(Orconectes) both as skinned and intact muscle fibres. In intact muscle fibres, increased 

osmolarity reduced myosin-myosin spacing. Also, as pH decreased, especially below pH 6.4, 
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there was a reduction in myosin-myosin spacing which indicates both of these individual variables 

could generate similar effects and have some sort of indirect relationship to light scattering, but 

this still needs to be explored. As reviewed by Puolanne and Halonen (2010), myofilament lattice 

spacing and the extent of myofibril shrinkage are likely to be impacted by different ions and their 

behaviour (chaotropic/ kosmotropic or structure breaking/ making effects). Furthermore, the 

accumulation of low molecular weight proteins from proteolysis within the muscle cell could be 

partially responsible for this change in the osmotic pressure in the muscle, and hence could also 

be driving changes in the RI of the sarcoplasm (Winger & Pope, 1981). Therefore, it is proposed 

the osmolality within the muscle would impact the RI of the sarcoplasm and extracellular space 

(depending on the integrity of the sarcolemma), with lower pHu muscles having a higher RI and 

more light scattering, due to the higher osmolality within the medium, compared to higher pHu 

muscles. 

 

Figure 1.8: Changes post-mortem in pH ( ■ ) and osmotic pressure (○) for bovine longissimus 

muscle. As the time post-mortem increased and pH of the muscle decreased, the osmolality 

increased, until a maximum was achieved when the pHu of the muscle was reached (Bonnet et al., 

1992). 
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 Membranous structures in the sarcoplasm, extramyofibrillar space and extracellular 

matrix 

One final contributor to light scattering that cannot be ignored is the other components of the 

muscle. Although Jacques (1996) reported “the membranous structures of the cell are a major 

source of light scattering” it seems unlikely that these structures are solely responsible for 

differences observed in extremes of pale and dark meat. But, the variance in quantity of these 

membranous structures that exist in muscles of different fibre types/ muscle types could impact 

on light scattering and should be further explored. Such membranous structures include the 

sarcolemma and associated transverse tubules, sarcoplasmic reticulum, mitochondria and the 

lysosomes. The lipid component of these structures is believed to be primarily responsible, due 

to the high degree of scattering associated with the phospholipids. However, it has been reported 

that chemical disruption of membranous structures from a single muscle fibre reduced light 

scattering by ~10% and thus, only has a minor role in the quantity of light scattered (Jeacocke, 

1984). In addition, mitochondria are known to be associated with an increase in the quantity of 

light photon scattering (Jacques, 2013). In particular, the light scattering coefficient (µ’s) is 

positively correlated (linear regression R2 = 0.975) to the mitochondrial protein content  (Beauvoit 

et al., 1995). When considering muscle, red oxidative fibre types are well known to have an 

increase in both phospholipid and mitochondrial content, due to their oxidative capacity, although 

they are usually darker compared to white glycolytic fibres. Also, these smaller diameter fibres, 

with a higher density of mitochondria within the extramyofibrillar space, have been shown to 

have a lower level of transmittance compared to those with a larger diameter (Swatland, 2004). 

This seemingly conflicting evidence highlights the balance between absorptive and scattering 

properties that exists in red oxidative fibres, and draws attention to the differences that need to be 

further explored with fibre types.   

White adipose tissue and high collagen tissues (such as epidermis) are also characterised as having 

high light scattering coefficient (Beauvoit et al., 1995; Jacques, 2013). An increase in fat content 

has been previously associated with a linear increase in reflectance between 400-700nm (Elliott, 
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1967). It is believed increasing lipid or connective tissue content of the muscle would have 

increased light scattering due the highly scattering nature of these biomolecules.  

 Underlying mechanisms of light scattering which determine the extent of 

importance of the 3 main microstructural components 

The extent to which these 3 main components change during the early PM period, will be 

determined by several mechanisms. By change, we mean the shrinkage, swelling, contraction and 

elongation of the structural elements in the cell, or the migration / diffusion / osmosis of small 

molecules into or out of the cell. Each proposed mechanism is listed below, in no specific order, 

and it is hypothesised that the contribution of each mechanism would determine the overall 

magnitude of change in the 3 components during the early PM period and consequently the extent 

of light scattering that occurs in the meat.  

 Increased positive surface charge of the proteins reduces myofilament spacing.     

The reduced ability of the myofibrillar proteins to bind water during the pH decline post-mortem 

is important for determining the osmotic pressure within the cell and the extent of myofibrillar 

shrinkage. Transverse myofilament lattice spacing is determined by Van der Waals, Coulombic 

electrostatic charges and steric mechanisms; all of which contribute to the transverse equilibrium 

of the lattice (Matsuda & Podolsky, 1986; Millman, 1998; Smith & Stephenson, 2011), while 

other mechanisms, such as capillary forces and hydrophobic interactions, of the lattice spacing 

may also be involved (Ertbjerg & Puolanne, 2017; Puolanne & Halonen, 2010). The isoelectric 

point (pI) of myofibrillar proteins, which is the pH at which the proteins have a net charge of zero, 

appears to be associated with major structural changes in the muscle, with a region around pH 5.3 

displaying the lowest quantity of bound water (Hamm, 1961; Smith & Stephenson, 2011), a 

reduction in fibre diameter or zone of minimal swelling and an increase in scattered light 

appearance.  

Below and above this isoelectric point, amino acids (predominantly dicarboxylic acids and 

histidines) of the proteins would have more or less protons, hence having positive or negative side 

chains respectively, a net positive or negative charge would predominate and cause an 
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electrostatic repulsion between proteins. An extreme example of this change in surface charge for 

myoglobin is illustrated in Figure 1.9 (available online at www.rsc.org/pccp), whereby 

electrochemical probing reveals the surface charge discrepancy after exposure to extremes of pH 

(low pH 3 and high pH 11). Myoglobin undergoes pH dependent structural alterations (some 

hydrophobic interactions) around the heme group, which promote stability and inhibit the heme 

dissociation in the extreme situations (Qian et al., 2013).  
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(a) pH 3 (b) pH 7 (c) pH 11 

   

Figure 1.9: Effect of pH on the structure and surface charge of sperm whale myoglobin using 

molecular dynamics software. The red colour represents negative charges, whereas the blue areas 

represent positive charges and the heme group is depicted using ball and stick modelling. The pH 

of (a) 3, (b) 7 and (c) 11 are displayed as modelled in a polar environment (Qian et al., 2013). 

A similar scenario likely occurs for structural proteins in the muscle during the pH decline, with 

their surface charge modified according to the ultimate pH which the cell finally reaches after the 

PM pH decline. When the pHu of the muscle is high and further from the pI of the proteins, more 

water is bound to the proteins and retained in the myofibrils and less lattice shrinkage occurs. 

Consequently, for myofibrillar proteins, the competition between the different driving forces (Van 

der Waals, electrostatic, steric and hydrophobic) will determine the overall attractive forces 

between filaments and contribute to the extent of transverse myofilament lattice shrinkage (Rome, 

1968). This shrinkage and swelling mechanism, and consequent contrast in refractive index (RI) 

of the myofibrillar and sarcoplasmic components, is thought to be a major reason for the changes 

to transmittance and light scattering of the meat (Offer & Trinick, 1983). 

 Changes in protein solubility 

The structural changes that give rise to increases in lightness are also believed to be correlated 

with factors determining the solubility of both myofibrillar and sarcoplasmic proteins. When 

muscle is lighter, as observed in PSE meat, there is a tendency towards reduced protein solubilities 

(Scopes, 1964). For example, in beef longissimus muscles, a high rigor temperature of 37 ˚C 

resulted in ~50 % and ~22 % reduction in myofibrillar and sarcoplasmic solubilities respectively, 
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compared to going into rigor at low temperatures of 0˚, illustrative of the denaturing conditions 

generated in fast glycolysing muscles. In pork longissimus, lightness displays a negative 

relationship with both sarcoplasmic protein and myofibrillar solubility (Joo et al., 1999), whilst 

in a similar study on the same muscle, the reduced solubility in PSE muscles was related to less 

µ-calpain activity, as a result of the lower pH in these muscles (Yin et al., 2014). These structural 

changes are likely to alter the RI of the sarcoplasm. 

Additionally, a high rigor temperature is known to increase surface hydrophobicity on the surface 

of myofibrils and impact on the myofilament lattice spacing (Liu et al., 2016; Liu et al., 2014), 

however in PSE muscles, no differences in protein oxidation (carbonyl content) were observed 

(Yin et al., 2014). In HTLP conditions, sarcoplasmic proteins denature and bind to the surface of 

myofibrillar proteins creating a layer over the actomyosin complex, which reduces their ability to 

bind water and contributes to increased light scattering (Bendall & Wismer-Pedersen, 1962). 

Thus, after HTLP conditions have occurred, we expect structural proteins would become 

denatured, the surface charge would become more hydrophobic, reducing protein solubility, 

whilst increasing protein aggregation and light scattering. 

 Sarcoplasmic protein binding to myofilaments and myofibrils 

At physiological pH and living regulation of the muscle cell, sarcoplasmic proteins bind 

sequentially to the surface of actin, promoting the optimal kinetics and regulation of metabolic 

processes in a generally crowded sarcoplasm. This promotes the chemotactic assembly of enzyme 

cascades, such as the numerous sarcoplasmic proteins involved in glycolysis (Zhao et al., 2017). 

A reduction in pH (as occurs during PM) is reported to increase the quantity of binding (see review 

by Parkhouse (1992)). In beef psoas muscle, the fast glycolytic rate induced by electrical 

stimulation promoted binding of enzymes to the actin filaments within the I-band (Clarke et al., 

1980). The predominant enzymes involved are those in highest concentration, namely aldolase 

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), but phosphofructokinase (PFK), 

pyruvate kinase (PK) and creatine kinase (CK) are also involved (Scopes, 1964), with a simple 

proposed binding mechanism diagrammatically represented in Figure 1.10. In stimulated muscles, 

aldolase and GAPDH bind to the actin filament in equimolar quantities (40-50%) and together 
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they “account for greater than 70% of the increased protein binding” (Clarke et al., 1980). PFK 

binds as early as 5 minutes post stimulation, as shown in rat tibialis (predominantly fast twitch 

fibres) (Parra & Pette, 1995). Once these primary enzymes are bound, they also provide the 

opportunity for “piggybacking” other secondary enzymes, such as glucose phosphate isomerase 

(GPI), phosphoglucomutase (PGM) and triosephosphate isomerase (TPI) (Morton et al., 1988). 

This pattern of binding is sequential to the glycolytic pathway and it  appears that intracellular 

glucose and calcium levels impact the binding of PFK and aldolase to actin, highlighting the role 

of these molecules in this mechanistic process (Parra & Pette, 1995; Zhao et al., 2017). The 

periodicity of aldolase binding to actin also indicates tropomyosin, troponin and calcium all play 

a role in increasing the binding stoichiometry (Stewart et al., 1980a). The mechanism of primary 

binding is considered as a dynamic, reversible process with variations in pH, metabolite 

concentrations, oxidation and/or phosphorylation being possible causative scenarios. It is likely 

that in pale meat, changes in the surface charges of these enzymes could modify the binding 

attraction to the actin molecule, altering the RI of the sarcoplasm and promote transverse 

shrinkage of the myofilament lattice and consequently increase the light scattering, although this 

theory still needs to be tested. 
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Figure 1.10: Two possible mechanisms of sarcoplasmic protein binding to actin filaments in 

electrically stimulated beef psoas muscles. Actin is represented by the double helix comprised of 

G-Actin represented as white circles, complexed with troponin (Tn, black splodge). Primary 

binding is with aldolase (A) or glyceraldehyde-3-phosphate dehydrogenase (G) and secondary 

binding with trisephosphate isomerise (T) but could also be glucose phosphate isomerise or 

phosphoglucomutase  (Morton et al., 1988). 

In pork PSE condition, the sarcoplasmic proteins which have found to be irreversibly bound or 

precipitated onto the myofibril are creatine kinase (CK),  phosphorylase b (PH), myokinase (MK), 

triosephosphate isomerise (TPI) and an unknown protein (26 kDa protein) (Joo et al., 1999; 

Warner et al., 1997). In HTLP conditions, almost all of CK is denatured, which comprises 10% 

of the sarcoplasmic proteins (Scopes, 1964). This protein has been extensively associated with 

precipitation, reduced extractability, increased lightness and drip loss (den Hertog-Meischke et 

al., 1997; Joo et al., 1999; Tarrant & Mothersill, 1977). A decrease in pH is associated with 

reduced hydrophobicity in CK, aldolase and GAPDH and an increase in hydrophobicity of 

carbonic anhydrase III, but no changes in PFK or PK were observed (Gratacós-Cubarsí & 

Lametsch, 2008). These changes in hydrophobicity could change the regulation of allosteric 

binding ability of the primary sarcoplasmic proteins to the actin molecule and promote initial 

binding. Also, at 40 °C, there was an increased myofibrillar hydrophobicity and cross linking of 

proteins, although at 30-35 °C such dramatic changes were not observed. HTLP conditions appear 

to promote hydrophobicity in myosin and reduce hydrophobicity in sarcoplasmic proteins (CK, 

aldolase and GAPDH), both of which could favour binding of sarcoplasmic proteins to actin and 

consequently impact myofilament lattice dimensions and light scattering within the muscle. 
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The differences observed in the enzyme binding between species could be due to the fibre type 

of the muscles used within each study, as different sarcoplasmic proteins are known to bind to 

actin in red oxidative fibres compared to white glycolytic fibres (Lushchak et al., 2001), although 

this has only been demonstrated in horse mackerel. We propose the enzymes involved in 

sarcoplasmic binding to actin are different in the muscles of red and white fibre types due to the 

differences in metabolism, availability of metabolites (such as glucose) and consequently 

myofilament lattice shrinkage, and light scattering. 

 Integrity of the cytoskeletal and cell adhesion proteins 

The extent of shrinkage is dependent upon the degree of restraint to which the myofibrils are 

exposed, with low pH muscles having more restraint, as observed with less degradation of cell 

adhesion and cytoskeletal proteins, such as titin, filamin, talin and α-actinin (Bee et al., 2007; 

Lomiwes et al., 2014; Warner et al., 1997; Watanabe & Devine, 1996; Yu & Lee, 1986). The 

intact quality of these cytoskeletal proteins could provide a framework for myofibrillar shrinkage 

and result in more light scattering. In comparison, high pH muscles with a higher WHC, display 

more degradation of proteins (e.g. titin, filamin, talin and α-actinin) which minimises myofibrillar 

shrinkage. Studies incorporating lightness measurements and cytoskeletal protein degradation are 

rare and only been conducted on titin and integrin. Higher lightness and less titin degradation 

products have been observed in lamb longissimus with a high rigor temperature (35 °C), compared 

to lower rigor temperature muscles, after 1 d PM (Geesink et al., 2000). In addition, pork 

longissimus with higher lightness values also show less titin degradation, early PM (Warner et 

al., 1997). In a separate study, more degradation of integrin and higher lightness values has also 

been observed after ~24 h PM (Yin et al., 2014). In high pH muscles, the proteins located in the 

Z line region, namely filamin, talin and α-actinin, undergo more degradation, but relating these 

findings to light scattering has not yet occurred. It is proposed that the integrity of these Z-line 

proteins and others, like desmin, would provide the restraint required for shrinkage and an 

increase in light scattering, and if they were degraded during some proteolysis event (as typically 

occurs in high pH meat, Yu and Lee (1986)), this would leave myofibrils in more of a swollen 

configuration, reducing the light scattering. 
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The actin binding protein nebulin has been shown to be degraded faster in the PSE condition and 

also in electrically stimulated muscles, where the pH fall is faster (Ho et al., 1996; Warner et al., 

1997; Watanabe & Devine, 1996). In electrically stimulated muscles after only 24 h PM, nebulin 

can appear as doublet, indicative of the degradation which can occur within this short timeframe. 

As the main roles of nebulin are thin filament length specification and cross-bridge cycling 

kinetics, it is reasonable to conclude the early degradation of this protein will compromise the 

integrity of the thin filaments and consequently the sarcomere. As described previously, a faster 

pH decline is associated with sarcoplasmic protein binding to the actin filament, which could 

impact on the periodical placement of troponin/ tropomyosin complex and leave the nebulin 

molecule more exposed to degradation. Or, nebulin degradation could expose the actin filament 

to these changes. In addition, nebulin knock-out mice are known to have shorter thin filament 

lengths which results in “double overlapping” (Gokhin et al., 2009), thus the fast degradation of 

this protein could impact on the longitudinal shrinkage of the myofibril and result in more light 

scattering.  

 Sarcomere integrity and myofibrillar proteins 

Breakdown of the muscle structure is thought to occur at different areas of the sarcomere and 

appear to be related to the pHu of the muscle. Some authors have reported an initiation at the A-

band region of the sarcomere (Wu, Clerens, et al., 2014), with low pH muscles showing increased 

degradation at the M-line at the centre of the H-zone (Yu & Lee, 1986). In comparison, high pH 

muscles show more Z-line degradation and M-lines being more preserved. These findings suggest 

differences in enzyme activity during the early post-mortem period are dependent upon the pH 

decline and could be causative of various proteins of the myofibril being degraded at different 

rates. A slower pH decline or muscles with a higher ultimate pH have a pH which is more optimal 

for the calpain system and subsequently more intact calpains (double the amount of µ-calpain in 

beef longissimus) have been observed (Bee et al., 2007; Pulford et al., 2009; Yu & Lee, 1986). It 

is interesting to note, the calpain system is located at the Z-line where most degradation seems to 

occur within the high pH muscle. To summarise, muscles with a high pHu appear to have more 
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Z-line degradation compared to muscles with a lower pHu and could be a result of less proteolysis 

in this region. 

Small heat shock proteins (sHSP) have also been implicated in myofibril binding and differences 

have been observed in low and high pH beef (Pulford et al., 2009). High pH beef had greater 

levels of alpha b-crystallin at 22 h PM, compared to low pH beef, which was hypothesised to have 

undergone more denaturation. More recently, sHSPs have also been implicated in dark cutting 

beef (Mahmood et al., 2018). Some sHSP biomarkers have been identified in beef longissimus as 

having a role in µ-calpain activity and being correlated to meat colour (lightness, redness and 

yellowness) and could have a protective mechanism against protein denaturation (Gagaoua et al., 

2017). These results indicate these sHSPs may have a role in colour development via light 

scattering mechanisms. 

 In the low pH situation, there is evidence of myofibrillar proteins, such as troponin T, being 

degraded earlier PM, with SDS-PAGE and western blotting methods clearly showing an increase 

in the 30 kDa polypeptide, which is a degradation product of troponin T (Ho et al., 1994, 1996; 

Yu & Lee, 1986). As troponin T is involved in proper assembly of the thin filament actin and with 

its role in contraction, the loss of this protein could impact on myofilament lattice dimensions.  

 Myosin denaturation and rigor bond modification 

After HTLP conditions occur early PM, pale meat is often formed, and concurrently myosin 

denaturation is especially prevalent, especially in the S1 ATPase head (Liu et al., 2014; Stabursvik 

et al., 1984; Warner et al., 1997), as reviewed by Kim et al. (2014) and is likely involved in 

myofilament lattice shrinkage which would promote light scattering. Reviewing the exact 

mechanisms and conditions of myosin denaturation is beyond the scope of this review, however 

the important point to make is that changes in lattice spacing caused via myosin denaturation are 

likely a contributing mechanism for the transverse structural changes which induce light 

scattering. This theory has been discussed by Offer et al. (1989) in regards to drip loss in PSE 

meat and indicated it was the “shortening of myosin heads prior to rigor that caused the filaments 
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to be drawn closer together prior to rigor onset” and is entirely relevant to the development of 

light scattering.  

For example, in rabbit extracted muscle fibres,  as the contractile elements were contracted or 

relaxed (induced by +/- ATP addition), this increased or decreased the light scattering, 

respectively (Bozler, 1958). This change in light scattering occurred via shrinkage of contractile 

elements during contraction and swelling of contractile elements during relaxation and was 

related to the changes in refractive index caused by aggregation or disaggregation of the 

myofilaments. Therefore, a reduction in ATPase activity (as commonly occurs in HTLP 

condition) is suggested to increase scattering due to the inability of the sarcomere to relax and the 

changes in aggregation of proteins. It is known that after exposure to high temperatures, the S1 

head undergoes some structural alterations that may impact lattice spacing and influences 

myofibrillar properties, namely increasing their surface hydrophobicity (Liu et al., 2014). In 

addition, if denaturation of the myosin S1 head results in the inability of ATP to bind to the 

ATPase and the myosin molecule becomes fused to the actin filament, a reduction in the myosin 

actin spacing would occur and is likely due to exposure of HTLP conditions. Figure 1.11 

diagrammatically illustrates how sarcomere length would change the proximity of myosin heads 

with actin filaments and is also relevant to changes in temperature and pH as described by the 

authors (Macintosh, 2003). Therefore, in pale meat or after HTLP conditions occur during rigor, 

the denaturation of myosin could cause adjacent myofilaments to become closer together and 

could be contributing to more light scattering, but this theory has yet to be proven. 
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Figure 1.11: Hypothetical conditions impacting myofilament lattice spacing, as modelled by 

(Macintosh, 2003). In this example, sarcomere length is used, however changes in lattice 

dimensions can occur with pH, temperature and calcium sensitivity. Assumptions made were S2 

length is 40 nm and the S1 segment length is 16.5 nm, typically at 45° between myosin (thick) 

and actin (thin) filaments. (a) Long sarcomere has a short distance between filaments (b) short 

sarcomere has a greater distance between filaments. 

 

 Summary and conclusions 

The colour of meat is determined not only by the chromatic contributions (pigment derived), but 

also by the physical achromaticity (free from colour saturation or hue as derived from structural 

spacing and sarcoplasm attributes of the muscle). Myoglobin concentration, oxidation status and 

ligand binding is central to chromatic colour contributions, but not to achromatic contributions. 

Achromatic light scattering arises from structural elements of the meat, and are postulated to be 

mainly from: 

1) Transverse shrinkage of the structural lattice of the myofilaments, myofibrils and muscles 

fibres. 

2) Longitudinal shrinkage of the sarcomere, but is still under question. 

3) Protein composition of the surrounding medium (sarcoplasm and extracellular space). 

(a) Compressed myofilament lattice due to long 

sarcomere length. Notice the short distance 

between actin and myosin filaments of 12 nm.  

 
 

 

(b) Myofilament lattice due to short sarcomere 

length. Notice the longer distance between actin 

filament and S1 myosin head of 19 nm. 
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From these 3 structural elements, we hypothesise that the transverse shrinkage of the myofilament 

lattice, myofibrils and muscle fibres are primarily responsible for increases light scattering and is 

dependent upon the pH decline. High pHu muscles would undergo less transverse shrinkage, have 

less separated larger fibre diameters, a smaller volume of extracellular space, which would reduce 

light scattering and consequently a generate a darker appearance. This closed structure would also 

reduce the ability of oxygen to diffuse into the muscle structure, decreasing myoglobin 

oxygenation and oxidation. These features dominate the reduced light scattering observed in high 

pHu muscles. In contrast, lighter, low pHu muscles would undergo more transverse shrinkage and 

have larger volumes of extracellular space which would allow for increased light scattering. Also, 

the RI of the sarcoplasm and extracellular space would be higher due to the increased protein 

denaturation and aggregation along with the increased osmolarity. There are several underlying 

mechanisms behind these changes. When the pH decline is fast and HTLP conditions are created, 

the mechanisms proposed centre around the salt soluble proteins of the structure and include, but 

are not limited to, the integrity of the cytoskeletal proteins (to provide restraint), more protein 

hydrophobicity and aggregation (higher osmolality and RI of the surrounding medium), more 

sarcoplasmic binding to mainly actin (to promote shrinkage of myofilaments and impact optical 

protein density along the sarcomere) and other myofibrillar proteins, a smaller gap between 

myosin and actin when rigor bonds form, reducing lattice spacing. The extent and magnitude of 

each would give rise to large variations in lightness when the pHu of the muscle is low. It is also 

noted, the content and integrity of membranous organelles, such as mitochondria, in various 

muscles of different fibre types may also be involved in variation in light scattering between 

different pieces of meat. 
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 Methods  

 

This chapter details the development of the reflectance confocal laser scanning microscopy 

(RCLSM) method and some of the methods that are used consistently throughout the thesis in 

several chapters. 
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 Introduction 

This chapter summarises some of the key methods used throughout the whole thesis. These 

methods typically occur in at least 2 of the experimental chapters (3 to 7) and are detailed in 

sections 2.2 to 2.7. In addition, a new method for measuring light scattering in the muscle is also 

outlined in section 2.8. This method is developed using reflection confocal laser scanning 

microscopy (RCLSM) and is introduced in this section. 

 Grading assessments 

Carcass sides were quartered at the 4th/5th ribs (vealer only) or between the 10th/11th, 11th/12th or 

12th/13th ribs, depending upon market destination. The exposed longissimus thoracis surface 

colour was developed (bloomed) for a minimum of 60 minutes at 10 °C prior to colour assessment. 

Assessment was carried out with the aid of light from a torch (1400-3000 lux, 12 volt, 20 watt 

diachronic glass faced low voltage, tungsten halogen lamp, part number: 01-E710A2, Emroth 

Technologies Pty Ltd, Kenmore, Australia) held at an angle of approximately 45° to the muscle 

surface and at a distance of 30-45 cm from the meat surface. Meat colour was subjectively scored 

on a scale from 1 (divided into 1A, 1B, 1C) to 7 using AUS-MEAT colour chips by a qualified 

assessor according to the AUS-MEAT chiller assessment language (AUS-MEAT, 2005). Meat 

colour was considered to be paler at the lower end of the scale (meat colour scores 1A, 1B and 

1C) and unacceptably dark at the higher end of the scale (meat colour scores > 3). AUS-MEAT 

classifies carcasses as dark cutting carcass when the meat colour score > 3 and/or having an 

ultimate pH > 5.70 (Meat Standards Australia, 2014). The time of assessment was recorded and 

was normally between 14 and 31 hours post slaughter with longissimus thoracis temperatures 7.4 

± 3.3°C. Graders also measured the size (cm2) of the exposed longissimus thoracis and defined 

this as eye muscle area (EMA) (Meat Standards Australia, 2016). 

 pH measurement 

The pH of the meat was conducted using a TPS WP-80 pH meter with a polypropylene spear-

type gel electrode (Ionode IJ 44) and temperature probe (all from TPS Pty Ltd, Springwood, QLD, 
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Australia). Calibration of the pH equipment was conducted at 10 °C, using pH 4 and 7 buffers 

(TPS Pty Ltd, product no. 121382 and 121388 respectively). 

 Colorimetric measurement 

 Hunterlab colorimetry 

Triplicate colour measurements were made on a 25 mm slice of beef longissimus after blooming 

at 0-4 °C for 60 min. A Hunterlab Miniscan EZ 45/0 LAV (light source A, observer angle 10°, 

aperture size 5 cm) was used to measure lightness, redness and yellowness; L*, a* and b* values 

respectively. Calibration was at 4 °C, using white and black calibration tiles (Novasys group Pty 

Ltd, Ferntree Gully, VIC, Australia). Colour parameters for hue = [arctangent (b*/a*)] and chroma 

= (a*2 + b*2)1/2 were calculated. The relative percentage of the three forms of myoglobin; 

deoxymyoglobin (DMb), oxymyoglobin (OMb) and metmyoglobin (MMb) were calculated using 

the isobestic points at 474, 525, 572 and 610 nm (AMSA, 2012; Krzywicki, 1979). 

 Drip loss measurement 

A muscle sample, was trimmed of subcutaneous fat, and cut into small sections, 50 ± 2 g (~ 30 x 

40 x 30 mm) for drip loss measurement (Honikel et al., 1986). The sub-sample was weighed 

before and after hanging (suspended by a thread in a plastic pouch) at ~5 °C for 48 h and the loss 

in weight was calculated as a % of the initial weight.  

 Homogenisation and isolation of muscle fibres and myofibrils 

A 1.0 ± 0.05 g sample was removed from the 50g muscle block, after slight thawing at 20-25 °C 

for 20 min, and meat samples were homogenised using the method of Warner et al. (1997) with 

modifications. Muscle samples were homogenised on ice (Ultraturrax, 11,000 rpm, 3 x 4 second 

pulses) in 10 ml of ice-cold buffer (380 mM mannitol, 50 mM potassium acetate buffer, pH as 

described for each specific experiment) to minimise modifications to fibre fragments due to a 

change in osmolarity (Winger & Pope, 1981). This buffer was kept cold, on ice, throughout the 

whole fractionation procedure. Samples were centrifuged (4,000 g, 10 min, 4 °C) and the 

supernatant was discarded. Muscle fibres and myofibrils were resuspended in 10 ml buffer. 
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 Sarcomere length measurement 

A small aliquot (0.5 ml) was retained from resuspended homogenates (after first wash a small 

aliquot was taken). Bright field images were taken on a Leica DM6000 microscope (Leica 

Microsystems, Germany) at 100x magnification. A minimum of 5 images were taken per sample 

and at least 50 myofibrils were measured per homogenate as recommended by Cross et al. (1981). 

Measurements were made using Image Pro Premier software (MediaCybernetics, 2012). Each 

myofibril had at least three measurements conducted along its length and the average distance 

between the Z-lines was calculated (µm). 

 Reflectance confocal laser scanning microscopy (RCLSM) 

 Introduction to light scattering and RCLSM 

Using reflection confocal laser scanning microscopy (RCLSM), the light scattering speckle 

pattern of rabbit psoas muscle fibre bundles has originally been viewed longitudinally by Offer 

et al. (1989). Initial observations indicate light muscles from pale meat have larger and more 

numerous speckles, indicative of a looser, more open packing of structural elements. This speckle 

pattern is an indicator of the muscle structures which are responsible for scattering light. As these 

results were based on only one image and were preliminary only, there is a gap in the literature 

to explore the light scattering speckle pattern in pale meat (and meat of different colours) more 

fully.  

In addition, RCLSM is a visualisation technique which can be used on fresh muscle without the 

application of any preservation methods to the muscle itself. It can be used to characterise the 

structure, without the use of fixatives or freezing (e.g. cryo-sectioning), which are likely to 

introduce distortions and artefacts into images. CLSM is a technique that can be used both in the 

x- and y- orientation, but also allows for the visualization into the depth of the tissue (z-plane). 

This can generate a 3D projection of the muscle tissue and provides a useful tool for the 

determination of the structural attributes of the muscle which generate light scattering. Therefore, 

the aim was to develop this RCLSM method for light scattering quantification in beef muscle. 
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 Methods, results and discussion from RCLSM development 

2.8.2.1 Muscle/ meat used  

A 25 mm steak of beef longissimus lumborum or striploin muscle was purchased from a local 

butcher, with no information available on the animal or slaughter date. The external surface (2 

mm) of the steak was removed to ensure the central surface of the meat was used. A sterile scalpel 

was used to cut a small piece of muscle (10 x 10 x 5 mm) parallel to the muscle fibre direction 

(longitudinal orientation) and immediately placed onto a small coverslip, permitting a total 

viewing depth of 5 mm (Figure 2.1). The sample was gently pressed onto the coverslip to remove 

any extra gaps or air bubbles at the coverslip interface. The other surfaces remained exposed 

during imaging, with details of imaging described below. 

 

Figure 2.1: Muscle sample assembly for reflection confocal laser scanning microscopy (RCLSM) 

viewing using an inverted objective lens. 

2.8.2.2 Muscle sample preparation  

The depth through the muscle was visualized between 0 and 40 µm and some images are 

illustrated in Figure 2.2 (x/y planes) and Figure 2.3 (z plane). An incredibly bright, over-exposed 

image was generated at the surface of the sample and the image became much darker as the depth 

of imaging was increased. Obviously in any one sample, there were many fibres, so there was 

some difficulty experienced in determining the depth of one fibre alone for two main reasons. 

Firstly, it was hard to determine where one fibre finished and the adjacent fibre started and 

secondly, the increase in darkness observed through the depth of the fibre made it difficult. This 

made it hard to standardize observations at the same depth of the muscle fibre. For this reason, it 
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was easier to extract the fibre fragments for viewing, so one muscle fibre could be viewed 

individually. The muscle fibres were then viewed in the longitudinal orientation. In chapter 7, the 

whole muscle visualisation technique was completed in both orientations of the muscle fibres, 

whereby a consistent imaging depth of 30 µm was used. In chapter 7, it seemed appropriate to 

obtain light scattering properties of the muscle in its entirety to make direct comparisons to X-ray 

diffraction data, which was also completed on intact muscle.  
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(a)         (b)            (c) 

   

Figure 2.2: Light scattering through the z plane of beef longissimus thoracis muscle, displaying; 

(a) a high level of scattering at the surface (depth = 10 µm); (b) intermediate scattering in the 

middle (depth = 20 µm); and (c) low scattering at the bottom (depth = 40 µm). Images are in the 

x/y orientation. Scale bar = 30 µm. 

 

Figure 2.3: Light scattering through the z plane of beef longissimus thoracis muscle, displaying a 

high level of scattering at the surface (top) and low scattering (bottom). Image is in the z 

orientation with image capture taken at 0.5 µm intervals from 0 to 40 µm into the depth of the 

tissue. 

2.8.2.3 Muscle fibre fragment samples 

Muscle fibre fragments were homogenised as described previously in 380 mM mannitol and 50 

mM potassium acetate buffer at a pH similar to the muscle pHu. Pellets were resuspended in 5 ml 

homogenising buffer, stirred rigorously and were filtered through flyscreen (Cyclone, catalogue 

number 4110408, 1 x 2 mm dimensions) to remove the connective tissue. The residue was washed 

using another 5 ml of homogenising buffer and subsequently discarded. The combined filtrate 

was centrifuged (4,000 g, 10 min, 4 °C). After discarding the supernatant, the pellet was 

subsequently washed twice using 5 ml of homogenising buffer, and the final resuspension was 

also in 5 ml. A drop of the suspension of muscle fibre fragments was placed onto a circular 30 

mm diameter coverslip (ProSciTech, G430, Thuringowa, QLD, Australia) and covered with a 

square 24 x 24 mm coverglass (ProSciTech, G410) for viewing.  
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2.8.2.4 Reflection confocal laser scanning microscopy (RCLSM) 

Courtesy of the Eskitis centre at Griffith University, an Olympus FluoviewTM 1000 confocal laser 

scanning microscope was used in the reflectance mode for the method development. Therefore, 

the microscope was not used in fluorescence mode. Using an inverted objective lens minimised 

problems with sample dehydration. Specific parameters for the microscope including detector and 

laser settings, magnification and image acquisition were tested and optimized as described below. 

2.8.2.5 Sample imaging replication and bias elimination 

For one muscle, 2 slides were prepared and a total of 6 images were made from these slides (3 

images/ slide). From these 6 images, sometimes there was a fair degree of variation in the intensity 

of scattering observed. This was likely caused by variations in shape, distortions and twisting of 

the prepared fibres and are artefacts which are difficult to avoid. In addition, the striploin has been 

classified as a fast glycolytic (predominantly type IIB fibres) muscle, which also contains more 

than 40 % of other fibre types (types I and IIA) (Kirchofer et al., 2002; Totland & Kryvi, 1991). 

The structural differences which exist between these fibre types may contribute to variations in 

light scattering and could be further explored. 

Bias is defined as a particular tendency, trend, inclination or opinion, especially one that is 

preconceived or unreasoned (www.dictionary.com). This was minimised by completing analysis 

using an observer blind sampling technique. Prior to analysis, samples were allocated a random 

3 letter code, which was unknown to the microscopist during image capture. In addition, when 

viewing a slide, the first fibre observed was always captured and included in the data analysis and 

this method was used to minimise bias by the microscopist. 

2.8.2.6 Specificity and interferences  

When viewing the individual muscle fibres, the top surface often had a high level of scattering, 

which was likely due to interference from the endomysium. Connective tissue is a highly 

scattering material (Jacques, 2013), so a sufficient depth of the muscle fibre had to be imaged to 

minimise interference. 
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As the viewing window moved deeper into the z plane of the fibre, the intensity of scatter 

decreased. Therefore, determination of the bottom surface of the fibre was difficult if the fibre 

had a low level of scattering. Sometimes the photomultiplier tube (PMT) high voltage (HV) 

setting was increased temporarily to determine the depth of the fibre. Nonetheless, the optimal 

image depth was determined to be at ⅓ fibre depth, where endomysium interference was avoided 

and underexposed images were minimised. 

2.8.2.7 Laser and bandwidth  

A 473 nm diode laser (blue) was applied at 15%. Across the visible spectrum, violet or blue light 

has a shorter wavelength (typically 400-490nm) compared to red wavelengths (typically 650-

700nm). The extent of light scattering is known to be a wavelength dependent process, with 

shorter wavelengths being scattered more than longer wavelengths (Jacques, 1996; Jacques, 

2013). Thus, a laser was selected in the region of the visible spectrum with most scattering.  

A larger bandwidth or slit was associated with images being visible at a lower wavelength. The 

largest bandwidth at the top of the viewing window was selected, which spanned over both blue 

and green wavelengths. Therefore, the bandwidth of the variable band filter (VBF) was adjusted 

to 470 - 545 nm (75 nm slit) for both excitation and emission spectra. 

2.8.2.8 Optimised photomultiplier tube (PMT) detector settings 

For individual experiments, the PMT detector settings were optimised (voltage, gain, offset) to 

achieve suitable images for both extremes of meat colours (light and dark). In all chapters except 

6 (a different confocal used, as detailed below), the settings were: 

- high voltage of the PMT was set to 400 V (8% offset)  

- post-PMT amplification (gain) was 2x 

These settings were kept constant for all the image analysis, regardless of level of scattering of 

the sample. Consequently, some images did appear over exposed, but this allowed visualisation 

of fibres which had a lower amount of scattering. 
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2.8.2.9 Magnification & image acquisition 

The inverted objective with a numerical aperture (N.A.) 1.35 and x60 magnification was used. 

Additional magnification or zoom for acquisition was set to 2.0. The scatter unit confocal aperture 

(SU-CA) was set to 105 µm. These parameters were considered visually to be optimal for muscle 

fibre and muscle image capture. For image acquisition, high pixel resolution at 1024x1024 and a 

slow speed (20.0 µs/pixel) was used. This enabled a high quality image to be obtained.  

2.8.2.10  Use of a secondary confocal microscope in chapter 6 

In chapter 6, due to experimental logistics a second confocal microscope was utilised. This 

microscope was manufactured by a different company and consequently most parameters had to 

be optimised to suit this set up. These parameters are described separately in the methods section 

of chapter 6. When optimised, the excitation and emission spectra were still fairly low and mainly 

in the blue wavelengths (480 – 500 nm), but a smaller slit width had to be used. It should also be 

noted this microscope was not an inverted microscope, but as the samples were liquid, this was 

not an issue.  

2.8.2.11  Image analysis/ Global brightness determination 

Global brightness (developed as the measure of light scattering in a muscle fibre) was determined 

using Image J software program (Rasband, 2014). Images were opened in TIFF format and 

calibrated using the scale bar on the image. Polygon sections of the fibre fragment area were 

measured (µm2) and the global brightness or mean grey intensity (average brightness of the pixels) 

from the selected area was calculated using the software and is described in detail in chapter 5 

(section 5.2.8). In addition, the muscle fibre widths (µm) were also measured using this software, 

by measuring the distance between the two edges of the muscle fibres in a perpendicular direction 

to the fibre axis. 

 Conclusion 

Reflectance confocal laser scanning microscopy (RCLSM) was determined to be a suitable tool 

for the visualisation and quantification of light scattering properties within muscle fibres. This 

technique was used in the majority of experimental chapters within the thesis, with the exception 
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of chapter 3 (industry focused chapter) and chapter 4. Using RCLSM, light scattering was 

determined using a blue laser with excitation and emission spectra over the blue/ green 

wavelengths to ensure the maximum quantity of light scattering was captured. Longitudinal fibre 

fragments, imaged at ⅓ of the fibre depth, were optimal for this measurement. Some interference 

was observed with twisting and fibre distortions, so where possible, flat fibres were considered to 

be preferential for imaging. Captured images were analysed to determine the mean pixel intensity 

or global brightness of the fibre fragment. In short, firstly, RCLSM was optimised for the 

visualisation of muscle fibres with low and high levels of scattering and secondly, image 

processing was used to determine the extent of light scattering or the global brightness within the 

sample.  

In chapter 7, where whole muscle samples were used instead of isolated muscle fibre fragments, 

the voltage of the PMT had to be increased to 500 V. This was due to the contribution of other 

neighbouring fibre fragments which reduced the overall scattering compared to the individual 

isolated muscle fibre fragments.  
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 Improving beef meat colour scores at carcass grading 

 

This chapter investigates the animal and carcass attributes which give rise to variations in meat 

colour at grading within the Australian beef industry. It also highlights the importance of time 

post-mortem to colour development and grading values which is indicative of the structural 

changes in the muscle which impact on meat colour. It provides recommendations for using this 

knowledge to improve meat colour scores at grading. 
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 Introduction 

Beef meat colour is an important attribute for the visual appearance and consumer acceptability. 

In Australia during 2012-13, Meat Standards Australia (MSA) reported the main reason for 

carcasses not meeting specification was due to unfavourably dark meat colour (MC > 3) and/or a 

high pH (pH > 5.70), with 5.3% carcasses failing for one of these reasons or a combination of 

both (Meat and Livestock Australia Limited, 2013). At the time of publication, the cost to the 

industry of dark meat colour, based on MSA graded carcasses, is estimated to be approximately 

$400 per affected carcass (industry sources) and to be in the region of $35 million/annum for 

MSA carcasses alone. As MSA carcasses are approximately only 24% of the beef carcasses in 

Australia, the cost to the national beef industry is much higher. Consequently, there is a need to 

minimise the incidence of beef carcasses failing colour specification. Dark and light meat colours 

are associated with the unfavourable conditions known as dark cutting and heat-induced 

toughening, respectively. Both of these quality conditions negatively impact water-holding 

capacity, visual appearance, shelf-life and eating quality aspects such as tenderness (Ferguson et 

al., 1999; Kim et al., 2014; Purchas & Aungsupakorn, 1993; Warner, Dunshea, et al., 2014). It is 

well known that pre-slaughter stress in cattle depletes glycogen reserves and is associated with a 

high pH of the meat, particularly in animals on poor nutritional feeding regimes prior to slaughter 

(Knee et al., 2007; Lawrie, 1958). In comparison, heavier grain fed animals can be exposed to 

post-slaughter processing, which can generate unfavourable high temperature, low pH conditions 

in the muscle (Warner, Dunshea, et al., 2014).  

The surface colour of meat is largely determined by the concentration and chemical status of 

myoglobin, and depth of the myoglobin layers (see Faustman and Cassens (1990) for a review) 

and also by the changes in the structure of the muscle post-mortem, which is much less known 

and understood. During early post slaughter pH decline of the muscle, there is evidence of 

structural alterations and drip channel formation (Bertram et al., 2004; Heffron & Hegarty, 1974), 

which could result in differences in absorbance, reflectance and oxygen penetration into the 

muscle. As the muscle enters rigor, there can be a reduction of 14-16% in muscle fibre diameter 

and consequently an increase in extracellular space (Heffron & Hegarty, 1974). In addition, 
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myofibrils can undergo shrinkage, creating the opportunity for drip formation and loss (Bertram 

et al., 2004; Diesbourg et al., 1988). The magnitude of these changes is a pH-dependent process 

and is a primary driver in the change in colour of muscle post-mortem. A limited pH decline 

results in a high pH (pH > 5.7) and a dark colour at grading, as opposed to a full pH decline to 

5.4-5.5 which results in a bright cherry-red colour at grading (Murray, 1989). Also, the rate of 

this pH decline is influential in the process, as the temperature of the muscle is important (Hamm, 

1961; Renerre, 1990). A rapid post-mortem metabolism (fast pH fall) can result in denaturing 

conditions, resulting in changes in light scattering and also loss of sarcoplasmic proteins such as 

myoglobin from muscle (Swatland, 2008) and, hence, a paler colour. For these reasons, we 

hypothesised that the meat colour at grading would be influenced by the pH and temperature 

decline post slaughter, as these would be determined by animal and processing factors. Although 

the influence of animal and processing factors on beef meat colour have been reported, the factors 

relevant to Australia under modern processing conditions need to be known. Therefore, the aim 

of this study was to test the factors which could contribute to beef meat colour at grading, in 

Australian beef processing plants. From this information we can look to optimise beef meat colour 

and, hence, supply information to industry to improve the meat colour at grading. 
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 Methods 

 Animals and treatments 

Data from 1512 beef carcasses were obtained from seven beef processing plants across five states 

in Australia. This study was a component of a larger study described by Warner, Dunshea, et al. 

(2014). In brief, data were collected from 103 groups of cattle over a total of 28 days from March 

to June 2006 (autumn and winter months). Data on pre-slaughter feeding were collected and 

comprised a finishing feed type of either milk (n=58), pasture (n=364) or grain (n=1090). Animals 

were allocated into one of four categories; vealer, young/prime, cow/ox or grain. Each category 

was determined by the plant, depending upon dentition, feeding regime and carcass weight. 

‘Vealers’ had no erupted permanent incisor teeth and their carcasses weighed no more than 170 

kg (still suckling the cow but have access to pasture). Cattle categorised as ‘young/prime’ were 

animals that were grazing pasture pre-slaughter and had 0-4 permanent incisors. Cattle 

categorised as ‘cow/ox’ were grazing pasture pre-slaughter and had 6-8 permanent incisors. The 

animals in the ‘grain’ category were grain-fed (in a feedlot) and had 0-4 permanent incisors.  

Within the ‘grain’ category the range of ‘days on feed’ were between 70 and 340 days. No bulls, 

exhibiting secondary sexual characteristics, were included in the study. 

Animals were stunned using a captive bolt pistol, and were either immobilised (n=904) or directly 

shackled by the hind limb immediately prior to exsanguination without immobilisation (n=568). 

The time of exsanguination was recorded and defined as the time of slaughter. Some animals 

(n=309) were also exposed to electrical stimulation and almost all animals had a rigidity probe 

(n=1409 animals) attached to the carcass during hide pulling. The durations of electrical inputs at 

the immobiliser, electrical stimulation and hide puller were recorded (sec). Carcasses were then 

halved, weighed (hot carcass weight), the gender (female or castrate) was recorded and the fat 

depth (mm) was measured at the P8 site on the rump of the carcass (Meat and Livestock Australia 

Limited, 2011). The time of entry into the chiller was also recorded. 
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 Temperature and pH decline 

After placement in the chiller, two pH, temperature and time measurements were recorded in the 

longissimus lumborum in proximity to the 2nd to 5th lumbar vertebrae on individual carcasses. 

Where possible, the second measurement was timed to ensure the muscle pH was below 6.0. For 

each measurement, care was taken to place the pH meter into a fresh incision rather than just using 

the site where the last measurement was recorded. A Jenco TPS pH meter (WP-80), with a 

polypropylene spear-type gel electrode (Ionode IJ 44) and temperature probe (part no 121247), 

all manufactured and purchased from TPS Pty Ltd, Springwood, Qld, Australia, were used to 

measure pH and temperature. The pH meter and electrode were calibrated at ambient temperature 

using buffers of 4.00 and 7.00 and checked regularly for re-calibration. After overnight chilling, 

a pH was measured at the time of grading which occurred 14 to 31 hours post slaughter defined 

as the pHF. The temperature at which a carcass passed through pH 6 was defined as the 

temperature at pH 6 (rigor temperature) and the calculation is described in (Warner, Dunshea, et 

al., 2014).  

 Grading assessments 

 Carcass sides were quartered at the 4th/5th ribs (vealer only) or between the 10th/11th, 11th/12th or 

12th/13th ribs. The exposed longissimus thoracis was allowed to bloom for a minimum of 120 

minutes prior to colour assessment, as described in chapter 2. 

 Statistical analysis  

Due to the minimal numbers of muscle colour grades 5 (n=40) and 6 (n=18), these grades were 

pooled. For simplicity of illustration, meat colour scores > 3 were pooled for tables and graphs. 

The method of generalised linear model with a multinomial distribution and logit link function 

was used to analyse the data for the dependent variable meat colour score. A total of 15 

explanatory variates were tested in the initial model; 10 quantitative and 5 qualitative. The initial 

analysis included the terms; plant, mob, gender, category, days on feed (nested within grain 

category), time from slaughter to chiller, time from slaughter to colour grading, temperature at 

pH 6, pHF, hot carcass weight, EMA, P8 fat depth, duration of immobiliser, duration of stimulator 

and duration of rigidity probe and relevant interactions. Grader was tested and found to be 
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confounded with plant and thus could not be included in the model. Extensive examination of 

mob was undertaken but it was removed for several reasons, but mainly for parsimonious reasons. 

Terms were only included in the final model if they were statistically significant (P < 0.05).  

All statistical analyses were performed using Genstat (GENSTAT Committee 2008). Plant was 

included in the model in order to adjust for its effect, but the results are not presented as the focus 

of the study was on finding influencing factors, not on finding differences between plants.   

Using the significant terms within the meat colour model, the predicted percent of each meat 

colour score was calculated. The rate of change between meat colour scores was calculated by 

dividing the predicted percentage difference of two meat colour score groups by the actual time 

(h) interval. 
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 Results  

A summary of all the qualitative and quantitative variates tested are given in Table 3.1 and Table 

3.2, respectively. From all the explanatory variables tested, six variables were found to be 

significant (P < 0.05; Table 3.1Table 3.2). These were; plant, time from slaughter to carcass 

grading, temperature at pH 6, pHF, category and ‘days on feed’ within the grain-fed category. The 

remaining variables (the time from slaughter to chiller, hot carcass weight, EMA, P8 fat depth, 

gender, duration of immobiliser, electrical stimulation or rigidity probe) and relevant interactions 

were found to have no effect on the meat colour score (P > 0.05). From all the carcasses measured, 

10% had a meat colour score >3 and would be considered non-compliant, using the Meat 

Standards Australia grading system (Meat and Livestock Australia Limited, 2011).  

Table 3.1: The effect of quantitative variables tested in the meat colour model of the longissimus 

thoracis (n = 1512). Variates showing mean, standard deviation (s.d.) and significance from the 

initial statistical model. 

Quantitative variable Count Mean s.d. Min Max P-value 

Processing factors 

Time from slaughter to chiller (h: min) 1008 0:50 0:17 0:33 2:37 NS 

Time from slaughter to grading (h) 1478 22 4 13 32 <0.01 

Duration of immobiliser (sec) 944 12 7 1 65 NS 

Duration of electrical stimulation (sec) 309 15 5 13 30 NS 

Duration of rigidity probe (sec) 1440 8 2 2 21 NS 

Animal factors 

Days on feed (grain fed only) 1090 159 100 60 350 <0.05 

Hot carcass weight (kg) 1512 298 95 96 560 NS 

Eye muscle area (cm3) 1507 69 13 20 108 NS 

P8 fat depth (mm) 1512 19 9 1 53 NS 

Factors influenced by both animal and processing conditions 

Temperature at pH 6 (°C) 1492 36 5 6 40 <0.001 

pHF 1508 5.55 0.32 5.34 6.44 <0.001 
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Table 3.2: The effect of qualitative variables tested in the meat colour model of the longissimus 

thoracis (n = 1512). Table displays the categories and counts within each variable and the 

associated significance from the initial statistical model. 

Qualitative 

variable 

Categories within 

variable Count P- value 

Plant 

1 280 

<0.001 

2 262 

3 175 

4 265 

5 202 

6 134 

7 194 

Gender 

Female 383 

NS Male 1073 

Missing values 56 

Category 

Vealer 58 

<0.001 
Young/ Prime 233 

Grain 1090 

Cow/ Ox 131 
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 Time from slaughter to grading  

 The time from slaughter to grading influenced the meat colour score (P < 0.01; Table 3.1) and 

was highly variable (14 to 31 h). The predicted percent of each meat colour score over the time 

of grading is presented in Table 3.3. Carcasses graded early (14 h post slaughter) showed a higher 

incidence of meat colour scores > 3 (8%), compared to carcasses graded at 31 h post slaughter 

which showed fewer meat colour scores >3 (3%). 

Carcasses graded at 14 h post slaughter had 22% light meat colour scores (1B/1C) whereas those 

carcasses graded at 31 h post slaughter had 43% light meat colour scores (1B/1C). The majority 

of the carcasses (75%) graded after 31 h post slaughter were of meat colour 1C or 2, whereas if 

carcasses were graded after only 14 h post slaughter, the majority (71%) were meat colour scores 

2 or 3, indicative of a darker appearance. 

The rate change in the occurrence of meat colour scores also appeared to vary between 14 to 31 

h and for the purpose of presentation has been segregated into 4 groups (Table 3.4). Between 14 

to 19 h post slaughter the rate of decrease in occurrence of meat colours >3 was largest (0.4 %/h), 

whereas between 24 to 31 h post slaughter only 0.2 %/h changed from having meat colour >3 to 

<3. In addition, more carcasses per hour moved into the 1B or 1C meat colour in the 26 to 31 h 

post slaughter window, compared to the 14 to 19 h post slaughter window. Thus, more dark 

colours (>3) become lighter from 14 to 19 h and more intermediate meat colours (>1C) become 

lighter (1B or 1C) from 26 to 31 h post slaughter. 
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Table 3.3: Predicted percent of meat colour scores (1B being palest to >3 being unacceptably 

dark) of the longissimus thoracis for carcasses (n=1512) graded between 14 to 31 h post slaughter 

from the meat colour model. These predictions were calculated using mean values in the model 

for plant, pHF 5.6, temperature at pH 6 35°C, category and for animals which were grain-fed for 

159 days. 

Time from slaughter 

to grading (h) 

Meat colour score 

 1B  1C 2 3 > 3 

14 2 20 40 31 8 

19 3 24 41 26 6 

24 4 29 41 22 5 

26 4 31 40 20 4 

31 6 37 38 16 3 

 

Table 3.4: Rate of change in the occurrence of meat colour scores (1B and 1C being palest to >3 

being unacceptably dark) of the longissimus thoracis for carcasses (n=1512) graded between 14 

to 31 h post slaughter, using predicted percentages from the meat colour model. Four time 

intervals were allocated based on prediction values in the model (calculated using mean for plant, 

pHF 5.6, temperature at pH 6 35°C, category and for animals which were grain-fed for 159 days). 

The rate of change in meat colour score was calculated as the difference in predicted percentages 

at each time point divided by the actual time interval (as a decimal). 

Time interval (h post-

slaughter) 

Actual time interval  

(h: min) 

Rate of increase in 

occurrence of meat 

colours 1B &1C (% /h) 

Rate of decrease in 

occurrence of meat 

colours > 3 

 (% /h) 

14-19  4:48 1.1 0.4 

19-24 4:48 1.2 0.3 

24-26 2:24 1.3 0.2 

26-31 4:48 1.4 0.2 
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 Temperature at pH 6 

 The temperature of the muscle during the development of rigor, as measured by temperature at 

pH 6, had an effect on the meat colour score (P<0.001; Table 3.1).  The range in temperature at 

pH 6 was from 15 to 40 °C and the effect on the predicted meat colour score is shown in Figure 

3.1. High temperature at pH 6 carcasses (40 °C) displayed the lightest colours, with 38 % of 

carcasses being graded as either 1B or 1C and the fewest dark colours, with only 4 % having a 

meat colour score >3. This temperature also generated the lowest percentage (59 %) of carcasses 

with a meat colour of 2 or 3. In comparison, a low temperature at pH 6 (15 °C) displayed the 

highest percentage (18 %) of dark meat colour scores > 3 and smallest percent (10 %) of lighter 

meat colour scores 1B and 1C. The largest percent (73 %) of meat colour scores 2 or 3, were 

observed at 15 and 25 °C, but at 25 °C there were only 10 % with meat colour score >3, meaning 

there were 8 % fewer dark coloured carcasses.  

 

Figure 3.1: Predicted percent of carcasses (n=1512) with each meat colour score (1B being palest 

to >3 being unacceptably dark) in the longissimus thoracis for a range in temperature at pH 6 

from 15 to 40 °C from the meat colour model. These predictions were calculated using mean 

values in the model for plant, pHF 5.6 and time to from slaughter to grading 22 h, category and 

for animals which were grain-fed for 159 days. 
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 Final pH (pHF)  

The pHF in the longissimus thoracis at grading influenced the meat colour score (P < 0.001; Table 

3.1). Carcasses with a higher pHF had a higher incidence of darker meat colour scores (Figure 

3.2). In those carcasses having pHF above the dark cutting reference point, the percent of meat 

colour scores > 3 increased, with pHF values of 5.8, 6.0 and 6.2 having 28 %, 74 % and 96 % 

respectively. In comparison, those carcasses with a lower pHF of 5.4 and 5.6 had only 1 and 5 % 

of meat colour scores >3. It is interesting to note, that almost half (47 %) of carcasses with a pHF 

of 5.80 had a meat colour score of 3. But, generally, a darker meat colour score was typically 

observed when the pHF of the carcass was high.  

Carcasses with a low pHF (5.4) had the highest percent of lighter meat colours; with colour score 

1B and 1C occurring in 20 and 56 % carcasses at this pHF, respectively. As the pHF increased, the 

lighter meat colours declined, with no meat colour 1B and 6 % of meat colours 1C being observed 

in carcasses with a pHF > 5.7. However, over 70 % of carcasses with a pHF of 5.8 had a meat 

colour score <3 and this group had the highest incidence of meat colour score 3 which composed 

47 % of all carcasses in the group.  
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Figure 3.2: Predicted percent of carcasses (n=1512) with each meat colour score (1B being palest 

to >3 being unacceptably dark) in the longissimus thoracis for a range in pHF from 5.4 to 6.2 from 

the meat colour model. The vertical dotted line represents the Meat Standards Australia (MSA) 

cut off where carcasses pHu > 5.70 are classified as unacceptably high in pHu and are not eligible 

for grading.  These predictions were calculated using mean values in the model for plant, 

temperature at pH 6 35 °C, time from slaughter to grading 22 h, category and for animals which 

were grain-fed for 159 days. 

  

pHF

5.4 5.6 5.8 6.0 6.2

C
ar

ca
ss

es
 (%

)

0

20

40

60

80

100

120
MC 1B 
MC 1C 
MC 2 
MC 3 
MC > 3 

MSA



90 
 

 Category and feeding regime of animal  

The category of the animal, and the ‘days on feed’ within the grain-fed category, influenced the 

meat colour at grading (P < 0.001, Table 3.2 and P < 0.05, Table 3.1, respectively) and are 

summarised in Figure 3.3 and Table 3.5. The younger animals (vealer category) displayed the 

largest percent (54 %) of pale meat colour scores 1B (9 %) and 1C (45 %) and the lowest percent 

of meat colour scores >3 (2 %). In comparison, the older animals, cows and ox, displayed a very 

high percent of darker meat colour scores >3 (33 %).  

Darker meat colour scores >3 were twice as prevalent in the young/prime (pasture fed) category 

(6 %) compared to the grain categories (2 to 3 %). The grain categories displayed a large 

percentage (43 to 53 %) of light meat colour scores 1B and 1C. Thus, approximately half of all 

grain fed cattle had a light meat colour and these values were comparable to the vealer category. 

In comparison, the young/prime category had only 26 % of carcasses with a meat colour 1B or 

1C, but had the most number of carcasses graded as meat colour 2 or 3 (68 %). 
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Figure 3.3: Predicted percent of each meat colour score (1B being palest to >3 being unacceptably 

dark) of the longissimus thoracis for carcasses (n=1512) from each category of animal within 

non-grain feed types from the meat colour model. The categories were vealer (no evidence of 

eruption of permanent incisor teeth, hot carcass weight < 170 kg), young/ prime (grazing pasture 

pre-slaughter and 0-4 permanent incisors) or cow/ox (grazing pasture pre-slaughter and had 6-8 

permanent incisors). These predictions were calculated using mean values in the model for plant, 

pHF 5.6, temperature at pH 6 35 °C and time from slaughter to grading 22 h.  
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Table 3.5: Predicted percent of meat colour scores (1B being palest to >3 being unacceptably 

dark) of the  longissimus thoracis for carcasses (n=1512) from animals fed on grain between 70 

and 340 days prior to slaughter from the meat colour model. These predictions were calculated 

using mean values in the model for plant, pHF 5.6, temperature at pH 6 35 °C and time from 

slaughter to grading 22 h. 

Days on Feed 
Meat colour score 

 1B  1C 2 3 > 3 

70 6 37 38 16 3 

150 6 40 37 14 3 

210 7 41 36 13 2 

270 8 43 35 12 2 

340 8 45 33 11 2 
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 Discussion 

 Influence of time from slaughter to grading on the occurrence of ‘dark coloured’ meat   

 In our study, delaying the grading time from 14 to 31 h post slaughter reduced the occurrence of 

‘unacceptably’ dark coloured meat from 8 % to 3 %, almost a three-fold reduction. Thus we can 

accept the hypothesis that the time post slaughter when grading occurs influences the meat colour 

score at grading. This is not a novel finding as Murray (1989) reported that the incidence of dark 

coloured beef was three times higher at 15-18 h than at 23-26 h post stunning in the Canadian 

beef industry. While this phenomenon is well-known world-wide, the AUS-MEAT chiller 

assessment requirements state that a non-stimulated carcass cannot be assessed until 18 h post-

slaughter (Food Science Australia, 2004). Furthermore, AUS-MEAT states that a carcass that has 

received full stimulation can be assessed at 8 h post-slaughter (Food Science Australia, 2004). 

Our results show that even 14 h is too early to grade beef carcasses for meat colour. Thus, it is 

recommended when grading a carcass after approximately 14 h post slaughter and observing a 

dark meat colour score >3, the time from slaughter to grading could be lengthened to achieve the 

ultimate pH and therefore minimise economic penalties to that particular carcass. 

 Influence of time from slaughter to grading on lightness of meat and rate of colour change  

 The rate of meat colour change from dark colour scores (>3) to lighter meat colour scores (1B or 

1C) was apparent between 14 to 31 h. The % dark colour scores (>3) decreases and the % pale 

colour score increases from 14 to 19 h and between 26 to 31 h post slaughter, intermediate meat 

colour scores (>1C) decrease and pale colour scores (1B or 1C) increase. Thus, the muscle appears 

to become lighter during this early post slaughter period and is consistent with other findings 

(Young et al., 1999). The mechanisms which are primarily responsible for the lightening effect 

observed are not currently known. However, it is believed that it could be due to the progression 

of the pH decline and the effect this would have on both the structure and the myoglobin status 

of the muscle. 
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 A proposed mechanism for lighter meat colour scores 

During the early post slaughter period, the pH of the muscle usually falls from 7 to ~5.4, which 

coincides with a reduction in muscle fibre diameter, increase in extracellular space, myofibrillar 

shrinkage and drip formation (Bertram et al., 2004; Heffron & Hegarty, 1974; Offer & Cousins, 

1992). Consequently, there is an increase in light penetrating or being transmitted into the 

structure, and light can be either absorbed by pigments such as myoglobin or scattered by the 

structural elements. The deeper the light is transmitted into the structure, the higher the absorption 

by myoglobin and the less light is scattered, hence the darker the appearance (Swatland, 2004). 

This is a pH-dependent process, with high pH muscles having swollen fibres and proportionately 

less light scattering, whereas muscles with a lower pH undergo more myofibrillar and fibre 

shrinkage and consequently scatter more light (Swatland, 2008). Furthermore, if denaturing 

conditions occur, denaturation of the myosin head results in further shrinkage in the myofibrillar 

lattice (Offer, 1991).The magnitude of these structural changes would depend on the progress of 

the pH decline and thus would be time dependent (Diesbourg et al., 1988; Offer & Cousins, 1992). 

In our study, a longer time from slaughter to meat colour grading may provide the muscle with 

more time to undergo shrinkage of these structural elements compared to those graded earlier. 

Thus, a greater time between slaughter and grading allows for further progression of the pH 

decline (and more time allowed for shrinkage of the structural elements) which should correspond 

to the development of lightness observed at the surface of the meat. Additionally, as this shrinkage 

occurs, the looser structure could allow for an increase in oxygen diffusion and subsequent 

pigment oxygenation, promoting red oxymyoglobin formation (Lawrie, 1958; MacDougall, 1982; 

Young & West, 2001). In comparison, muscles graded earlier would have undergone less 

shrinkage and consequently appear darker due to the higher density of the microstructure. These 

pH-dependent changes in the structure and pigment occurring during the early post slaughter 

period are believed to be contributory to the lightening of the meat colour score over the time 

period investigated. Further research is required to validate these theories. 
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 Temperature at pH 6 effects 

 A higher carcass temperature at pH 6 was associated with a higher incidence of lighter meat 

colours. High temperatures at rigor can result in reduced tenderness and a failure to age (Kim et 

al., 2014; Warner, Kerr, et al., 2014). This can generate a condition known as heat-induced 

toughening and can create denaturing conditions for the muscle proteins and lead to aggregation 

of sarcoplasmic proteins and precipitation onto the surface of myofibrillar proteins (Bendall & 

Wismer-Pedersen, 1962). This lowers the ability of the proteins to bind water molecules, 

generating drip and increased light scattering (Bendall & Wismer-Pedersen, 1962; Kim et al., 

2014). In comparison, muscles going into rigor at lower temperatures had a higher incidence of 

darker meat colours and have been associated with a thinner red oxymyoglobin layer (Renerre, 

1990). In addition, the rate of these structural changes within the muscle and variations in 

metabolic activity between carcasses could also be influential to the incidence of meat colour at 

grading. Hence, the time to reach pH 6 could be confounded with the temperature at pH 6, and 

would need to be further investigated. For this study, we focused purely on the effect of 

temperature at pH 6 and the relationship to meat colour at grading. In short, a high temperature 

(40 °C) at pH 6.0 generated the largest percent of light meat colours 1B and 1C (38 %) and a low 

temperature (15 °C) generated the largest percent of darker meat colours >3 (18 %), therefore 

conditions should be created to minimise such extremities. From the data, the temperature for 

generating the largest percent of meat colours 2 and 3 and minimal meat colours >3 was 25 °C 

and therefore plants should target a pH 6.0 around this carcass temperature.  This is also a suitable 

temperature for meat tenderness (Geesink et al., 2000). 

 pHF 

 As discussed above, obtaining an optimal pH decline in the muscle is desirable and so is 

achieving a pHF which is neither too high nor low. The relationship of pH and meat colour 

interaction is widely researched, with detrimental effects of pre-slaughter stress on utilisation of 

energy stores and consequently formation of meat with a high pHF being documented (Lawrie, 

1958; Wismer-Pedersen, 1959). A high pHF is associated with tightly packed muscle fibres, 

reduced light scattering and a only a thin layer of red oxymyoglobin on the surface of the meat 
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(Renerre, 1990). In comparison, those carcasses with a low pHF (5.4) have a larger percent of 

lighter colour scores 1B and 1C (76 %) in our data, most likely due to the acidic environment 

created in the muscle causing denaturation of structural proteins and visualised as having a lighter 

meat colour that is more exudative (Kim et al., 2014). As discussed previously, there appears to 

be an effect of the rate of pH decline and the time post slaughter in which changes to the structure 

of the muscle occur which determine the colour observed at grading. The results of this study 

highlight the inconsistencies that occur between high pH meat and dark meat colours of the 

carcass. Consequently, an opportunity exists to determine the mechanism of this pH-induced light 

scattering effect in order to understand ways to reduce the incidence of non-compliant carcasses.  

 Animal factors 

 Finally, animal factors such as maturity and feeding regime also affected the meat colour score 

at grading. Vealers and grain-fed animals had approximately 50 % of the lighter 1B and 1C meat 

colour scores and older animals had the highest incidence of dark cutting (33 %). Muscles from 

older animals are well known to exhibit darker coloured meat (McGilchrist et al., 2012; Mlynek 

& Gulinski, 2007; Page et al., 2001). This reduction in lightness is most likely to be caused by an 

increase in myoglobin concentration and lower numbers of large “white” fast glycolytic fibres 

and more “red” slow oxidative fibres (Mlynek & Gulinski, 2007; Moon et al., 2006). Together, 

this age induced transition to a slower, more oxidative condition of the muscle could be 

contributory to the darker meat colour observed.  

Furthermore, pasture fed animals had a lower percent (26 %) of lighter meat colours compared to 

grain (43-53 %) and usually have higher muscle concentrations of antioxidants, such as 

tocopherol and ascorbic acid, and thus have higher myoglobin colour stability and lower levels of 

lipid and protein oxidation (Descalzo & Sancho, 2008). This could minimise protein denaturation, 

thus preserving the native structure and function of the proteins thereby improving colour stability 

and in this study is favourable to intermediate colour scores 2 and 3. Additionally, depending 

upon seasonal variation of pasture and pre-slaughter animal treatment, these animals could have 

depleted glycogen stores, which is associated with an increase in dark cutting (Knee et al., 2007). 

In comparison, grain feeding can increase the glycogen and fat content of the animals, resulting 
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in a thicker subcutaneous fat layer (increasing P8 fat depth), a higher core body temperature 

(Jacob et al., 2014) and thus more insulation during the carcass chilling. Although hot carcass 

weight and P8 fat depth were not significant within the meat colour model, as the temperature at 

pH 6 increased, so too did the occurrence of lighter meat colours. Also, grain fed animals maybe 

less prone to stressful circumstances due to exposure and habituation to new environments, 

transportation and human interaction. Therefore, animal specific pre-slaughter factors, such as 

animal handling, maturity and feeding regime can also impact the meat colour at carcass grading. 
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 Conclusion 

 A longer time from slaughter to grading was found to result in a lighter meat colour. Muscles 

graded at 14 h post slaughter had a dark-cutting incidence (MSA colour score >3) of 8 %, whereas 

those graded at 31 h post slaughter had an incidence of 3 %. We postulate this was due to structural 

shrinkage of the muscle fibres and myofibrils which increases the light scattering properties of 

the muscle. Also, a high temperature at pH 6 was associated with lighter carcasses and an optimal 

temperature around 25 °C was recommended to minimise meat colour issues such as dark-cutting 

and heat-induced toughening. Less than 30 % of carcasses with non-compliant pHF displayed a 

dark non-compliant meat colour score >3, indicative of an opportunity to determine the 

mechanism behind this pH-induced colour development and thus to reduce the incidence of non-

compliance. From these results, when grading a carcass after approximately 14 h post slaughter 

and observing a dark meat colour score >3, it is recommended that the time from slaughter to 

grading could be lengthened to minimise economic penalties to that particular carcass. Finally, 

animal specific pre-slaughter factors, such as animal handling, maturity and feeding regime can 

impact meat colour observed at carcass grading. 

 Implications 

From this study, it appears during the early post slaughter period, the meat colour is still changing 

and we believe this is mainly due to the transverse shrinkage of the muscle fibres and the structural 

lattice. As time PM progresses, it is evident the meat is still a dynamic system, and this is giving 

rise to changes in meat colour. We seek to elucidate the components of the muscle which give 

rise to variations in light scattering and the drivers that control these components. 
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 Meat colour- Influence of refractive index of sarcoplasm and 

muscle fibre structural elements 

 

This chapter explores the role of sarcoplasmic proteins in the refraction, reflection and 

absorption properties of the meat, using meat colour and pH as variables of interest. 

Unpublished  

Co-contributions: 

Frank Clarke & Robyn Warner:   

Discussions on the development and approach. 
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 Introduction  

The majority of meat colour research has focused on optimising the chemical status of the pigment 

in meat, but few studies have elucidated the contribution of the structural components of the 

muscle to the surface colour. Swatland (1988) identified light scattering in the muscle structure 

to be of crucial importance, but the exact structures responsible and the mechanism behind the 

scattering are still unknown. One of the components within the muscle that could contribute to 

intrafibre (intracellular) light scattering, is the properties of the medium in which the structural 

elements are located, namely the extramyofibrillar space and sarcoplasm. Intracellularly, the gaps 

between neighboring myofibrils could create differences in refractive indices between myofibrils 

and sarcoplasm, thus generating light scattering (Offer et al., 1989). These authors suggested the 

distance between the gaps could be proportional to the quantity of light scattered, with larger gaps 

creating more opportunity for more light scattering.  

Refractive index (RI) is a term used to describe the measure of bending of a ray of light when 

passing from one medium to another. As RI is known to be influenced by the protein concentration 

of a solution (Howard, 1920), it is likely the quantity and composition of drip may influence the 

RI and the overall light scattering properties of the muscle. The RI of fluid that drips from pork 

muscle has been shown to be inversely correlated to the muscle paleness and reflectance lightness 

values after transformation (for integrating spectra purposes) (Irie & Swatland, 1992). This 

provides evidence that the composition of the drip from pale and dark pork muscles are optically 

different and could impact on the muscle light scattering properties. Furthermore, pork loin 

muscles with high quantities of drip, have been shown to have drip containing different quantities 

of specific proteins, such as less creatine kinase/ phosphoglycerate kinase and more 

glyceraldehyde phosphate dehydrogenase (GAPDH) present, compared to muscles with less drip 

(Savage et al., 1990). Consequently, as drip is mainly derived from the sarcoplasm, it is possible 

that the intermyofibrillar fluid in light and dark beef muscles has a different composition and 

could influence the RI and overall light scattering properties of the meat.  

Therefore, we hypothesize that the reduced lightness and lower surface reflectance of dark beef 

muscles is partially caused by the generation of less drip with a high RI and a different protein 
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composition compared to light muscles. In addition, it is proposed that decreasing the pH of 

homogenising buffer would also decrease the RI of the sarcoplasmic fraction. 
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  Methods 

 Animals and grading 

Animals were pasture fed cattle all from the same group. Information on pre-slaughter handling 

was not collected. Cattle were captive bolt stunned and halal slaughtered in a commercial meat 

processing plant in Brisbane. Dentition scores ranged from 4 to 8 permanent incisors, with a mean 

carcass weight of 366 ± 44.0 kg (mean ± SD).  Carcasses were chilled for 16 h (0-4 °C for the 

first 8 h, then at 6 °C) and the left sides were quartered between the 12th and 13th vertebrae at 

around 16 h post-mortem (PM). After 30-60 min blooming, the exposed longissimus thoracis 

(LT) was assessed by a qualified AUS-MEAT grader, as outlined in chapter 2. A total of 14 

carcasses were selected based on being either dark, high pH meat- Australian meat colour (AMC) 

>4 with high pH (pH > 5.85) or light, low pH meat- an AMC = 2, with a ‘normal’ pH (pH ≤ 5.55) 

(n= 7 dark carcasses, n= 7 light carcasses). Graders also measured/scored the carcasses for eye 

muscle area, marbling scores, ossification scores and hump height and the mean ± SD was 74 ± 

5.5 cm2, 310 ± 50, 180 ± 10,  and 109 ± 20 mm, respectively. A 35-40 cm section of the LT 

muscle at the 12/13 rib site was removed from the left side of each carcass at 22 h post-mortem. 

These were deboned, vacuum packed and transported, in insulated containers on ice, back to the 

laboratory (~ 60 min). 

 Colour and pH measurements on muscle 

At ~25 h post-mortem, a 25 mm steak was cut from the cranial end of the LT giving a freshly cut 

surface for colour measurement, using Hunterlab colorimetry as described in chapter 2. After 

measurement, steaks were cut in half perpendicular to the width and the full thickness of the steak 

and the OMb layer was measured using handheld Mitutoyo digimatic CD-6 calipers and expressed 

as a percentage of the depth of the whole steak as described by Urbin and Wilson (1961). 

After colour measurement, the pH was measured at the dorsal end of the ‘colour’ steak, as 

described in chapter 2. 
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 Drip loss measurement and collection of fluid 

 A second 30 mm thick steak was cut from the remaining LT for drip loss measurement, as 

described in chapter 2, with the fluid in the bag collected for analysis. A third 30 mm steak was 

cut and  a 20 g muscle sample, for myoglobin analysis was collected and immediately stored at -

80 °C until analysis could be completed (not more than 14 d storage). The remaining muscle in 

the third steak was trimmed of subcutaneous fat, diced into small cubes and stored at 4 °C for 

sarcoplasmic protein extraction analysis. The remaining LT was stored in a plastic bag at 5 °C for 

a further 48 h and the fluid remaining in the bag after 48 h was also collected in a separate 2 ml 

plastic tube.   

 Myoglobin analysis 

 Myoglobin determination was conducted using the method of Trout (1989). Muscle samples (5 

+/- 0.1 g) were homogenized for 10 sec at 13,500 rpm using an Ultra-turrax in 0.04 M sodium 

phosphate buffer (pH 6.8) (1:5 w/v). The pH was checked and adjusted to pH 6.5 to achieve 

complete solubilisation of the pigment (Wariss, 1979). Samples were placed at 4 °C for 1 h, then 

centrifuged (5000 rpm, 30 min, 4 °C) and absorbance of the filtered supernatant was measured at 

525, 572 and 700 nm. Myoglobin concentration calculations were completed as outlined by Trout 

(1989) and expressed in mg/g. The supernatant was retained for Minolta colorimetric 

measurements. 

 Sarcoplasmic fluid fractionation 

Sarcoplasmic protein fractions were extracted, according to the homogenization procedure 

described in chapter 2. This was repeated at seven different pH’s of the mannitol buffer (380 mM 

mannitol, 50 mM potassium acetate buffer) which had been adjusted to 5.20, 5.40, 5.60, 5.80, 

6.00, 6.20 and 6.40 using 1 M acetic acid. After homogenising, samples were centrifuged at 4,000 

g for 10 min at 4 °C. The supernatant was removed and represented the specific-pH-extraction 

sarcoplasmic fraction which was subsequently used for absorbance scans, RI measurements, 

protein aggregation and intrinsic fluorescence. In order to conduct colorimetric analysis of the 

sarcoplasmic fraction, the same fractionation procedure was used with 3 g muscle and 30 ml 
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buffer, at all of the previous pH extraction buffers. This was completed using the sub-sample of 

muscle stored at -80 °C. 

 Absorbance scans, RI and colorimetric measurements of drip and sarcoplasmic fluid 

fractions. 

The absorbance profile of 100 µl of the collected drip was measured over 400-700 nm, in 10 nm 

intervals, using an EnSpire Multimode plate reader (Perkin Elmer, Australia). About 2-4 h post-

homogenisation, the colour (L*, a*, b*) of 20 ml of the sarcoplasmic fraction was measured in 

triplicate, in a 20 mm glass cell (part no MIN1864-711, Thermofisher Scientific, Australia) at  

~20 °C, 1.0 lux (dimly lit room) using a Minolta chromameter CR-400 (Minolta Pty Ltd, Japan, 

light source D65, observer angle 2°, light projection tube CR-A33d, with φ22mm disc); as shown 

in Figure 4.1 (a). The RI of the sarcoplasmic solution, using 400 µl, and of the drip fluid, using 

200 µl, was also measured. The RI was measured at ~20 °C, 1.0 lux (dimly lit room) using a 

handheld portable refractometer (part no 3850, John Morris Scientific Pty Ltd, Australia), as 

shown in Figure 4.1 (b). For the sarcoplasmic fractions, each extraction solution at all pH’s were 

measured. 

(a) (b) 

  

Figure 4.1: Instrumentation used for measuring colour of the fractions. (a) Minolta chromameter 

CR-400 with large 20 mm glass cell and specialized sample holder, (b) handheld portable 

refractometer. 
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 Protein concentration and SDS-PAGE 

The protein concentration (mg/ml) of sarcoplasmic fluid fractions was determined, using the 

Biuret method with bovine serum albumin as a standard in each pH buffer (Gornall et al., 1949) 

on the same plate reader as above. Sarcoplasmic protein solutions were diluted to 2 mg/ml, then 

diluted 1:1 with a SDS reducing reagent (Laemmli, 1970). The protein (20 µg) was loaded onto 

a Bio-Rad Criterion TGX pre-cast stain free gel (18 well, 4-20% linear gradient & product no. 

567-8094) and the Bio-Rad Precision Plus ProteinTM molecular weight standard for SDS-PAGE 

(10 to 250 kDa, product no. 161-0363S) was used for band molecular weight determination. 

Images were captured and viewed using a Bio-Rad EZ Gel Doc and Image LabTM software for 

analysis (all purchased from Bio-Rad Laboratories Pty Ltd, Gladesville, NSW, Australia).  

 Protein aggregation and intrinsic fluorescence  

The aggregation of sarcoplasmic proteins was measured using a modification of the nile red 

aggregation method (Demeule et al., 2007; Sante-Lhoutellier et al., 2008). Sarcoplasmic proteins 

were diluted to 1 mg/ml in mannitol buffer at each pH value. A 100 μl aliquot of solution, in 

quadruplicate, was mixed with 20 μl of Nile stock solution (0.32 mg in 10 ml ethanol) in a 96 

well black Perkin Elmer Optiplate 96F. Samples were measured (± nile red addition) for 

fluorescence using an EnSpire Multimode plate reader (Perkin Elmer, Australia) at λex 560 nm 

and λem 620 nm and the difference in results, ± nile red addition, were expressed in relative 

fluorescence units (RFU) of bound aggregates. Intrinsic fluorescence measurements were made 

on 100 μl of the same sarcoplasmic fluid fraction (1mg/ml) using the plate reader adjusted to λex 

285 nm and λem 340 nm. This provided an indication of fluorescence derived mainly from exposed 

tryptophan residues in the molecules (Sano et al., 1994). 

 Statistical analysis  

Data analysis was completed using Genstat 15th edition (VSN International Ltd, Hemel, 

Hempstead, U.K.). For comparison between meat colour groups, one-way analysis of variance 

(ANOVA) was used. For comparison between meat colour groups and buffer pH groups, two-

way analysis of variance (ANOVA) was used with two colour groups (pale, dark) and 7 pH groups 

(5.20, 5.40, 5.60, 5.80, 6.00, 6.20 and 6.40) as treatments. 
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 Results and discussion                                                                                                                                                                                                                                                   

Dark muscles had lower lightness, redness, yellowness, chroma and hue values and a higher pH 

(P<0.001 for all) compared to light muscles, but there was no difference in myoglobin content 

(P>0.05), as would be expected (Table 4.1, photos of all steaks are shown in Figure 4.2). Light 

muscles had more oxymyoglobin, less metmyoglobin (P≤0.001) and increased thickness of the 

oxymyoglobin layer (P<0.001), which is probably due to a combination of lower pH and low 

oxygen consumption. As shown in Figure 4.3 (a), light muscles had higher (P<0.05) reflectance 

values compared to dark muscles between 400 and 700 nm, excluding wavelengths 400, 430, 440, 

540, 570 and 580 nm. This was particularly noticeable at wavelengths >600 nm, which largely 

corresponds to the red wavelengths of the visible spectrum. Thus, the light muscles were lighter 

and redder in appearance compared to dark muscles. 

Table 4.1: Effect of colour group, light or dark, on beef longissimus thoracis pH, surface colour 

(L*, a*, b*, chroma, hue), myoglobin concentration, myoglobin species (OMb, DMb, MMb) at 

the meat surface and drip attributes. Colour measurement was conducted using a Hunterlab 

Miniscan on a 25 mm steak after blooming for 60 min at 5˚C. Colour groups are defined by AUS-

MEAT colour scores light = 2; dark > 4 (n = 7 for each colour group). 

  Light Dark LSD P-value 
pH 5.48 5.90 0.203 <0.001 
Lightness (L*) 34.2 28.0 1.97 <0.001 
Redness (a*) 28.4 21.9 2.98 <0.001 
Yellowness (b*) 19.8 13.3 3.03 <0.001 
Chroma 34.7 25.6 4.15 <0.001 
Hue 34.6 31.2 1.71 <0.001 
Myoglobin content (mg/g) 5.6 6.4 0.95 0.077 

OMba (%) 71.9 66.1 3.29 0.001 

DMbb (%) 11.0 10.6 3.40 0.819 

MMbc (%) 17.2 23.3 1.99 <0.001 
Oxymyoglobin depth (%) 13.9 8.9 2.44 <0.001 
Drip (%) 1.7 0.8 0.51 <0.001 
Drip protein concentration (mg/ml) 134 132 7.1 0.416 
Drip refractive index 1.3600 1.3566 0.00440 0.107 

     
a Oxymyoglobin     
b Deoxymyoglobin     
c Metmyoglobin     
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(a) (b) 

Figure 4.2: Visual representation of effect of colour group (a) light or (b) dark on beef longissimus 

thoracis images of steaks. Colour groups are defined by AUS-MEAT colour scores light = 2; dark 

> 4 (n = 7 for each colour group). The cranial end of the LT was resurfaced and trimmed, by 

removing a 5 mm slice, and a 25 mm steak was cut for colour measurement, these images are 

taken after blooming for 90 min at 5 ˚C. 

 

Light muscles had a higher drip loss (P<0.001) compared to dark muscles (Table 4.1), but 

contrary to our hypothesis, the drip had a similar RI and protein concentration (P>0.05) 

suggestive that this fluid alone is not responsible for differences in colour. But as Figure 4.3 (b) 

shows, light muscle drip did have lower absorbance values (P<0.05) compared to the drip from 

dark muscles and this indicates the drip may have a different composition. It is likely, either 

different proteins are present in the drip, as observed in pork longissimus by Savage et al. (1990) 

and/ or the proteins present may have been modified in some manner, e.g. denaturation, as 

observed in pale pork longissimus by Liu et al. (2016). As the myoglobin concentration was 

similar, the difference in absorbance values must be due to other proteins present in the drip. 
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(a) 

 

(b) 

 

Figure 4.3: (a) Effect of colour group (‘light’, circles; ‘dark’, triangles) of beef longissimus 

thoracis (LT) on % reflectance at each wavelength over 400 – 700 nm, of the surface of muscles. 

Colour groups are defined by AUS-MEAT colour scores light = 2; dark > 4 (n = 7 for each colour 

group). Each point is least squares means and the vertical bar represents ± standard error of 

differences (SED), (values 400, 430, 440, 540, 570 and 580 nm all have P-values > 0.05). (b) 

Effect of colour group (‘light’, circles; ‘dark’, triangles) of muscles on absorbance scans of drip 

or fluid collected from suspended meat. Scans were conducted using an EnSpire Multimode plate 

reader (400-700 nm, 10 nm intervals) on 100 µl drip. Each point is least squares means and the 

vertical bar represents ± SED (all values have P< 0.05). 
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In Figure 4.4, the composition of the drip from light (lanes 2 to 8) and dark (lanes 9 to 13) beef 

muscles had some noticeable differences in protein composition but the myoglobin band (19 kDa) 

density remains relatively constant across the colour groups. Firstly, the bands 6-10 in the region 

36 to 46 kDa were more pronounced in light muscle drip, compared to the dark muscle drip. In 

particular, band 10 for lactate dehydrogenase, (LDH at 36 kDa) and band 9 for glyceraldehyde-

3-phosphate dehydrogenase (GAPDH at 38 kDa) showed a denser band in samples from ‘light’ 

muscles. Interestingly, these two proteins have been implicated in beef meat colour development 

and stability previously (Canto et al., 2015; Gagaoua et al., 2017; Mahmood et al., 2018; Nair et 

al., 2018), especially in regard to lightness (Gil et al., 2001). Additionally, larger quantities of 

GAPDH, aldolase and creatine kinase/phosphoglycerate kinase have been observed in high drip 

samples from pork longissimus muscles (Savage et al., 1990) and our data confirms this 

observation, with the lighter, higher drip samples also showing higher quantities of these proteins 

present in the drip. In some dark drip samples (lanes 12 and 13), band 8 for aldolase (ALD at 41 

kDa) appears as a doublet, which could be indicative of some sort of dissociation of subunits. 

Band 6 for enolase (EN at 46 kDa) was also more distinct in the light samples and has previously 

been correlated to lightness in beef longissimus (Gagaoua et al., 2017). Secondly, in some dark 

muscles (lanes 10 to 13) there was more numerous bands present from 57 to 65 kDa (bands 3, 4 

and 5), a region usually associated with phosphoglucose isomerase (PGI at 57 kDa), pyruvate 

kinase (PK at 60 kDa) and phosphoglucomutase (PGM at 65 kDa), the latter of which is over-

abundant in colour-stable beef longissimus (Canto et al., 2015). Thus, the loss of different proteins 

from the drip in light and dark muscle colour groups, suggests that these proteins are involved in 

the development of lightness and confirms this part of our hypothesis. These proteins were likely 

relocated to other parts within the muscle cell, or maybe outside the muscle cell, possibly due to 

denaturation, precipitation or inactivity and are likely participating in colour development 

indirectly via this modification/ relocation process. 
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Figure 4.4: Effect of muscle colour group light or dark (n = 7 for each colour group) on beef 

longissimus thoracis drip composition by SDS-PAGE. Colour groups are defined by AUS-MEAT 

colour scores light = 2; dark > 4. Lane 1 shows the molecular weight standard, with molecular 

weights displayed on the left (kDa). Light colour group drip proteins from 7 different muscles 

loaded into lanes 2 to 8 and dark colour group drip proteins from 5 different muscles loaded into 

lanes 9 to 13. The other 2 dark muscles which composed lanes 14 and 15 were removed due to 

issues with loading. Designated band numbers are displayed on right. 
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Furthermore, when the buffer pH was changed between pH 5.40 and 6.40, the RI was similar 

between light and dark meat colour groups (P<0.05, Figure 4.5 (a)), but the lightness and redness 

values were different (P>0.05), as shown in Table 4.2. This shows that RI is not solely responsible 

for differences in colour of the sarcoplasmic fraction and implies other structural components of 

the muscle cell are involved in light scattering development. However, the buffer pH did change 

the RI, with highest values observed at pH 6.0 providing evidence that the composition of the 

fluid is modified with pH changes. Across the range of pH values measured (pH 5.20 to 6.40), 

the RI appeared to change most dramatically at pH 5.60 - 5.80 and leads us to consider this pH 

range more thoroughly. 

 Sarcoplasmic protein properties change around pH 5.6-5.8 and could impact the muscle 

colour.   

For both colour groups, accompanying the large decline in RI at pH 5.6-5.8 was also a peak in 

intrinsic fluorescence and protein aggregation, which reveals some structural modifications 

occurred to the sarcoplasmic proteins. At around this pH in pork longissimus muscles, the water 

holding capacity is at its lowest at ~pH 5.5, when myofibrillar and sarcoplasmic preparations are 

mixed together (Monin & Laborde, 1985) and could be due to increased aggregation of 

sarcoplasmic proteins and increased surface hydrophobicity of the myofibrils below this 

threshold, as observed after high temperature, low pH conditions (Liu et al., 2016). Although 

slightly higher, in this experiment, at pH 5.6 to 5.8 there was a major peak in the exposed aromatic 

residues (intrinsic fluorescence), protein aggregation and the RI of the sarcoplasmic proteins was 

at its lowest, and these changes could impact on the solubility and ability of these proteins to 

interact with myofilaments and/or the myofibrils.  
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(a) (b) 

(c)  

 

Figure 4.5: Effect of homogenising buffer (pH 5.20, 5.40, 5.60, 5.80, 6.00, 6.20, 6.40) and muscle 

colour group light or dark (n = 7 for each colour group) on beef longissimus thoracis sarcoplasmic 

protein solution. Colour groups are defined by AUS-MEAT colour scores light = 2; dark > 4. (a) 

Refractive index (RI), measured using a handheld portable refractometer, buffer pH P<0.001, 

colour group and interaction P>0.05. (b) Protein aggregation, quantitated using nile red, buffer 

pH P<0.001, colour group P<0.05, interaction P>0.05. (c) Intrinsic fluorescent properties 

measured using an EnSpire Multimode plate reader, buffer pH P<0.001, colour group P<0.05, 

interaction P>0.05. Each point is a predicted mean ± SED. 
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Although, the protein aggregation and fluorescent intensities appear to peak at the same pH for 

both light and dark muscles (pH 5.6-5.8), this was not the case for the colorimetric properties of 

the sarcoplasmic fractions and suggest structural differences prior to rigor mortis had occurred. 

The dark sarcoplasmic fractions had the lowest lightness, redness and yellowness values at pH 

5.8, whereas in the light muscle fractions this occurred at a slightly higher pH (pH 6.0 and 6.4). 

It is well known, when muscles are exposed to high temperature, low pH conditions during the 

pH decline this can lead to permanent structural modifications (e.g. myosin ATPase denaturation, 

sarcomere shortening) which may impact on myofilament spacing and the ability of sarcoplasmic 

proteins to interact with the myofilament lattice (Kim et al., 2014; Warner, Dunshea, et al., 2014). 

Such permanent structural modifications to the properties of the lattice, may have impacted on 

the pH conditions at which colorimetric differences in the sarcoplasmic fractions were apparent. 

This may be due to (1) higher drip production and/ or (2) binding of more sarcoplasmic proteins 

to myofibrillar proteins and has yet to be elucidated. 
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Table 4.2: Effect of homogenising buffer (pH 5.20, 5.40, 5.60, 5.80, 6.00, 6.20, 6.40) and muscle colour group light or dark (n = 7 for each colour group) on beef 

longissimus thoracis sarcoplasmic protein solution colour (L*, a*, b*). Colour groups are defined by AUS-MEAT colour scores light = 2; dark > 4. 

 

Colour 
group 

Buffer pH Buffer pH Colour group 
Buffer pH x 
Colour group 

  5.20 5.40 5.60 5.80 6.00 6.20 6.40 LSD P-value LSD P-value LSD P-value 

Lightness (L*) Light 30.0 29.7 29.7 29.7 29.1 29.5 29.0 
0.79 0.429 0.42 0.048 1.12 0.955 

 Dark 29.5 29.3 29.3 28.8 29.0 28.9 28.9 
Redness (a*) Light 16.6 16.4 16.0 16.1 15.1 15.7 14.7 

1.40 0.089 0.75 <0.001 1.98 0.806 
 Dark 18.6 18.2 17.7 16.3 16.9 16.5 16.9 

Yellowness 
(b*) 

Light 1.4 1.1 0.9 1.1 0.2 0.7 0.0 
0.95 0.134 0.51 0.613 1.34 0.827 

Dark 1.4 1.1 0.9 0.1 0.4 0.2 0.4 
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 The role of myoglobin in reflectance and absorbance properties of dark and light 

muscles. 

Although myoglobin concentration levels were similar, light muscles had higher oxymyoglobin 

levels and a redder appearance at the surface of the meat, but this was not accompanied with a 

higher redness in the sarcoplasmic fraction. In fact, the extracted sarcoplasmic fraction from light 

muscles was less red, regardless of the extraction pH (apart from pH 5.8) and could be due to the 

increased volume of drip or the stronger interaction of sarcoplasmic protein with other structural 

elements of the cell. Pale meat samples are known to have a higher surface reflectance compared 

to darker meat samples (Elliott, 1967) and this is consistent with our observations. We know that 

“the ultimate depth to which oxygen will penetrate will be a function of the enzymatic demands 

and the amount dissolved in the tissue” (Urbin & Wilson, 1961), but within this experiment 

enzymatic function was not measured. Lawrie (1958) stated that dark, high pH meat has a ‘close’ 

structure which ‘lowers the rate of inward diffusion of oxygen’ and ‘limits oxymyoglobin 

formation at the surface’. The structural differences between spacing of muscle fibres from light 

and dark muscles needs to be explored further, so we can understand how this would impact on 

light scattering.  
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 Conclusions 

Dark, high pH muscles had a lower surface reflection compared to light, low pH muscles, but 

myoglobin levels in muscle and drip appeared to be similar. The refractive index of the drip and 

of the sarcoplasmic fraction were also similar, indicating RI was not a determinant of the surface 

colour of meat. However, the drip had a different protein composition in ‘pale’, compared to 

‘dark’ muscles, indicating that sarcoplasmic proteins had been modified in some manner.  

The results also demonstrate that the sarcoplasmic proteins’ properties (such as protein 

aggregation and intrinsic fluorescence), do in fact change with the pH of the homogenising buffer. 

The changes occur primarily around pH 5.6 to 5.8, and could impact on the solubility and ability 

of these proteins to interact with myofilaments and/or the myofibrils and require further 

investigation. Subsequently, this could lead to structural differences between meat of high and 

low pH, giving rise to colour variations in muscles of differing ultimate pH. 
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 High pH in beef longissimus thoracis reduces muscle fibre 

transverse shrinkage and light scattering which contributes to the 

dark colour 

 

This chapter uses the newly developed RCLSM method to quantify global brightness or light 

scattering in muscle fibres from light, medium and dark coloured beef longissimus muscles. It 

also discusses the global periodicity pattern and initially explores what structural regions of the 

muscle are the scattering elements. Manipulation of pH is used to observe the swelling and 

shrinkage of muscle fibres and how this relates to these scattering elements. 
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 Introduction 

Meat colour is essential for consumer acceptability. Dark or pale meat colours are associated with 

lower consumer preference and rejection compared to meat colours which are bright red in colour 

(Jeremiah et al., 1972; Viljoen et al., 2002). Consequently, meat fabricated from carcasses with 

an unfavourable meat surface colour can also incur economic penalties and hence represent a loss 

to producers and processors within the beef meat industry. 

Meat colour is largely determined by the concentration and chemical state (oxidative and 

oxygenation state) of the pigment myoglobin and much research has been conducted to optimise 

pigment status and hence the colour (Bekhit et al., 2013; Faustman & Cassens, 1990; Hunt & 

Hedrick, 1977). The structure of the muscle and the quantity of light scattering are also believed 

to contribute to meat colour and less attention has been given to this (Hughes, Oiseth, et al., 2014; 

Offer et al., 1989; Swatland et al., 1989).  

Reflection confocal scanning laser microscopy (RCLSM) is a technique which can be used to 

measure the light scattering properties of a tissue (Jacques et al., 2012). Preliminary investigations 

have been made on muscle (Offer et al., 1989), although no investigations of the quantitative 

differences between muscles of different colours have been conducted. Offer et al. (1989) used 

RCLSM in one muscle fibre from a rabbit psoas muscle in rigor to visually demonstrate that pale 

muscles show an increase in size and quantity of the ‘speckle’ pattern (which they considered 

indicative of scattering) compared to ‘normal’ muscles. They suggested that this ‘speckle’ pattern 

was indicative of a looser, more open structure which causes an increase in light scattering. Dark, 

high pH muscles have increased transmission and absorption of light compared to pale, low pH 

muscles and they postulated this caused reduced light scattering, likely due to minimal shrinkage 

in muscle fibres from dark, high pH meat. However, to date, there is minimal data relating the 

light scattering to numerical colorimetric data or the structural properties of the muscle.  

The extent of structural changes in muscle post-mortem (PM) is dependent upon the rate and 

extent of the pH decline early PM. For example, in pork muscle, as time PM progresses, there is 

a decline in thick filament lattice spacing by ~9% (from 46 to 42 nm), which can be avoided by 
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buffering the muscle to pH 7.2 (Diesbourg et al., 1988). Additionally, in post-rigor beef mince, 

maximum red, green and blue light scattering, as measured by a colour comparator apparatus, 

occurs around pH 5 and declines as the pH approaches 7 (Winkler, 1939). This effect has not been 

measured in whole beef muscles. In chapter 3, we have previously shown that the incidence of 

dark meat declines in beef longissimus thoracis muscle as the time of grading for colour PM 

progresses and we have postulated that this is due to these structural changes, which increases 

light scattering, the magnitude of which is dependent upon the extent of the pH decline (Hughes, 

Kearney, et al., 2014). Thus, the extent of the pH decline is an important determinant of the lattice 

and myofibril spacing in the muscle and could be a causative driver for light scattering, although 

this still needs verification. To date, no relationship has been proven between colorimetric 

lightness, the structure of the muscle, the extent of light scattering and the impact of pH in beef 

longissimus thoracis muscle. Thus, we postulate that the light scattering properties of meat, which 

are evident in the pale colour of low pH meat and dark colour of high pH meat, are caused by the 

changes in the internal structure and spacing of muscles and muscle cells in response to pH. To 

validate this hypothesis, two experiments were conducted, the first to identify the relationship 

between perceived colour of the muscle and its light scattering properties, and the second to 

quantify the changes in light scattering that can be achieved by pH manipulation. Together, these 

experiments aim to provide structural and light scattering information that can help identify 

regions of the muscle that are likely to cause the periodic pattern of the scattering elements which 

give rise to light scattering. 

  



121 
 

 Methods 

 Sample collection, colour and pH measurement  

Beef carcasses from three processing plants, designated A, B or C, (n= 18 at each plant, total = 

54) were assessed for meat colour as described in chapter 2. Grading was completed about 24 h 

(grader estimation only) post-slaughter after allowing the colour (bloom) to develop for 0.5-1 h 

at 0-4 °C. The visual colour score was used to allocate carcasses to one of 3 meat colour groups 

(light, medium or dark) as defined by AUS-MEAT colour scores: 1B or 1C (light); 2 or 3 

(medium); >3 (dark) respectively (>3 was considered unacceptably dark) (AUS-MEAT, 2005).  

So, for each colour group a total of 18 animals were collected, six from each of the three 

processing plants. 

For each colour group, a 30-40 cm section of the longissimus thoracis from the quartering site 

towards the cranial end was boned out, vacuum packed and transported (5 °C) back to the 

laboratory for processing at 10 °C.  At ~30 h PM, a thin slice (10mm thick) was removed from 

the caudal end to allow a freshly cut surface. A second slice (25 mm thick) was cut for colorimetric 

measurements. A third slice (25 mm thick) was cut to determine the ultimate pH (pHu) of the 

muscle. From the remainder of the muscle, two sub-samples of 50 g were taken for biochemical 

analysis and were frozen using liquid nitrogen and subsequently stored at -80 °C.  

 Carcass attributes and population of each colour group 

Of the 54 beef carcasses, 29 were from pasture fed (13 of which were in the ‘dark’ muscle group) 

cattle, and the remainder were from cattle grain fed for 100 days.  All of the carcasses from Plant 

A were from grain fed cattle and all the carcasses from Plant B were from pasture fed cattle. Plant 

C had a mixture of both, with all the ‘light’ colour group of carcasses being from grain fed cattle, 

all the ‘dark’ group of carcasses being from pasture fed cattle and the ‘medium’ group of carcasses 

being a mixture of both. Carcasses were from 10 different vendors, with approximately half of 

the cattle assigned directly to the processing plant and half arriving at the processing plants from 

a sale yard. The handling of the cattle prior to arriving at the processing plant was not known. The 

majority of carcasses were from a mix of Bos indicus x Bos Taurus cattle, (Brahman, Santa 
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Gertrudis and Charolais crosses) with four carcasses from plant B being from Bos Taurus cattle 

(Angus, Shorthorn cross). As the animals from each plant tended to be of one particular breed or 

feeding regime, blocking for processing plant in the statistical analysis accounted for this, but 

animal breed, handling and nutritional history was confounded with processing plant. This was 

not considered a problem as the authors were not interested in differences in meat colour between 

processing plants. Most carcasses were from animals treated with hormone growth promotants 

(HGP) with the exception of 12 carcasses from plant B. The majority were steers, with one ox (in 

‘light’ colour group), 2 bulls and 7 heifers (all in ‘medium’ colour group) as defined in AUS-

MEAT (2005). Most animals had either 0 or 2 permanent incisors, but some animals had 4 incisors 

(n = 9) and one animal had 7 incisors. The ‘dark’ colour group contained all the animals with 7 

incisors and 8 animals with 4 incisors; the ‘medium’ colour group contained one animal with 4 

incisors, with the remainder having 0 or 2 incisors; the ‘light’ colour group contained only animals 

with 0 or 2 incisors. The mean hot carcass weight and fat depth at the quartering site was 315 ± 

45 kg and 13 ± 4 mm respectively.  

 Myoglobin and colour measurements 

Colorimetric measurement was completed using the Hunterlab, as described in chapter 2. Frozen 

muscle samples (50 g) were slightly thawed at 20-25 °C for 20 min, to allow removal of a small 

sample (5 ± 0.1 g), for measurement of myoglobin concentration (mg/g), using the method of  

Krzywicki (1982) as modified by Trout (1989).   

 Homogenisation  

A 1.0 ± 0.05 g sample was removed from the 50 g muscle block, after slight thawing at 20-25 °C 

for 20 min for homogenization and muscle fibre fragment isolation, as described in chapter 2. In 

experiment 1, samples of ‘light’, ‘medium’ and ‘dark’ muscles were homogenised in a 380 mM 

mannitol + 50 mM potassium acetate buffer which was close to the measured pHu of the muscle 

(±0.1). The exceptions were the ‘dark’ muscles with a high pHu samples, which were buffered to 

±0.3 of the measured muscle pHu, due to the large variation in pHu values in these samples. 

Muscles were considered to be high pHu when pH > 5.70, as per Meat Standard Australia 

guidelines (AUS-MEAT, 2005; Meat Livestock Australia Limited, 2017). After homogenising, 
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these samples were analysed on RCLSM and the dimensions and associated periodicity 

measurements were taken. 

In experiment 2,  fresh 1.0 ± 0.05 g samples were removed from the frozen blocks; from eight 

muscles of low pHu and high lightness (pHu = 5.42 ± 0.01; L* = 36.05 ± 2.69) and from eight 

muscles of high pHu and low lightness (pHu = 6.15 ± 0.23; L* = 27.35 ± 2.87). These samples 

were selected based on extremes of lightness (L*) and pHu. These samples were homogenised in 

the same buffer, adjusted using 1 M acetic acid, to five pH’s being 5.40, 5.65, 5.80, 5.95 and 6.10. 

These pH values were selected as representative of the range of the pHu normally recorded for 

beef longissimus thoracis, as shown in chapter 3 (Hughes, Kearney, et al., 2014). After 

homogenising, these samples were analysed on RCLSM and associated dimensions and 

periodicity measurements were taken. In addition, a small aliquot (200-300 µl) from each 

homogenate, at each pH, was pipetted into an eppendorf tube and used for sarcomere length 

measurement. 

 Separation of myofibrillar and sarcoplasmic proteins and measurement of protein 

solubility 

All homogenates from experiments 1 and 2 (described above) were centrifuged at 4,000 g for 10 

min at 4 °C and the supernatant (sarcoplasmic fraction) was decanted into a separate tube. Pellets 

were resuspended in 5 ml homogenising buffer, filtered through nylon mesh (1x2 mm 

dimensions) to remove connective tissue and rinsed with another 5 ml of homogenising buffer. 

The combined filtrate from the centrifugation and washing was re-centrifuged, washed twice with 

homogenising buffer and re-suspended in 5 ml homogenising buffer, representing the 

‘myofibrillar fraction’ containing suspended muscle fibre fragments and myofibrils. The 

sarcoplasmic protein concentration (mg/g), was determined using the Biuret method (Gornall et 

al., 1949) and  considered to represent sarcoplasmic protein solubility. Bovine serum albumin 

(BSA) was used as the standard, and was prepared using the same buffer (380 mM mannitol + 50 

mM potassium acetate buffer) adjusted to the relevant pH. An Infinite M200 microplate reader 

(Tecan Australia Pty Ltd, Clontarf, QLD, Australia) was used for measuring the absorbance at 

550 nm. 
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 Absorbance and colour measurements on the sarcoplasmic fraction 

The absorbance of the sarcoplasmic fraction, across the visible spectrum of light was measured 

on 100 µl of the sarcoplasmic fraction, using the same microplate reader as previous. Absorbance 

data from 400-700 nm was collected, in 10 nm intervals. In order to obtain colorimetric 

measurements on the sarcoplasmic fraction for experiment 2, the whole extraction procedure was 

repeated with larger samples and volumes (2.5 g muscle in 25 ml buffer). The colour of the 

sarcoplasmic protein fraction was measured by pipetting 20 ml of the fraction into a 20 mm glass 

cell (Minolta Pty Ltd, catalogue number CM-A99) at 20 °C, 20-30 min post homogenisation. As 

described in chapter 4, the glass cell was then placed into the associated sample holder (Minolta 

Pty Ltd, catalogue number CM-A505) and a Minolta chromameter CR-400 (Minolta Pty Ltd, 

Japan, light source D65, observer angle 2°, light projection tube CR-A33d, with φ22mm disc) 

was used to measure L*, a*, b* values, in triplicate. Calibration of the instrument was completed 

using a white calibration tile at 20 °C, through the same empty, clean, glass cell. 

 Sarcomere length measurement 

For experiment 2, sarcomere length measurements were made on myofibrils, as described in 

chapter 2.  

 Reflection confocal laser scanning microscopy (RCLSM) and image analysis 

An Olympus FluoviewTM 1000 CLSM was used in the reflectance mode for measurement of light 

scattering properties in the longitudinal orientation of the muscle fibre fragments as described in 

chapter 2. Image analysis was conducted on captured images as shown in Figure 5.1. 

Measurements were made for global brightness on polygon selections around the fibre fragment 

perimeter and for fibre fragment widths (µm) perpendicular to the fibre axis using Image J 

software (Rasband, 2014). Longitudinal and transverse periodicities within the fibres (3 

measurements per image) were measured using Image Pro software (MediaCybernetics, 2012). 

Intensity profiles of the signal were generated and the mean distance from peak to peak and valley 

to valley was measured (µm).  

  



125 
 

 

(a) (b) 

  

(c) (d) 

 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 I
n

te
ns

ity
 

                                          Distance (µm) 

 

 

 

Figure 5.1: Typical example of measurements made using reflection confocal scanning laser 

microscopy (RCLSM), (a) global brightness intensity (b) fibre width (c) periodicity transverse 

measurement on image with peaks and valleys and (d) its corresponding periodicity profile 

displaying pixel intensity values of peaks (top) and valleys (bottom) of the profile. 
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 Statistical analysis 

Data analysis was conducted using Genstat 15th edition (VSN International Ltd, Hemel, 

Hempstead, U.K.). ANOVA was used to analyse the effects of treatments. For experiment 1, 

variates were analysed using colour group (light, medium and dark) as the treatment (factor). The 

analysis included blocking for processing plant to minimise variations between groups of animals 

collected from each plant.  For experiment 2, variates were analysed using two-way analysis of 

variance with the treatments being homogenising buffer pH (5 levels; pH 5.40, 5.65, 5.80, 5.95 

and 6.10) and pHu group (2 levels; low pHu with high lightness = ‘low pH’; high pHu with low 

lightness = ‘high pH’).   
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 Results  

 Experiment 1: The relationship between ‘perceived’ and measured colour of the muscle 

and its light scattering properties. 

As shown in Table 5.1, the ‘dark’ muscle group had a lower lightness, redness, yellowness, 

chroma and hue (P<0.001 for all) and higher pHu (P<0.001), compared to the ‘light’ and 

‘medium’ muscle fibres. The ‘dark’ muscle group also had higher myoglobin concentrations, with 

a higher deoxymyoglobin and lower oxymyoglobin content. The ‘light’ and ‘medium’ colour 

groups had similar values (P>0.05) for most variates except for lightness, hue and oxymyoglobin 

content. Within the visible spectrum (400 – 700 nm), % reflectance was lower at many 

wavelengths for ‘dark’ muscles, especially above 600 nm, compared to other colour groups 

(Figure 5.2 (a)). The sarcoplasmic fractions showed differences in absorbance units between 

colour groups only at wavelengths of ≤470, 540, 550 and 580 nm (P<0.05), as shown in Figure 

5.2 (b). ‘Dark’ muscles showed a larger variation in pHu compared to other colour groups. ‘Light’ 

and ‘medium’ groups had similar and less variable pHu values (P>0.001). Thus, a distinct 

separation in the ‘dark’ colour group was observed compared to the other colour groups. 
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Table 5.1: Effect of colour group (light, medium, dark) on beef longissimus thoracis ultimate pH 

(pHu), surface colour (L*, a*, b*, chroma, hue), myoglobin concentration, myoglobin species 

(OMb, DMb, MMb) at the meat surface and the brightness, scattering and muscle fibre widths 

measured using reflectance confocal laser scanning microscopy (RCLSM) on images of muscle 

fibre fragments isolated from each muscle. The three different meat colour groups light, medium 

or dark are defined by AUS-MEAT colour (AMC) scores: 1B or 1C; 2 or 3; >3 respectively. 

Objective colour measurements were made on a 25 mm steak after blooming at 0-4 °C, for 60 

min. Results from experiment 1. 

  Light  Medium Dark LSD P value 

pHu 5.41 5.42 5.84 0.132 <0.001 
Lightness (L*) 37.5 35.0 29.7 1.80 <0.001 
Redness (a*) 29.4 28.5 26.6 1.22 <0.001 
Yellowness (b*) 21.6 20.4 18.6 1.42 <0.001 
Chroma 36.5 35.1 32.5 1.82 <0.001 
Hue 36.4 35.5 34.7 0.80 <0.001 
Myoglobin concentration (mg/g) 4.8 5.2 6.6 0.68 <0.001 

OMb1 (%) 74.3 70.1 65.0 3.77 <0.001 

DMb2 (%) 12.1 15.4 18.6 3.83 0.005 

MMb3 (%) 13.7 14.6 16.4 1.37 <0.001 
         
Global brightness (mean pixel intensity) 98.5 112.9 77.9 16.10 <0.001 
Fibre fragment width (µm) 61.4 60.8 72.3 5.90 <0.001 
Periodicity in longitudinal orientation (µm) 1.31 1.25 1.43 0.123 0.014 
Periodicity in transverse orientation (µm) 1.27 1.18 1.40 0.118 0.002 

 

1Oxymyoglobin, 2Deoxymyoglobin, 3Metmyoglobin. 
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(a) 

(b) 

Figure 5.2: (a) Effect of colour group (‘light’, circles; ‘medium’, squares; or ‘dark’, triangles) of 

muscles on % reflectance at each wavelength over 400-700 nm, of the surface of beef longissimus 

thoracis. The colour groups were defined by AUS-MEAT colour (AMC) scores: 1B or 1C; 2 or 

3; >3 respectively. Reflectance measurements were made on a 25 mm thick slice after blooming 

at 0-4 °C, for 60 minutes.  Each point is least squares means and the vertical bar represents ± SED 

values. Effect of colour group for wavelengths ≥440 nm; P<0.001. (b) Effect of colour group 

(‘light’, ‘medium’ or ‘dark’) of muscles on absorbance scans of extracted sarcoplasmic fractions 

extracted (100 µl) from beef longissimus thoracis. Each point represents least squares means ± 

SED (values ≤470, 540, 550 and 580 nm all have P-values <0.05). Results from experiment 1. 
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An RCLSM method for quantitative determination of the light scattering properties (measured as 

global brightness values) in muscle fibres has been successfully developed (Hughes, Clarke, et 

al., 2015). Longitudinal microscopy images of ‘light’, ‘medium’ and ‘dark’ muscle fibre 

fragments and their relevant lightness and pHu values are shown in Figure 5.3, and the 

corresponding numerical data is provided in Table 5.1. The ‘light’ and ‘medium’ colour groups 

had higher values for both surface lightness (L*) and global brightness compared to the ‘dark’ 

muscles (P<0.001). The ‘dark’ muscles had lightness (L*) values that were 5.3 to 7.8 units lower 

compared to ‘light’ and ‘medium’ colour groups and global brightness values that were 21 and 

31 units lower.  Global brightness values were moderately positively correlated to lightness (L*) 

values (r  = 0.31, P<0.05) and strongly negatively correlated to pHu, (r  = -0.49, P<0.001). A 

curvilinear relationship between global brightness and pHu was observed, with a larger variation 

in global brightness at low pHu values than at high pHu values (data not shown).  In summary, 

‘dark’ muscle fibres had lower light scattering (quantified by global brightness values) compared 

to the ‘light’ and ‘medium’ muscle fibres indicative of the different reflective properties of the 

fibres and in agreement with the lower measured lightness values.  
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(a) Light muscle: 

      L* = 36.6, pH = 5.40 

(b) Light muscle: 

      L* = 35.5, pH = 5.43 

(c) Light muscle: 

     L* = 35.7, pH = 5.38 

 
  (d) Medium muscle:  

        L* = 34.2, pH = 5.44 

(e) Medium muscle: 

      L* = 35.7, pH = 5.44 

(f) Medium muscle: 

     L* = 37.4, pH = 5.43 

 
  (g) Dark muscle:  

        L* = 24.8, pH = 6.41 

(h) Dark muscle: 

      L* = 23.7, pH = 6.31 

(i) Dark muscle: 

     L* = 27.2, pH = 6.53 

 
 

 

Figure 5.3: Visual representation of effect of colour group (‘light’, a, b, c; ‘medium’, d, e, f and 

‘dark’ g, h, i) on reflection confocal scanning laser microscopy (RCLSM) images of beef 

longissimus thoracis muscle fibre fragments. Colour group was defined by AUS-MEAT colour 

scores: 1B or 1C; 2 or 3; >3 respectively. Colorimetric lightness (L*) measurements were made 

on a 25 mm thick slice after blooming at 0-4 °C, for 60 minutes. Results from experiment 1. 
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The ‘dark’ muscles also had a larger fibre fragment width (72 µm), indicative of a larger diameter 

of these fibres (P<0.001) compared to the other colour groups, which were ~61 µm (Table 5.1). 

The transverse periodicity of the reflected light caused by the scattering elements was also larger, 

being 1.40 µm in the ‘dark’ muscle fibre fragments, compared to 1.27 and 1.18 µm for ‘light’ and 

‘medium’ colour groups respectively. This equates to a difference, on average, of 0.13 and 0.22 

µm  compared to ‘light’ and ‘medium’ colour groups respectively, indicative of further spacing 

between scattering elements in ‘dark’ muscle fibre fragments, compared to the other colour 

groups. This was also apparent in the longitudinal periodicity measurements, where ‘dark’ muscle 

fibre fragments longitudinal periodicity values were further apart, with mean values for ‘light’, 

‘medium’ and ‘dark’ being 1.31, 1.25 and 1.43 µm respectively. Therefore, ‘dark’ muscle fibre 

longitudinal periodicities were longer, on average, by 0.12 and 0.18 µm compared to ‘light’ and 

‘medium’ colour groups respectively. 
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 Experiment 2: The effect of pH manipulation on changes in light scattering in the muscle 

fibre. 

As illustrated in Figure 5.4, when the pH of the homogenising medium was reduced from pH 6.10 

to 5.40, both low and high pHu muscles: (i) displayed a decline in fibre width from 78-80 µm to 

67-70 µm, (ii) showed an increase in light scattering from around 150 to 200, as measured using 

global brightness values and (iii) showed similar values for fibre width and global brightness at 

the extremes of low and high pH homogenising buffers. A different trend was observed between 

the two pH groups; high pHu muscles showed a monotonic linear relationship, whereas low pHu 

muscles showed a non-monotonic curvilinear relationship. Figure 5.5 and Figure 5.6 show the 

transverse and longitudinal periodicities of the scattering elements. If the homogenising buffer 

pH is ignored, in both orientations, the peak and valley intensities Figure 5.5 (a), (b) and Figure 

5.6 (a), (b) were higher (P<0.05) in low pHu muscles compared to high pHu muscles. If the muscle 

pHu is ignored, as the homogenising buffer pH increased, the peak and valley intensities declined 

in a very similar pattern in both transverse and longitudinal orientations, with highly positive 

correlations (P<0.001) observed between all these measurements (see Table 5.2). This positive 

correlation was also apparent for the distance between peaks and valleys in both longitudinal and 

transverse orientations with Figure 5.5 (c) and Figure 5.6 (c) being extremely similar as well as 

Figure 5.5 (d) and Figure 5.6 (d). For both pHu muscle groups, the highest peak intensities were 

observed at pH 5.40 and the lowest at pH 6.10. From Figure 5.5 and Figure 5.6 parts (c) and (d), 

generally both the high and low pHu muscles always showed the shortest distance between peaks 

and valleys at a homogenising buffer pH of 5.65 and 5.80, and the longest distance at pH 6.10. 

But at pH 5.40, the low pHu muscles had a longer distance between scattering elements compared 

to the high pHu muscles, and consequently showed more of a distinguishable U-shaped trend. 
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(a) (b) 

      

Figure 5.4: Effect of homogenising buffer pH (5.40, 5.65, 5.80, 5.95, 6.10) and muscle pHu group 

(low, pHu 5.42±0.01, circles; high pHu 6.15±0.23, triangles), (n = 8 for each pHu group) on (a) 

fibre fragment width and (b) global brightness of beef longissimus thoracis muscle fibre 

fragments of reflectance confocal laser scanning microscopy (RCLSM) images. Each point is 

least squares means and the vertical bar represents ± SED values. Effect of pHu group, P<0.05; 

buffer pH P<0.05; interactions P>0.05. Results from experiment 2. 
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(a) (b) 

      

(c) (d) 

      

Figure 5.5: Effect of homogenising buffer pH (5.40, 5.65, 5.80, 5.95, 6.10) and muscle pHu group 

(low, pHu 5.42±0.01, circles; high pHu 6.15±0.23, triangles), (n = 8 for each pHu group) on beef 

longissimus thoracis muscle fibre fragment periodicities in the transverse orientation 

(perpendicular to the fibre axis) of reflectance confocal laser scanning microscopy (RCLSM) 

images taken. Peak and valley intensities for global brightness are shown in (a) and (b) 

respectively, with the distances between them shown in (c) and (d) respectively. Each point is 

least squares means and the vertical bar represents ± SED values.  Effect of pHu group, P<0.05 

for intensities, P>0.05 for distance; buffer pH P<0.05 for all; interactions P>0.05 for intensities, 

P<0.05 for distance. Results from experiment 2. 
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(a) (b) 

      

(c) (d) 

      

Figure 5.6: Effect of homogenising buffer pH (5.40, 5.65, 5.80, 5.95, 6.10) and muscle pHu group 

(low, pHu 5.42±0.01, circles; high pHu 6.15±0.23, triangles), (n = 8 for each pHu group) on beef 

longissimus thoracis muscle fibre fragment periodicities in the longitudinal orientation (parallel 

to the fibre axis) of reflectance confocal laser scanning microscopy (RCLSM) images taken. Peak 

and valley intensities are shown in (a) and (b) respectively, with the distances between them 

shown in (c) and (d). Each point is least squares means and the vertical bar represents ± SED 

values. Effect of pHu group, P<0.05 for intensities, P>0.05 for distance; buffer pH P<0.05 for 

all; interactions P>0.05 for intensities and distance between valleys, P<0.05 for distance between 

peaks. Results from experiment 2.  
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Table 5.2: Correlation coefficients (r) between longitudinal and transverse periodicities for distance and intensity for reflectance confocal laser scanning microscopy 

(RCLSM) images taken of muscle fibre fragments from beef longissimus thoracis. Correlations are shown in bold (P<0.001) or in italics (P<0.05), n = 8 for each 

muscle pHu group. Results from experiment 2. 

Longitudinal distance between peaks (µm) 1  -        
Longitudinal distance between valleys (µm) 2 0.7614  -       
Longitudinal peak intensity 3 -0.2747 0.1631  -      
Longitudinal valley intensity 4 -0.3425 0.0676 0.8742  -     
Transverse distance between peaks (µm) 5 0.7526 0.6656 -0.2421 -0.374  -    
Transverse distance between valleys (µm) 6 0.7063 0.7855 0.0395 -0.0267 0.8403  -   
Transverse peak intensity 7 -0.2328 0.0577 0.6066 0.7189 -0.4085 -0.099  -  
Transverse valley intensity 8 -0.2708 0.0218 0.6164 0.8249 -0.4229 -0.099 0.9069  - 

 1 2 3 4 5 6 7 8 
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As shown in Table 5.3, sarcomere lengths for the low pHu muscles were longer compared to the 

high pHu muscles (P<0.05), which was most apparent when the homogenising medium was 

buffered to pH 6.10. When viewed under the light microscope, these muscles also had more 

distinct A- and I-bands, compared to the high pHu muscles (results not shown). There were no 

differences in sarcomere length caused by buffer pH nor was there any interaction between muscle 

pH group and buffer pH (P>0.05 for both). 

The sarcoplasmic fraction from high pHu muscles had a lower lightness and yellowness values, 

which was accompanied by a higher sarcoplasmic protein solubility (P<0.001), compared to low 

pHu muscles. The redness values of the sarcoplasmic fraction were not different (P>0.05) between 

muscle pHu groups. There were no differences for buffer pH or the interactions between muscle 

pHu group and buffer pH (P>0.05 for both). 
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Table 5.3: Effect of homogenising buffer pH (5.40, 5.65, 5.80, 5.95, 6.10) and muscle pHu group (low, pHu 5.42±0.01; high, pHu 6.15±0.23), (n = 8 for each pHu 

group) on beef longissimus thoracis sarcoplasmic protein solution colour (L*, a*, b*), sarcoplasmic protein solubility and sarcomere length. Results from experiment 

2. 

  
  Buffer pH Buffer pH Muscle pHu group 

Buffer pH x 
Muscle pHu group 

Muscle 
pHu 

5.40 5.65 5.80 5.95 6.10 LSD P-value LSD P-value LSD P-value 

L* value 
low 32.46 32.87 32.68 32.57 32.17 

0.531 0.162 0.336 <0.001 0.751 0.976 
high 30.80 31.06 30.66 30.73 30.40 

a* value 
low 15.45 15.53 15.64 15.45 15.71 

0.901 0.965 0.570 0.780 1.274 0.784 
high 15.82 16.01 15.23 15.77 15.38 

b* value 
low -3.24 -2.86 -2.93 -3.07 -3.39 

0.468 0.111 0.296 <0.001 0.662 0.849 
high -4.88 -4.50 -5.03 -4.86 -5.28 

sarcoplasmic protein 
solubility (mg/g) 

low 63.6 63.4 64.5 63.8 63.8 
1.72 0.162 1.09 <0.001 2.43 0.157 

high 64.6 68.5 67.2 65.4 66.3 

sarcomere length 
(μm) 

low 1.75 1.79 1.75 1.75 1.81 
0.070 0.675 0.113 0.004 0.179 0.729 

high 1.66 1.74 1.66 1.65 1.60 
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 Discussion  

 The high pHu associated with dark muscles minimises shrinkage of the myofilament 

lattice and myofibrils, resulting in swollen muscle fibres and a reduced surface reflectance. 

The ‘dark’ muscle fibres had a higher value for fibre fragment width compared to the ‘light’ or 

‘medium’ coloured muscle fibres. This is likely to be the cause of the lower reflectance we 

observed at the meat surface, especially at red wavelengths near 700 nm. This is similar to 

findings of Abril et al. (2001); Elliott (1967) who reported muscles with a low pH or ‘pale’ colour 

always had a higher reflectance in the visible spectrum. In addition, these ‘dark’ muscles had also 

had a higher concentration of myoglobin, which is likely a reflection of the older animals within 

this group, as indicated by the higher dentition score. The ‘dark’ muscles also had more deoxy- 

and less oxymyoglobin forms compared to ‘light’ and ‘medium’ muscles. It was unusual that this 

was accompanied by higher levels of metmyoglobin. It is possible that only a thin oxymyoglobin 

layer was present at the time of measurement, thus the metmyoglobin layer was closer to the 

surface.  The larger fibre widths observed in ‘dark’ muscles, would result in less intracellular 

spaces, possibly contributing to reduced penetration of oxygen into the “closed” muscle structure 

of high pH meat (Lawrie, 1958).  

The magnitude of transverse shrinkage in muscle fibres has previously been shown to be related 

to the time PM, (Heffron & Hegarty, 1974) and is likely to be one of the key links between muscle 

pHu, light scattering and the extent of surface reflectance. Previously, some authors have shown 

that at various length scales, the pH of the muscle or buffer in which it is immersed can influence 

(i) the muscle fibre diameter, (ii) the myofibril diameter and (iii) the distance between the actin 

and myosin filaments within the myofilament lattice. Firstly, when the pH drops from 7.2 to 6.5 

in excised, unfixed mouse biceps brachii and gastrocnemius, muscle fibres shrink by ~16 % 

(Heffron & Hegarty, 1974). Secondly, irrigated myofibrils of unfixed rabbit psoas have also been 

shown to shrink  ~15 %  over a pH decrease from 7.0 to 5.0 (Offer & Trinick, 1983).  Thirdly, the 

extent of shrinkage in the myofilament lattice, within the myofibril, is also dependent on the time 

PM and the extent of the pH decline (Offer & Knight, 1988; Rome, 1968). Together, these pH 

dependent changes at different length scales indicate a synergistic shrinkage of structures occurs 
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during this early PM pH decline. Also, if the muscle is maintained at pH 7.2, no myofilament 

lattice shrinkage occurs (Diesbourg et al., 1988) and this provides further evidence that the pH 

decline PM promotes shrinkage. Unfortunately, the pH decline rate for each carcass was not 

measured, but from experiment 1, the ‘dark’ muscles, with the high pHu, had a larger muscle fibre 

width and a longer transverse distance between scattering elements, compared to the other muscle 

groups, and this observation supports this theory. We believe the lack of muscle fibre shrinkage 

within the ‘dark’ muscles, results in a structure which reduces global brightness, surface 

reflectance and lightness of the meat. In comparison, the other ‘light’ and ‘medium’ muscle colour 

groups with a low pHu, have undergone more muscle fibre shrinkage, have a shorter distance 

between the scattering elements, which results in a structure that is favourable to light scattering 

and increased surface reflectance.  

 pH manipulation generates different swelling and scattering profiles in dark, high pH 

muscles compared to light, low pH muscles and are indicative of some semi-permanent structural 

modifications which occur in the latter, but not in the former. 

For high pHu muscles, both global brightness and muscle fibre fragment width exhibited a 

monotonic, linear relationship with buffering pH, which we believe is predominantly due to the 

transverse shrinkage. We postulate that in high pHu muscles, when the buffer pH is reduced the 

fibre width shrinks and is accompanied by lattice and myofibril shrinkage which increases the 

ability of the muscle fibre to scatter light. In contrast, low pHu muscles displayed a non-monotonic 

curvilinear relationship and pH manipulation suggests a threshold of pH 5.80 to 5.95 is required 

for the necessary structural changes to occur which would impact global brightness. A possible 

explanation is that there are various mechanisms involved in the low pHu muscles, in comparison 

to a sole mechanism within the high pHu muscles. We believe this may have evolved from some 

prior event during the early PM period, although the specific mechanism needs to be elucidated. 

It appears in low pHu muscles, the muscle proteins have undergone some semi-permanent 

modifications, which can only be reversed once a threshold of pH 5.80 - 5.95 is reached. 

Therefore, muscles previously exposed to low pH conditions have semi-permanent or irreversible 

modifications to proteins which prevent them from behaving like muscle fibres which have not 
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been exposed to these conditions previously. The potential mechanistic drivers of the light 

scattering are discussed below, but first we need to discuss what potential structures of the muscle 

are the scattering elements. 

 What structures of the muscle are the scattering elements? 

In the transverse orientation, the scattering periodicity values were in the range expected for the 

width of the myofibril (1.18 -1.40 µm), and the longer distance between scattering elements in 

the ‘dark’ muscle fibres suggest the myofibrils within the muscle fibre fragments have a larger 

diameter. In addition, in experiment 2, the transverse periodicities were shorter and global 

brightness values were higher than those in experiment 1 and may have been due to the freeze-

thaw cycle imparted on the samples from experiment 2, which is known to increase lightness of 

the meat surface (Ali et al., 2015) and, is a limitation of the study. It is likely that the myofilaments 

from the ‘dark’ muscles are further apart, as previously shown in high pH pork muscles (Irving 

et al., 1989). As illustrated in Figure 5.7, if the myofibril diameter was larger and the periodic 

scattering occurs at the interface between the myofibrils and surrounding sarcoplasm, there would 

be a longer distance between peaks and also a smaller amplitude or intensity of those peaks. In 

comparison, ‘light’ muscle fibres, would have a transverse periodicity pattern with larger peaks 

(higher amplitude and intensity) and a shorter distance between them, indicative of a smaller 

myofibril diameter. Thus, when the pH was reduced, we believe the myofilaments moved closer 

together (via less electrostatic repulsion), reducing the diameter of the myofibril and the muscle 

fibre, providing the opportunity for light to be scattered throughout the structure. Therefore, the 

periodic scattering elements in the transverse orientation are likely to be caused by changes in 

myofibril diameters and indicate a synergistic movement at different length scales (myofilament, 

myofibrillar and muscle fibre) of the structure, which occurs causing various magnitudes of light 

scattering at the muscle surface. 

In the longitudinal orientation, the dimensions and consequently the identity of the periodic 

scattering elements are more difficult to interpret, relative to the sarcomere lengths, but 

differences between colour groups are probably caused by variations in optical protein density 

along the length of the sarcomere. High pHu muscles had shorter sarcomere lengths than low pHu 
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muscles (1.66 vs 1.77 µm respectively), similar to the findings in pork loins by Irving et al. (1989) 

who showed 1.49 µm sarcomere length in mild dark, firm, dry (DFD) and 2.00 µm in mild pale, 

soft, exudative (PSE) pork and Warner et al. (1997) who found low, normal and high pHu muscles 

had sarcomere lengths of 1.84, 1.79 and 1.67 respectively. This opposes current thinking of an 

inverse relationship between sarcomere length and light scattering (Jeacocke, 1984; Swatland, 

2004) and suggests the shorter sarcomere length in ‘dark’ muscles is associated with less light 

scattering and/ or less periodic scattering elements. During contraction, A-band lengths stay 

relatively constant at around 1.5 µm, whereas the I-bands are known to shorten from 0.8 µm until 

they disappear (Huxley & Niedergerke, 1954). The I-band also has various periodicity patterns 

associated with other protein interactions or glycogen granules, such as N1/ N2-lines and I-bridges 

(Franzini-Armstrong, 1970; Trombitás et al., 1988), some of which play a regulatory role in 

glycolysis and can be dependent upon sarcomere length and physiological pH of the muscle (see 

Parkhouse (1992) for a review). As shown in Figure 5.7, the high pHu muscles with a shorter 

sarcomere length have longer distances between the scattering elements with a lower peak 

amplitude or intensity compared to the ‘light’ muscles. We believe this could be a result of 

changes in the optical protein density within the I-band region of the sarcomere, which alters the 

bulk or mass of protein and/ or carbohydrate present within this region, and requires further 

investigation, especially if the feeding regime of the animal may have a role.   
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Figure 5.7: Diagram illustrating the effect of colour group (‘light’ or ‘dark’) of muscles on the structural attributes, global brightness (intensity and periodicities) of 

reflectance confocal laser scanning microscopy (RCLSM) images taken and potential regions of the muscle which causes light scattering, the ‘scattering elements’ of 

beef longissimus lumborum. The colour groups were defined by AUS-MEAT colour (AMC) scores: 1B or 1C; >3 respectively. Results from experiment 1 and 2. 
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 For low and high pHu muscles, global brightness periodicity profiles of scattering 

elements are similar in both longitudinal and transverse orientations, indicative of a mechanism 

which generates light scattering in both orientations of the lattice. 

The observed similarity in periodicity profiles, in both transverse and longitudinal orientations, 

suggests that the mechanism driving light scattering must be an element of the muscle which has 

an influence on the scattering in both orientations of the sarcomere simultaneously. Sarcomeres 

are known to be isovolumetric in vivo (Millman et al., 1983), but once muscles proceed into rigor, 

sarcomere lengths become “fixed” due to the formation of permanent cross-bridges. The observed 

changes in periodicities with pH manipulation post-mortem is more likely to be due to pH-

dependent conformational changes in thick and/or thin filament proteins. Or perhaps, the 

proposed changes in optical protein density by other proteins or carbohydrates along the length 

of the sarcomere could be influential on the closeness in packing of the myofilament lattice and 

the myofibril diameter, but this hypothesis still requires further investigation.  

 Proposed mechanisms of pH dependent light scattering 

It is hypothesized that in the ‘light’ colour group and the low pHu muscles, a more complex 

mechanism of light scattering development exists, which gives rise to a larger variation in the 

relationship between pH and lightness. The light scattering in low and medium pHu muscles is 

likely a combined result of three mechanisms, namely, the (i) transverse shrinkage of muscle 

fibres, (ii) a change in the optical protein density within the I-band and (iii) the extent of 

sarcoplasmic protein denaturation. As both the ‘light’ and ‘medium’ colour groups achieved a 

lower ultimate pH after the pH decline, compared to the ‘dark’ colour group, we believe the pH 

induced shrinkage of muscle fibre fragments allowed for more light scattering within the muscle. 

In this case, we believe a shrinkage of the myofilament lattice may have been caused by a 

reduction of the electrostatic repulsion between filaments and/ or a permanent denaturation of the 

myosin head. In low pH muscle, permanent modifications often occurs when the pH of a pre-rigor 

muscle drops below pH 6 while the muscle temperature is above 35˚C, and the myosin head is 

permanently denatured and shrinks, causing a reduction in lattice dimensions, (Macintosh, 2003; 

Offer & Trinick, 1983; Stabursvik et al., 1984). Hence, we believe the denaturation of the myosin 
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head could be one of the reasons for observed differences in pH manipulation profiles between 

the low and high pHu muscles in experiment 2 (Figure 5.4). However, if myosin head denaturation 

was the sole reason for the shrinkage in the low pHu muscles, then it seems unlikely that at pH 

5.40 and 6.10, values for fibre fragment width and global brightness would be similar to the high 

pHu muscle, where myosin would not have undergone permanent denaturation. Unfortunately, 

levels of myosin denaturation were not tested within this experiment. Thus, it appears that 

shrinkage of the lattice occurs via reduction in electrostatic repulsion, but there must be other 

mechanisms involved, due to the difference in pH manipulation profiles between low and high 

pHu muscle groups. 

Within the ‘light’ or low pHu muscles, we hypothesize that higher levels of sarcoplasmic protein 

denaturation could increase the light scattering. We propose that this occurs by a pH-dependent 

binding of sarcoplasmic proteins onto the actin filaments (impacting the optical protein density 

of the I-band and the A/I junction) and/ or between the adjacent myofibrils, which could also 

promote the transverse shrinkage of the structure. This shrinkage could be due to the  development 

of a network between the denatured sarcoplasmic proteins, as described by Liu et al. (2016), 

resulting in physical shrinkage, or secondly, the sarcoplasmic proteins could shield charges on 

the myofilaments, reducing the electrostatic repulsion between myofilaments and promoting 

transverse shrinkage (Bendall & Wismer-Pedersen, 1962) or a combination of both. Generalised 

protein denaturation may cause a change in overall light scattering, but for protein denaturation 

to affect the peaks and valleys of periodic scattering, the denaturation must be associated with 

some regularly-repeating structures.  

Previous studies have shown there is binding of a range of different sarcoplasmic proteins within 

the I-band (Clarke et al., 1980; Mamczur et al., 2005; Parkhouse, 1992). This binding can increase 

the diameter of the actin filaments (Fulgenzi et al., 2001) or create I-bridges between adjacent 

actin molecules, generating lateral struts (Trombitás et al., 1988). It is possible that sarcoplasmic 

protein denaturation impacts the actin diameter and/ or the formation of these structures and 

changes the optical protein density within the I-band. Within experiment 2, we observed a lower 

sarcoplasmic protein solubility in the low pHu muscles, which is indicative of higher sarcoplasmic 
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protein denaturation and has been described in pork, lamb and beef muscle (Bendall & Wismer-

Pedersen, 1962; Tarrant & Mothersill, 1977; Warner et al., 1997; Warner, Kerr, et al., 2014). 

Previously, the specific sarcoplasmic proteins which undergo denaturation and binding onto 

myofibrils during the PM period have been identified to be aldolase, glyceraldehyde-3-phosphate, 

phosphofructokinase, phosphorylase, creatine kinase, myokinase and triosephosphate isomerise 

(Clarke et al., 1980; Joo et al., 1999; Warner et al., 1997) and other proteins are also likely to be 

involved. From our results, low pHu muscles appear to have a more complex light scattering 

development mechanism compared to high pHu muscles, which involves pH dependent transverse 

shrinkage and may involve higher levels of denatured sarcoplasmic proteins.  
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 Conclusion 

pH-dependent changes in muscle structure and muscle fibre shrinkage determine the extent of 

light scattering at the meat surface. High pHu muscle fibres are swollen and have longer distances 

between periodic scattering elements which limit their ability to scatter light. Shrinkage in the 

muscle structure can be achieved by reducing the pH of the environment and consequently 

increasing light scattering. These findings need further investigation to elucidate the structural 

elements giving rise to the lack of scattering and a dark meat surface, but they provide an insight 

for improving meat lightness. Any practical interventions which result in a reduction in the meat 

pHu will promote shrinkage of the structural lattice. For dark-cutting (high pHu) meat, this would 

bring associated improvements in lightness and potentially increase consumer acceptability and 

the value of the carcass. 
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 A high rigor temperature, not sarcomere length, determines light 

scattering properties and muscle colour in beef sternomandibularis 

meat and muscle fibres. 

 

This chapter explores the role of temperature at rigor onset and the effect of sarcomere length on 

the light scattering properties of the muscle. The RCLSM method is also used to test the 

reversibility of pH manipulation on the dimensions of the microstructure and consequently the 

levels of light scattering. 
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 Introduction 

Meat colour is determined not only by the quantity and oxidative status of myoglobin, but also by 

the structural opacity and light scattering properties of the muscle fibres from which they are 

composed (MacDougall, 1982). One of the areas of the muscle that may impact on the light 

scattering properties of the meat is the sarcomere length, as determined primarily by the lengths 

of the isotropic (I-band), rather than the anisotropic area or A-band  (Periasamy et al., 1990). 

Currently there is no research relating the sarcomere length microscopic structural characteristics 

to the light scattering properties of post-rigor beef muscle, after the ultimate pH has been reached. 

Some preliminary studies indicate there is an inverse relationship between sarcomere length and 

light scattering within muscle fibres at a high pH (~pH 7) or physiological conditions (Bozler, 

1958; Jeacocke, 1984). Bozler (1958) measured light scattering using a spectrophotometer on 

glycerol-extracted rabbit muscle fibres and a chemical induced contraction (via addition of either 

ATP or CaCl2), which caused an increase in light scattering by over 55 %. Jeacocke (1984) used 

various optical set-ups to investigate light scattering in beef sternomandibularis single muscle 

fibres and in the whole muscle. Using a rigor temperature of 22 °C in the single muscle fibre 

preparation, Jeacocke (1984) observed that an increase in scatter associated with rigor was 

proportional to the degree of filament overlap. Both of the Bozler and Jeacocke experiments were 

conducted close to physiological pH conditions (pH 7 and 6.9 respectively), and Jeacocke (1984) 

noted the diminished effect of rigor-induced light scattering as the pH of the bathing medium was 

lowered. Therefore, this experiment aims to further explore the generation of light scattering at 

various sarcomere lengths (via stretching) after the muscle has passed through rigor and the 

consequential impact of the associated lower ultimate pH (pHu). 

In contrast to the above studies on stretched sarcomere lengths, shorter sarcomeres have been 

observed in dark, high pH meat (both pork longissimus muscles and beef longissimus muscle 

fibres) compared to paler, low pH meat (Hughes, Clarke, et al., 2017; Irving et al., 1989; Warner 

et al., 1997). This may be indicative of a positive relationship between sarcomere length and light 

scattering, although it is conflated with pH effects. Sarcomeres are isovolumetric in vivo (see 

Millman (1998) for a review) and the shorter sarcomeres in dark pork loins are known to have 



152 
 

myofilaments which are further apart giving rise to a lower red reflectance (Irving et al., 1989). 

A larger fibre diameter with increased myofilament lattice spacing is thought to contribute to 

decreased light scattering (Hughes, Clarke, et al., 2017). In addition, decreasing the pH of the 

surrounding medium in post-rigor beef longissimus muscle fibre fragments promotes fibre 

shrinkage and increased light scattering properties, but the reversibility of these structural changes 

is still under question as decreased pH may cause sarcomeric proteins to denature. Therefore, we 

aim to visually quantify the effect of pH cycling on the reversibility of the swelling/ shrinkage 

mechanism of muscle fibre fragments. Some of the above observations appear to conflict those 

reported at physiological pH and suggest either the muscle pHu and/ or the rigor temperature to 

which the muscle is exposed, may override the increased light scattering during contraction at a 

physiological pH~7. 

A high rigor temperature (35 – 40 °C) is known to generate structural alterations in the muscle, 

which could increase light scattering (Hughes, Oiseth, et al., 2014; Kim et al., 2014). Elevated 

rigor temperatures in the muscle are associated with increased myosin and sarcoplasmic protein 

denaturation, both of which contribute to shrinkage of the myofilament lattice spacing (Liu et al., 

2016). Together, this effect may translate to shrinkage at larger length scales, producing more 

shrinkage of the myofibrils and muscle fibres and generating more opportunity for light scattering. 

Alternatively, it is possible that denatured sarcomeric proteins may deposit on myofilaments and 

change their optical protein density. 

Currently the exact mechanism of light scattering is still unknown, but at the cellular level, the 

length of the I-band, the lateral distance between adjacent A-bands of different myofibrils and the 

A-I interface junction, could be involved (Offer et al., 1989), which would translate to structural 

differences at the muscle fibre and meat surface level. We hypothesize that (a) stretching muscles 

during rigor will generate a structure which favours light scattering, by increasing the length of 

the I-band, via longer sarcomeres; (b) a high rigor temperature would facilitate the protein 

reconfiguration and structural alterations which would promote light scattering; and (c) reducing 

the pH of immersion buffer will shrink the muscle fibre fragment whilst increasing light scattering 
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but after exposing muscle fibres to low pH conditions, some permanent, irreversible structural 

modifications would occur. 

 Methods 

 Sample collection  

All muscles were collected from carcasses derived from female yearlings (zero permanent incisor 

teeth) within the same group of cattle. The mean subcutaneous rib fat depth over the loin, at the 

10th/11th rib, was 5 ± 0.8 mm, with a mean hot carcass weight of 165 ± 11.1 kg (average ± s.e.). 

From 4 carcasses, sternomandibularis (tongue root) muscles were collected from both sides at 10 

min post-mortem (PM) and placed in individual plastic bags for transportation. These muscles 

were selected based on ease and speed of access (mainly for beef processor), their ability to be 

stretched mechanically quickly in a lab environment, small size and predominance in fibre type I 

or IIA (Totland & Kryvi, 1991). Muscles were transported from the beef processing facility to the 

laboratory for 50 mins in insulated containers and processed immediately on arrival. The muscles 

were maintained at a temperature of 20-25 °C in the insulated containers.  

 Treatments applied pre-rigor 

Each muscle was cut perpendicular to the muscle fibre axis into 3 equal length sections, yielding 

a total of 6 individual sub-samples per carcass. These samples were randomly allocated to one of 

6 treatments in a 2 x 3 design; pre-rigor stretching; stretched or unstretched and pre-rigor 

temperature, 5, 15 or 35 °C. 

Muscles were attached across the width of a small plastic tray (175 x 120 mm) using bulldog clips 

to clamp each end of the muscle, so muscle fibres were stretched in the longitudinal orientation, 

from approximately 7 to 10 cm (Figure 6.1). Unstretched muscles were clamped to the same 

plastic tray at one end of the muscle only, allowing the free end to contract during rigor. Within 

90 mins PM, all trays with muscles attached were then covered with plastic wrap to minimise 

moisture losses and placed in either the refrigerator (5 °C) or heated incubators (15 or 35 °C) for 

16 to 20 h, after which colour, pH and reflectance confocal laser scanning microscopy (RCLSM) 

was measured. After 16 to 20 h, all samples were kept at 5 °C until ready for sample processing, 
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except for the 5 °C treatment, which was kept at 5 °C until 30 h PM, in order to allow the muscle 

to reach final pH prior to processing. 

(a) 

 

(b) 

 

Figure 6.1: Images depicting beef sternomandibularis from (a) stretched (clamped with 2 clips) 

or (b) unstretched (clamped with only one clip) configuration. Muscles were wrapped in plastic 

film after fixing to the plastic tray. 

 pH and colour measurements and sample processing 

Once the treatments were completed, the muscle was removed and the pH of the muscle was 

measured using the method described in chapter 2, with the calibration at 15 - 20 °C. For 15 or 

35 °C treatments, the pH was measured at 18 to 19 h PM, with similar duplicate measures (~1 h 

apart) indicating muscles were in rigor, as indicated by the pH~5.5. For 5 °C treatment, the pH 

was also measured at 30 h PM, due to the slower pH decline at the colder temperature, with similar 

duplicate measures indicating muscles were in rigor later, at 29-30 h PM as indicated by the 

pH~5.5.  

Muscles were unwrapped and the colour was developed (bloomed) at 5 °C for 60 min. Triplicate 

colour measurements (lightness, redness and yellowness; L*, a* and b* values) were made 

perpendicular to the muscle fibre axis using a Minolta CR400 chromameter (Minolta Pty Ltd, 



155 
 

Japan, light source D65, observer angle 2°, light projection tube CR-A33d, with φ22 mm disc). 

Calibration was at 5 °C, using the white calibration tile as provided by the manufacturer.  

A 1.0 ± 0.05 g sample was removed from each sub-sample for homogenisation, myofibril isolation 

for RCLSM and pH cycling.  A sample of 10 – 20 g was removed from the remaining muscle, 

frozen and stored at -80 °C for subsequent measurement of sarcomere lengths. 

 Muscle fibre fragment preparation and myofibril isolation 

Muscle samples were homogenised in 380 mM mannitol + 50 mM potassium acetate buffer at pH 

5.5 as described in chapter 2. 

 Sarcomere length measurement on myofibrils 

Sub-samples were thawed (5 °C for 18 h) and the myofibrillar preparation procedure was repeated 

(using a 1 ml aliquot from resuspended myofibrils, during the second wash cycle), for sarcomere 

length determination as outlined in chapter 2. 

 pH cycling irrigation treatments 

Only one sample from a stretched muscle with a rigor temperature of 15 °C, having intermediate 

characteristics of all the muscles (pHu = 5.52, L* = 28.28 and global brightness = 109.9), was 

used for the pH cycling movie. After homogenisation as described above, 100 µl of washed 

suspended muscle fibre fragments were pipetted onto a StarFrost superclean hydrophilic glass 

slide (cat no: G311SF-B, ProSciTech, Australia). Two strips of double sided tape were used to 

mount a coverslip (creating a 3 mm channel) and this was subsequently placed over the sample 

and attached to the glass slide. This allowed a small space between the slide and coverslip, as 

previously described by Wilding et al. (1986). An RCLSM image was captured before and after 

pH cycling at ⅓ of the depth into the muscle fibre, as described in Hughes, Clarke, et al. (2017). 

For pH cycling, 20 µl of 380 mM mannitol + 50 mM potassium acetate buffer (either pH 4.5 or 

7.0) was pipetted slowly into one end of the channel, whilst at the other end, a small piece of 

tissue was used to draw the solution across the slide.  An Orion glass micro pH combination 

electrode (120mm tip, 1.3 x 37 mm long, cat no: ORI9810BNW, Thermo Fisher Scientific 

Australia Pty Ltd, Scoresby, Victoria, Australia) attached to the TPS meter, was placed at the exit 
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point of the solution in order to measure the pH. Initially, the pH was increased with addition of 

high pH buffer (pH 7.0), followed by a stabilization lag period of around 5 mins, followed by 

addition of a low pH buffer (pH 4.5) with a similar stabilization lag period, then the entire cycle 

process was repeated once. Throughout the pH cycling process, RCLSM images were captured 

in a movie format (xyzt), over a period of 24 mins, with 593 frames used (rate of 0.42 frames/ 

sec) at similar settings as described below.  For the pH cycling procedure, 18 attempts were made 

(18 different sub-samples or 3 sub-samples from each different treatment). Some issues such as 

blockage, overflow around slide providing false pH readings were observed with the channel as 

well as washing off screen, large changes in depth and resolution with the muscle fibres. Thus, 

the final single sub-sample that is shown had none of these issues and was from a treatment that 

had dramatic changes in global brightness and fibre width.  

 Reflection confocal scanning laser microscopy (RCLSM) 

A small drop of suspended muscle fibre fragment preparation was placed on a coverslip for 

viewing. A Leica TCS SP5 CLSM (Leica Microsystems, Germany) was used in the reflectance 

mode for measurement of light scattering properties in the longitudinal orientation of the muscle 

fibre fragments. A 63x magnification oil objective was used (pinhole set to 71.73 µm). An argon 

laser was used at 20 % power, (excitation 488 nm with emission slit width at 480 - 500 nm). 

Detection and amplification was conducted using the photomultiplier tube (PMT) at 550 V (0 % 

offset). For image acquisition, a high pixel resolution (512 x 512) at 400 Hz was used, with a 

Leica DFC450 C camera (Leica Microsystems, Germany).  

 Image analysis 

From the images acquired, light scattering and periodicity measurements were made using the 

method outlined in chapter 2. Unfortunately, after image processing, 3 sub-samples were 

identified as being measured incorrectly (namely one sub-sample for 15 °C and sub-samples from 

both stretched and unstretched for 35 °C, all from the same carcass) as the 488 nm laser was not 

warm, which negatively impacted on the intensity of images collected. Thus, these sample data 

were removed from the global brightness and periodicity analysis. The volumes reported were 

calculated using a formula for a cylinder (πr2) multiplied by the sarcomere length and is a 
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simplified assumption only.  In reality, fibres are irregular polygons in cross sectional shape 

(Swatland, 2002).  

 Statistical analysis 

Data analysis was conducted using Genstat 15th edition (VSN International Ltd, Hemel, 

Hempstead, U.K.). A linear mixed model of analysis of variance was used to examine the data, 

with the sample within carcase as a random effect and rigor temperature (5, 15 and 35 °C) and 

the muscle configuration (stretched and unstretched) as fixed effects. 

 Results and Discussion 

Contrary to our hypothesis, the stretching treatment did not directly impact light scattering values. 

As shown in Table 6.1 and Table 6.2, with graphical displays in Figure 6.2 and Figure 6.3, 

stretching increased both the sarcomere length (P<0.001) and the longitudinal peak distances 

(P<0.05); however, no change in either lightness or global brightness was observed (P>0.05). 

The stretching treatment was successful, as indicated by the increase in average sarcomere length 

from 2.06 for unstretched to 2.61 for stretched (P<0.001; LSD 0.091; Table 2). Stretching would 

have generated sarcomeres with longer I-bands compared to those of unstretched muscles and this 

suggests the length of the I-band was not solely involved in the development of scattered light. It 

also indicates the degree of overlap between the thick and thin myofilaments is not solely 

responsible for the development of light scattering. As a main effect, the stretching treatment had 

no effect on the muscle fibre width (P>0.05) although there was an interaction, which is discussed 

below. This leads us to reject hypothesis that (a) our results indicate that sarcomere length in post-

rigor beef sternomandibularis muscle will have a direct effect on the light scattering properties 

of the muscle, through the increased length of the I-band. 
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Table 6.1: Effect of rigor temperature (5, 15 or 35 °C) and muscle configuration (stretched or unstretched) on beef sternomandibularis pH, colour (L*, a*, b*) at the 

meat surface and the global brightness and peak intensities (transverse and longitudinal) measured using reflectance confocal laser scanning microscopy (RCLSM) on 

images of muscle fibre fragments isolated from each muscle. Values are least squares means and the least significant differences (LSD) and P-values are shown, n = 

4 or 1n = 3 for each treatment. 

  Stretched Unstretched LSD P-value 

Temperature (°C) 
5 15 35 5 15 35 Temp configuration 

Temp x 
configuration 

Temp configuration 
Temp x 

configuration 

Lightness (L*) 30.4 28.6 32.8 29.2 28.2 31.2 1.35 1.10 1.91 <0.001 0.060 0.664 
Redness (a*) 13.5 12.4 13.9 14.3 15.0 13.8 1.63 1.33 2.30 0.958 0.095 0.244 
Yellowness (b*) 1.4 1.2 1.5 1.0 1.5 2.0 0.75 0.61 1.06 0.331 0.634 0.472 
pH2 5.56 5.53 5.47 5.57 5.50 5.47 0.064 0.052 0.090 0.028 0.921 0.769 

Global brightness1 119 108 145 110 132 133 16.9 13.3 24.7 0.011 0.734 0.072 

Transverse peak intensity1 182 169 208 177 186 189 10.4 8.5 14.7 0.002 0.555 0.008 

Longitudinal peak intensity1 186 178 211 178 184 193 16.6 13.5 23.4 0.027 0.313 0.332 
2 The pH was measured at 18-19 h PM for the 15 and 35 °C treatments and at 30 h PM for the 5 °C treatment. 

  



159 
 

Table 6.2: Effect of rigor temperature (5, 15 or 35 °C) and muscle configuration (stretched or unstretched) on beef sternomandibularis muscle fibre fragments isolated 

from each muscle. The sarcomere length (SL) was measured using light microscopy and the fibre width (FW), distance between intensity global brightness peaks or 

periodicities either in the transverse (transverse peak distance, TPD) or longitudinal (longitudinal peak distance, LPD) was measured using reflectance confocal laser 

scanning microscopy (RCLSM) images. Values are least squares means and the least significant differences (LSD) and P-values are shown, n = 4 or 1n = 3. 

  Stretched Unstretched LSD P-Value 

Temperature or Temp 
(°C) 

5 15 35 5 15 35 Temp configuration 
Temp x 

configuration 
Temp configuration 

Temp x 
configuration 

Sarcomere length  (µm) 
2.53 2.68 2.63 2.03 1.94 2.22 0.112 0.091 0.158 0.038 <0.001 0.019 

Fibre width (µm) 
33.7 35.4 25.3 31.6 33.6 35.0 3.93 3.21 5.55 0.096 0.222 0.008 

Transverse peak 
distance1 (µm) 

2.17 2.25 1.97 2.16 2.00 1.87 0.34 0.278 0.481 0.286 0.358 0.750 

Longitudinal peak 
distance1 (µm) 

2.35 2.37 2.49 2.18 2.20 2.00 0.315 0.257 0.446 0.962 0.038 0.440 

Volume (µm 2) 3084 3558 1860 1897 2142 2563 826.2 674.6 1168.4 0.279 0.063 0.031 

LPD / SL 0.94 0.87 0.95 1.08 1.16 0.90 0.154 0.126 0.218 0.387 0.05 0.109 
TPD / FW 0.062 0.064 0.074 0.071 0.060 0.056 0.011 0.0093 0.0161 0.656 0.316 0.056 
TPD / SL 0.86 0.83 0.75 1.06 1.05 0.84 0.154 0.126 0.218 0.072 0.012 0.642 
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(a) (b) 

  

Figure 6.2: Effect of rigor temperature (5, 15 or 35 °C) and muscle configuration (stretched or 

unstretched) on (a) Minolta lightness or L* (n = 4 per treatment) and (b) RCLSM global brightness 

(n = 3 per treatment) of beef sternomandibularis muscle fibres. Each point is a least squares means 

and the vertical bar represents ± SED values. Effect of temperature, P<0.05, muscle 

configuration, P>0.05; interactions P>0.05 for both global brightness and lightness. 
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(a) (b) 

  

Figure 6.3: Effect of rigor temperature (5, 15 or 35 °C) and muscle configuration (stretched or 

unstretched) on beef sternomandibularis muscle fibres. Each point is a least squares means and 

the vertical bar represents ± SED values. (a) Sarcomere length showed an effect of temperature 

(P<0.05), but no effect (P>0.05) was observed of configuration or the interaction. (b) Fibre width 

showed no effect of main treatments (P >0.05), but there was an interaction (P<0.05), (n = 4 per 

treatment). 
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The high rigor temperature (35 °C) muscles did have higher lightness (P<0.001) and global 

brightness (P<0.05), indicative of more light scattering compared to lower rigor temperature (5 

and 15 °C) muscles (Table 6.1 and Figure 6.2). Representative images of the individual muscle 

fibres are shown in Figure 6.4. The advantage of the confocal technique is that, because light from 

all depths of the specimen other than the plane of focus is rejected, the intensity of the “reflected” 

or “back-scattered” light measured is exactly determined by the structures within the plane of 

focus, which in our experiments were the myofibrils within a muscle fibre. The 35 °C treatment 

images showed distinct bright bands perpendicular to the fibre axis across the whole width of the 

fibre, especially evident in the stretched configuration. In comparison, muscle fibres from lower 

rigor temperature treatments did not have such a distinct banding pattern that spanned across the 

whole fibre width, especially at 15 °C, indicative of a less regular light scattering pattern. This 

caused some inconsistencies in both transverse and longitudinal periodicity patterns during 

measurement and associated calculations (see Table 6.2), which generated no obvious differences 

between different temperatures (P>0.05) and suggests the lower rigor temperatures muscle fibres 

had a non-coherent structure compared to those from the high rigor temperature. This evidence 

supports hypothesis (b); that the high rigor temperature facilitated the development of structural 

characteristics which promoted light scattering and leads us to explore what these structural 

characteristics were and speculate on the possible causative scattering elements within the muscle.  
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 (a) 5 °C  (b) 15 °C  (c) 35 °C  

 

 

stretched 

   

 (d) 5 °C (e) 15 °C (f) 35 °C  

 

 

unstretched 

   

Figure 6.4: Example of effect of rigor temperature (5 °C, a, d; 15 °C b, e; or 35 °C, c, f) and muscle configuration (stretched, a, b, c; or unstretched, d, e, f) on reflection 

confocal laser scanning microscopy (RCLSM) images of beef sternomandibularis muscle fibre fragments. Scale bar 50 µm.
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In the stretched configuration at 35 °C, the increased amount of fibre width shrinkage was 

associated with more light scattering and lighter surface colour (Table 6.1, Table 6.2 and Figure 

6.3b). Comparing all treatments, the stretched muscle taken into rigor at 35 °C had the smallest 

fibre width accompanied by the highest lightness values and global brightness values, suggesting 

transverse shrinkage of the muscle fibres promoted light scattering. Shrinkage of the muscle fibres 

would create larger spaces between neighbouring muscle fibres and create opportunity for more 

light to be diffused or deflected throughout the muscle structure, thus generating a lighter 

appearance at the surface. This is a similar mechanism to that observed with pH-induced 

shrinkage of beef longissimus muscle fibres (Hughes, Clarke, et al., 2017); however it is unlikely 

that the pH was the cause in this case due to the similarity in pH values at 15 °C (P>0.05), and is 

more likely to be caused by the higher rigor temperature. A reduction in post-rigor beef muscle 

fibre cross sectional area has been previously observed, even at mild heating/ cooking 

temperatures, between 25 to 40 °C, (Purslow et al., 2016), and these results confirm that a high 

rigor temperature of 35 °C in the stretched configuration was sufficient to promote fibre shrinkage 

and light scattering, as diagrammatically summarised in Figure 6.5(a). This was not the case in 

the unstretched configuration, where fibre widths were similar (P>0.05) between temperature 

treatments, indicating longitudinal changes were more important in this configuration. 

  



165 
 

(a) (b) 

Figure 6.5: Diagram illustrating the effect of configuration; either (a) stretched or (b) unstretched 

and rigor temperature; 5, 15 or 35 °C on the structural attributes of beef sternomandibularis 

muscle fibres and sarcomere lengths. 

 

A high rigor temperature of 35 °C, when muscles were unstretched and free to shorten, generated 

a structure with longer sarcomeres (P<0.05) accompanied with a higher global brightness and 

longitudinal peak intensity, compared to muscles going into rigor at 5 °C (P<0.05). This is 

consistent with the findings of Honikel et al. (1983) who showed that more shortening occurs in 

beef muscles when rigor temperatures are ≤15 °C. Some of the fibres (especially unstretched 

fibres) in the 5 °C treatment also had more undulations along their length indicative of a buckling 

previously described by Brown et al. (1984). This was not evident in those fibres from high rigor 

temperature muscles. In summary, the muscles from the 35 °C unstretched treatment, had longer 

sarcomeres, increased lightness (P<0.001), higher longitudinal peak intensities (P<0.05) and 

higher global brightness values (P<0.05), compared to the 5 °C unstretched treatment. This 

provides further evidence, that light scattering occurs from more than one area and that both the 

transverse and longitudinal properties of the muscle fibres are involved. In summary, the lighter 

appearance of the unstretched, high rigor temperature muscle, was not caused by fibre width 

shrinkage, but was possibly a result of relocation and modification of sarcoplasmic or other 
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structural proteins, remembering these muscles did have longer sarcomeres (as illustrated 

diagrammatically in Figure 6.5b), even though this was rejected in hypothesis (a). This could have 

generated a change in optical protein density along the length of the sarcomere, from some 

modification of these proteins. 

The I-band (rather than the A-band) of the sarcomere reduces during sarcomere length contraction 

(Periasamy et al., 1990) which suggests that in the 35 °C unstretched muscle, the length of the I-

band may have played a role in the development of light scattering, likely in a co-dependent 

mechanism with sarcoplasmic proteins. In both electrically-stimulated beef and pale pork, the 

denaturation of sarcoplasmic proteins is associated with precipitation and some of the proteins 

binding to the I-band of the sarcomere and/ or the surface of myofibrils (Clarke et al., 1980; Liu 

et al., 2016). As sarcoplasmic proteins normally bind to proteins within the I-band, we propose 

this could impact on the distinct A/I banding pattern we observed along the length of the 

sarcomere (Figure 6.4). We postulate that this binding or reconfiguration of structural proteins 

could prevent further shortening from occurring, keeping the sarcomere in a longer configuration, 

as seen in the 35 °C unstretched treatment.  

A high rigor temperature is also known to denature myosin heads (Stabursvik et al., 1984) and it 

is likely this may have occurred during or prior to full rigor, prematurely interfering with actin 

and myosin cross bridge formation, thus preventing sarcomere shortening. It is likely that a 

combination of relocation of denatured sarcoplasmic proteins from the sarcoplasm to the 

sarcomere (leading to increased brightness and/or perceived length of the I-band) and less 

shortening/ fewer undulations (possibly due to early myosin denaturation) was responsible for 

increased lightness in the 35 °C unstretched muscle, although these theories still need to be tested. 

In addition, these results should be transferrable to other muscles on the carcass, but the effect of 

fibre type on light scattering has still to be explored. 

A high rigor temperature of 35 °C generated muscle fibre fragments with more debris apparent 

within the suspension, as demonstrated in Figure 6.4. The increase in debris could be explained 

by an in increase in myofibril fragments due to accelerated proteolytic activities typical of high 
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rigor temperatures (see Kim et al. (2014) for a review), or due to aggregated sarcoplasmic proteins 

and may also had a role in the development of light scattering.   

Interestingly, both the redness and yellowness values were similar (P>0.05) between treatments, 

as shown in Table 6.1, indicating that a non-pigment mechanism was responsible for the changes 

in lightness. High rigor temperatures have previously been associated with higher redness and 

yellowness values, indicative of more myoglobin denaturation and elevated autoxidation, as 

reviewed by Kim et al. (2014). No change in either redness or yellowness was observed in this 

study and we would assume myoglobin autoxidation was minimal at the time of measurement 

(although no measurement of myoglobin oxidation was performed). 

Table 6.1 shows that the ultimate pH values, although significant, were only slightly higher for 

the 5 °C treatment compared to the higher rigor temperatures (5.57, 5.52, 5.47 for 5,15, 35 oC, 

respectively; LSD =0.064; P<0.05). This slightly lower pH has previously been found for pork 

muscles going through high rigor temperature similar to our conditions (Warner et al., 1997). It 

is likely that the slower pH decline and slower glycolytic rate of the lower temperature muscles 

were involved, but there would be other metabolic reasons why this occurred, as discussed 

previously (Honikel et al., 1983; Jeacocke, 1977). 

Figure 6.6 shows the effect of pH cycling on the global brightness and width of individual fibre 

fragments of the stretched 15 °C muscle and Figure 6.7 shows reflection confocal micrographs of 

fragments at the various stages marked with the letters A-E in Figure 6.6. A corresponding movie 

(s2837041_pH manipulation of one fibre_15C stretched.mp4) is included in the supplemental 

information. These figures show that the width and global brightness are partially reversible but 

that some semi-permanent changes occurred to the muscle fibre fragment during the pH cycling 

process. Increasing the buffer pH (stages A to B) induced a swelling of the muscle fibre fragment 

which occurred simultaneously with a reduction in global brightness and a gradual increase in 

fibre width. Subsequently lowering the pH (stages B to C) generated the opposite scenario, with 

an increase in the global brightness and a decline in fibre width- although there appeared to be a 

time lag effect, see Figure 6.6 (c) (shown as red arrow). The lag is the time taken for the washing 
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solution to penetrate into the muscle fibre fragment and cause the necessary structural changes 

required for swelling and shrinkage. For the first cycle, this lag period occurred between 7 min 

45 sec and 11 min 12 sec, and therefore had a duration of 3 min 27 sec. The second and third lag 

times occurred for a duration of 4 min 38 sec and 2 min respectively, but may have continued for 

longer, and suggest that the events occurred quite rapidly within the cell, possibly due to cell 

membrane rupture. While it would be interesting to explore the time course of these events further, 

these preliminary results indicate a direct relationship exists between the muscle fibre fragment 

dimensions and the quantity of scattered light, with the pH of the surrounding medium a key 

determinant, and supports previous work on chicken pectoralis muscles (Swatland, 2008) and 

isolated beef longissimus muscle fibres (Hughes, Clarke, et al., 2017).  

After the first cycle shown in Figure 6.6, when the pH was lowered for a second time, the global 

brightness did not reach the same intensity as in the previous cycle, indicating some permanent 

modification in the muscle structure had occurred. There may have been a loss of scattering 

material from the structure during the first washing procedure and we suggest this scattering 

material may have been sarcoplasmic proteins, which could have been bound onto the stretched 

I-band of the sarcomere or the myofibril surface and was relocated elsewhere (possibly 

extracellularly) when the pH was increased. This pH cycling investigation was successfully 

completed on the 15 °C stretched muscle, and it is still uncertain if the same effects would have 

occurred consistently in the 35 °C muscle, where we believe some permanent denaturation of 

myosin is likely to have occurred. From the results shown in Figure 6.6 and Figure 6.7 and the 

movie in the supplementary material, we can confirm our hypothesis (c), that the increased global 

brightness caused by lowering the pH is not able to be fully reversed after the muscle fibre 

fragment has been washed with a high pH solution, most likely as a result of the loss of some 

washed material from either the I-band of the sarcomere or the surface of the myofibrils. 
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(a) 

 

(b) 

 

(c) 

 

Figure 6.6: Effect of pH cycling on a beef sternomandibularis muscle fibre fragment (15 °C, 

stretched), as visualised using reflection confocal laser scanning microscopy (RCLSM), showing 

(a) pH measured on the slide (b) global brightness and (c) fibre fragment width. The pH cycling 

was completed by exposing the muscle fibre fragment to the same homogenising buffer (380 mM 

mannitol  + 50 mM potassium acetate buffer) at either pH 4.5 (red square) or 7.0 (purple triangle) 

to decrease or increase the pH of the surrounding medium (as shown with large black arrows). 

Each stage of pH cycling is represented, as described in Figure 6.7 with events marked A to E: 

A- start of initial pH increase; B-1st high pH peak; C- 1st low pH trough; D- 2nd high pH peak; E- 

2nd low pH trough. The red arrows in (c) depicts the lag effects. 
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A 

 

B 

 

C 

 

D 

 

E 

 

  

Figure 6.7: Effect of pH cycling on beef sternomandibularis muscle fibre fragments (15 °C, 

stretched) visualised using reflection confocal laser scanning microscopy (RCLSM). The pH 

cycling was completed by exposing the muscle fibre fragment to the same homogenising buffer 

(380 mM mannitol + 50 mM potassium acetate buffer) at either pH 4.5 or 7.0 to decrease or 

increase the pH of the surrounding medium. Each stage of pH cycling is represented, as described 

in Figure 6.6 with events marked A to E: A- start of initial pH increase; B-1st high pH peak; C- 

1st low pH trough; D- 2nd high pH peak; E- 2nd low pH trough. Scale bar 50 µm. 
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 Conclusion 

Manipulation of sarcomere length, rigor temperature and pH has provided tools to dissect the 

various sources of light scattering by muscle fibres. Sarcomere length alone did not impact on the 

light scattering properties of the muscle. A high rigor temperature increased lightness and global 

brightness of the muscle and was associated with alterations in the structural configuration of the 

muscle, creating increased light scattering. When stretched, the high rigor temperature promoted 

muscle fibre shrinkage in the transverse orientation, which generated more light scattering. When 

in the unstretched configuration, the high rigor temperature muscles retained a longer sarcomere, 

which was associated with more light scattering compared to lower rigor temperatures. It appears 

the fibre width, was not solely responsible for this light scattering development and indicates 

other mechanisms are involved. Together, these findings indicate there is no single mechanism 

responsible for the development of light scattering, and more than one structural attribute of the 

muscle is involved.  

The pH cycling part of the experiment confirmed the interaction that occurs between muscle fibre 

width, pH and light scattering, with reductions in the environmental pH causing shrinkage of the 

muscle fibre fragment, whilst increasing light scattering. However, once the muscle fibre was 

exposed to the low pH conditions, some permanent, irreversible structural modifications occurred, 

indicating there may have been a loss of scattering material from the structure or some permanent 

modification to the components of the muscle fibre. The exact mechanisms responsible for this 

irreversibility have yet to be determined. 

In terms of application in the meat industry, any optimisation of the temperature during rigor 

would be opportune for improving the structural attributes of the muscle and avoiding extremes 

of either excessively pale or dark meat.  
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 Light scattering in beef longissimus thoracis muscle is primarily 

generated by the transverse shrinkage of the myofilament lattice, 

myofibrils and muscle fibres. 

 

This chapter integrates the muscle fibre transverse shrinkage theory with the sarcoplasmic 

protein activity analysis of light scattering. It also views the differences of myofilament lattice 

spacing between light and dark muscles, using small angle X-ray diffraction (SAXS), combined 

with the differences in sarcoplasmic protein composition, using proteomic techniques. 

  



173 
 

STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter includes a co-authored paper, submitted for publication to Meat Science. Authors: 

Joanne Hughes, Frank Clarke, Yutao Li, Peter Purslow and Robyn Warner. 

My contribution to the paper involved: Design, collection and analysis of most of the data. 

Interpretation, development of ideas, writing and editing of paper. 

Co-contributions: 

Yutao Li: Analysis and generation of correlation table and appropriate mention in methods, results 

and discussion. Checking of other statistical analysis. 

Frank Clarke, Peter Purslow & Robyn Warner: Discussions on the development, approach and 

interpretation of results. Frank Clarke also assisted with the lab analysis and collection of data for 

sections 7.3.5 and 7.3.6. Peter Purslow also generated Figure 7.1 and Figure 7.9, provided input 

to the interpretation of section 7.3.3, particularly regarding intensity ratios and helped reword the 

discussion. 

Joanne Hughes: (Signed)  (Date) 23/6/18 

Co-author and supervisor: Frank Clarke (Countersigned)  (Date) 

19/7/18 

Co-author, Yutao Li :(Countersigned) (Date) 26/6/18 

Co-author, Peter Purslow :(Countersigned)   (Date) 25/6/18 

Co-author and supervisor: Robyn Warner (Countersigned)  (Date) 3/7/18 



174 
 

 Introduction 

The appearance of meat is largely dependent on the colour of the muscle and is a key attribute of 

consumer acceptability. Within beef muscle, the red pigments, myoglobin and haemoglobin, are 

the primary absorbers of certain wavelengths of light and so give rise to red meat colour. In 

addition, structural elements of the muscle (myofibrillar, cytoskeletal and interaction with other 

sarcoplasmic proteins) that both absorb and scatter the light (Macdougall, 1970) affect the 

paleness/darkness of the muscle. Light scattering by diffusion or deflection by particles or 

interfaces is thought to occur between various structures of the muscle that have different 

refractive properties, such as changes in the optical density that occur in the gaps between adjacent 

myofibrils and/or at the A-I interfaces of the sarcomere (Offer et al., 1989), or even the 

intersection between the I-band and the Z-line, but the exact components responsible for light 

scattering are yet to be defined.  

As shown in chapter 5, the structure and light scattering properties of dark and pale meat are very 

different and are associated with the pH of the muscle. Although a reduction in the lateral spacing 

between thick and thin myofilaments generally occurs in all muscles post-mortem due to the pH 

fall, the amount of this transverse shrinkage is variable.  Dark, high pH meat has a ‘swollen’ 

structure (larger diameter muscle fibres) due to reduced shrinkage and is accompanied by more 

transmittance and less light scattering and reflectance (Irving et al., 1989; Swatland, 2008). These 

muscles also typically have a shorter sarcomere length compared to lighter muscles (Hughes, 

Clarke, et al., 2017; Irving et al., 1989; Warner et al., 1997), but how this relates to the colour is 

still relatively unknown. In comparison, pale, low pH meat, undergoes greater transverse 

shrinkage of the lattice, which is accompanied by greater muscle fibre shrinkage and greater fluid 

loss, classically giving rise to pale, soft, exudative (PSE) meat. These findings have mainly been 

observed in pork and chicken, and also in beef (Tarrant & Mothersill, 1977), although the opposite 

condition of dark, firm dry (DFD) meat with a high ultimate pH is more common.  

In chapter 5, we have previously shown that reducing the pH environment of a muscle fibre 

induces fibre shrinkage and is central to increasing the global brightness or light scattering within 

that fibre. However, not all of the changes in light scatter that occur in low pH meat can be 
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reversed by increasing the pH post-rigor, which suggests that some irreversible change such as 

protein denaturation at low pH may either contribute to changes in myofilament lattice spacing 

(e.g. by denaturation of myosin heads) or induce further light scattering by precipitation of 

particles in the sarcoplasmic fluid, or increase scattering from certain structures by decorating 

them with aggregated protein. In pale pork, the shrinkage of the myofilament lattice has been 

linked to both myosin head and sarcoplasmic protein precipitation (Liu et al., 2016). So, it is likely 

these events do not occur in dark meat and consequently there is less development of the light 

scattering. Therefore, we hypothesise that three mechanisms are responsible for decreased light 

scattering in dark meat, namely (i) a larger lateral separation of thick and thin myofilaments (ii) 

decreased optical protein density in the I-band and (iii) decreased denaturation of sarcoplasmic 

proteins. 

The aim of this current investigation is to test this hypothesis. Whereas pH differences in previous 

work were assumed to drive changes in the myofilament lattice spacing, we aim to make a direct 

correlation between light scattering, colorimetric measurements and myofilament lattice 

dimensions measured by small angle X-ray diffraction (SAXS). 

Few visualisation techniques have been employed to identify the specific proteins, components 

or regions of the cell that are involved in light scattering. More recently, we have used reflectance 

confocal laser scanning microscopy (RCLSM) as a useful tool to visualise the overall global 

brightness as a quantitative measure of light scattering intensity (Hughes, Clarke, et al., 2017). 

By using RCLSM we can obtain measurements of the structural dimensions in the muscle cell, 

but also the periodic spacing (distance between global brightness peaks) of the scattering elements 

involved. This technique will be employed to facilitate the identification of these scattering 

elements and possible sites of increased or decreased optical density contrast in pale versus dark 

meat samples.  

In addition, the degree of denaturation or aggregation of some sarcoplasmic proteins will be 

monitored by measuring the activity of enzymes in the sarcoplasm that can be extracted from the 
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muscle under various conditions. Mass spectroscopy is then used to identify proteins or fragments 

produced by post-mortem proteolysis that are more prominent either in light or dark muscles. 

 Methods 

 Carcass assessment, sample collection and storage 

Beef longissimus thoracis muscles from the left side of the carcass were collected 72 to 96 h post-

mortem (PM) from a commercial meat processor. Samples were collected 3 to 4 d PM to 

maximise the time from slaughter to grading, thus ensuring the final pH had been reached and 

meat colour compliance was more likely, as outlined in chapter 3 (Hughes, Kearney, et al., 2014). 

Carcass sides were quartered between the 10th and 11th ribs, and the exposed muscle surface colour 

was developed (bloomed) for 1 h at 10 °C. Muscles were visually assessed for meat colour using 

a standard set of colour chips, by a qualified AUS-MEAT assessor, as outlined in chapter 2. A 

total of 19 carcasses were allocated to one of 3 meat colour groups (light, medium or dark) as 

defined by AUS-MEAT colour scores: 1C (light, n = 7); 2 (medium, n = 7); >3 (dark, n = 5), 

respectively, with a meat colour >3 considered to be unacceptably dark (AUS-MEAT, 2005). 

Unfortunately, due to a lack of dark meat coloured carcasses, only 5 replicates from this group 

could be collected. Using the assessor data, we were advised that the dark meat carcasses also had 

an unacceptably high pH (≥ 5.71), as per AUS-MEAT guidelines and all of which had pH values 

≥ 6.00. These carcasses were from pasture fed, male bovine animals (<320 kg) that were up to 36 

months old, with 0 to 4 permanent incisor teeth. The remaining 14 carcasses from the light and 

medium colour groups were from 100 d grain fed, female bovine animals (<320 kg), that were up 

to 30 months old, with 0 to 2 permanent incisor teeth. For all colour groups, fat colour scores were 

all at the lighter/whiter end of the scale (<3), with the subcutaneous fat depth ranging from 8 to 

27 mm. 

All muscles were vacuum packed and transported back to the laboratory using insulated 

containers and stored at 5 °C. Further processing was conducted at 10 °C, whereby a thick slice 

(40 mm thick) was removed from the caudal end and stored at -1 °C for RCLSM. A second slice 

(40 mm thick) was cut and used for small angle X-ray scattering (SAXS) and colour 
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measurements. A third slice (25 mm thick) was trimmed of subcutaneous fat and connective tissue 

and cut into small cubes and placed in 4 separate 25 ml plastic tubes, where they were 

subsequently stored at -80 °C and these samples were used for sarcoplasmic activity assays, 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and light microscopy 

analysis. A fourth slice (40 mm thick) was cut and used for drip loss measurement. The remaining 

primal was vacuum packed and stored at -20 °C. 

 Muscle analysis 

7.2.2.1 Drip loss, colour and pH measurements 

At 4 to 5 d PM, drip loss was measured using the method of Honikel et al. (1986), as outlined in 

chapter 2. At 5 to 6 d PM, colour and pH measurements were made on the SAXS slice after 

trimming 5 mm from the surface and blooming at 4 °C for 60 min, as described in chapter 2.  

7.2.2.2 Small angle X-ray scattering (SAXS) measurements 

At 5 to 6 d PM, samples were prepared for SAXS analysis by slicing steaks in half (dorsal to 

ventral slice), then using a scalpel to cut a 10 mm diameter (2-3 mm depth) sub-sample adjacent 

to the seam of the muscle (near to the dorsal side) whilst avoiding intramuscular fat. The sub-

samples were cut in longitudinal orientations, so that the axis of the diffraction pattern was 

perpendicular to the muscle fibre axis (equatorial diffraction). Sub-samples were mounted onto 

the plate using Kapton tape and a blank (kapton tape only), was also fixed to the plate. 

Transmission measurements irradiated the sub-samples in an orthogonal grid, at a minimum meat 

volume size of 0.250 x 0.12 x 1 mm. This was conducted over 110 shots x 1 s exposures, with a 

camera length of 7.025 m at 27 ± 1 °C. The detector was a Pilatus2- 1M with 2-5 x 1012 photons/s 

and a momentum of 10 keV. Calibrations were conducted using silver behenate for the d-spacing 

and glassy carbon for the sample thickness. Image analysis was conducted using the Scatterbrain 

program (Australian Synchrotron Facility, 2016). For one sample, any outliers were removed 

(beam clipping edge of plate) and shots were summed. Peak fitting of the data was mostly between 

q = 0.11 and 0.045 Å-1, using simultaneous fitting of a power-law model (mostly with exponent 

between -2 and -1) and two Gaussian peaks, using starting values adequate to guarantee 
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convergance upon a viable solution. Data of the peak position (centre), peak width (sigma), peak 

height (amplitude) was used to calculate d-spacing (d = 2 x π/ q), peak width (in q units) and 

integrated peak area. The Bragg reflections d1,0 and d1,1 were considered to be the lattice 

spacings between myosin filaments and myosin and actin filaments respectively, as reviewed by 

Millman (1998) and schematically explained in Figure 7.1. 
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Figure 7.1: Diagram representing the arrangement of myofilaments in the plane transverse to the 

muscle fibre direction, explaining the origin of the 1,0 (myosin-myosin) and 1,1 (myosin-actin) 

equatorial diffraction peaks from vertebrate muscle due to the hexagonal packing of the myosin 

filaments (larger, green spots) and the positioning of the actin filaments (smaller dark blue spots) 

at the trigonal points (equidistant from the three adjacent thick filaments) between them. As the 

shorter 1,1 spacing generates a diffraction peak at a higher angle, the corresponding peak in the 

experimental data, shown in Figure 7.4, has higher x-axis values, i.e. further to the right. Due to 

this reciprocal relation between actual spacing in the myofilament lattice and the position of the 

peak in Figure 7.4, the x-axis is calibrated in reciprocal values of Ångstroms (Å-1), see Millman 

(1998) review. 

 

  

1,0

1,1 
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7.2.2.3 RCLSM and image analysis 

An Olympus FluoviewTM 1000 CLSM was used in the reflectance mode for measurement of light 

scattering properties in both the longitudinal and transverse orientation of the muscle surface, at 

a depth of 30 µm, as described in chapter 2. 

 Isolated muscle fibre fragments and myofibrils analysis 

7.2.3.1 Isolation procedure 

Isolated muscle fibre fragments and myofibrils were used for sarcomere length measurement, 

enzyme activity assays and SDS-PAGE sample preparation. In addition, purified aldolase and 

GAPDH were also added to muscle fibre fragments from one light and one dark muscle and these 

fragments were viewed using RCLSM. 

The method of isolation has been described previously (chapter 2), with 1 ± 0.05 g muscles 

extracted in 10 ml of ice-cold 380 mM mannitol + 50 mM potassium acetate (KAM) adjusted to 

pH 5.40, 5.60 or 6.10 for light, medium and dark meat colours, respectively. Fractions from each 

step of the procedure were collected in the following buffers: supernatants from the first (S1) and 

second (S2) washes were both in KAM, and the third wash (S3) was in 0.1 M sodium phosphate 

buffer, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 2 mM dithiothrietol at pH 7.4. When 

supernatants were removed, a small aliquot (20 µl) was reserved for SDS-PAGE, the total volume 

of the supernatant was measured, and then pellets were replenished with exactly the same volume 

of the appropriate buffer.  

7.2.3.2 Aldolase and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) assays  

Aldolase was assayed using a modified method of Wu and Racker (1959). Supernatants from the 

extraction were diluted (1:10) and 20 µl was pipetted in duplicate into a 96 well plate. The assays 

were started by adding 200 µl of the aldolase assay mixture which contained 50 mM Tris- HCl, 

pH 7.5, 50 mM potassium chloride, 0.2 mM EDTA, 3 mM magnesium acetate, 1 mM fructose 

bisphosphate and 16.6 µg/ml α-glycerol-3-phosphate dehydrogenase/triosephosphate isomerase 

(GmBH, catalogue no 737.259). The rate of oxidation of nicotinamide adenine dinucleotide 

(NADH) was monitored at 340 nm over 5 min using a Biostrategy SpectraMax M3 plate reader. 
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Using the Vmax and the NADH extinction coefficient of 6220 M/ cm-1 the enzyme in each fraction 

was calculated. One unit (U) being defined as 1 µmol of NAD oxidised/ min. The activity of each 

of the 3 extracts (S1, S2, S3) was presented as a percentage of the total activity of the extracts.  

GAPDH was assayed using a modification of the method of Bass et al. (1969). Supernatants were 

diluted at 1:20 and 20 µl was pipetted in duplicate into a 96 well plate. The assays were initiated 

by adding 200 µl of the GAPDH assay mixture which contained 0.05 M Tris- HCl, pH 8.0, 0.05 

M potassium chloride, 0.2 mM EDTA, 3 mM magnesium acetate, 10 mM ATP, 5 mM 3- 

phosphoglyceric acid, 3.3 µg/ml phosphoglycerate kinase and 0.15 mM NADH. The rate of 

oxidation of NADH was monitored at 340 nm over 5 minutes using the plate reader as described 

above. The activity of each of the 3 extracts (S1, S2, S3) was presented as a percentage of the 

total activity of the extracts. 

7.2.3.3 SDS-PAGE 

The S1, S2 and S3 fractions from one light and one dark muscle was selected for SDS-PAGE 

analysis based on the following criteria: the light muscle was selected based on having a high 

lightness and low pH value (L* = 34.79, pH = 5.45) and dark muscle having a low lightness and 

high pH value (L* = 29.01, pH = 6.31). Samples were loaded on an equal volume basis (to gauge 

the quantity of individual proteins within each fraction), whereby 80 µl of sample was added to 

20 µl 5x SDS reducing buffer and 6 µl was added per lane. Mini-protean TGX 10 well gels (Bio-

rad, cat no 456-9033) were used for protein separation, with a low molecular weight pre-stained 

standard in SDS reducing buffer (Bio-rad, cat no 161-0373) applied. Gels were immersed in a gel 

tank containing tris-glycine running buffer at 40 mA for 40 min, and subsequently stained in quick 

Coomassie blue (Protein Ark, product code: Gen-QC-Stain-1L) for 30 min (room temperature) 

and stored in milli Q water overnight (4 °C). Images of gels were captured and viewed the 

following day using a Bio-Rad EZ Gel Doc and Image LabTM software (Bio-Rad Laboratories Pty 

Ltd, Gladesville, NSW, Australia).  
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7.2.3.4 Nano liquid chromatography tandem mass spectrometry (NanoLC ESI MS/MS) analysis 

The mass spectrometer used was a TripleTOF 5600 (SCIEX, Redwood City, USA) with a 

nanoflow HPLC system (Eksigent Ultra nanoLC). The protein band of interest from the dark 

muscles (S3 fraction ~35 kDa) was destained with acetonitrile (ACN): ammonium bicarbonate, 

reduced (25 mM dithiothrietol), alkylated (55 mM iodoacetamide), washed and dried. Proteins 

were digested with 150 µg trypsin for 18 h. Peptides were extracted, then dried. The sample was 

reconstituted in 12 μL loading buffer prior to analysis and 10 μL was injected onto a peptide trap 

(OptimizeTech peptide Captrap) for pre-concentration and desalted with 0.1% formic acid, 2% 

ACN, at 10 μL/min for 5 min. The peptide trap was then switched into line with the analytical 

column (Halo C18, 160 Å, 2.7 µm, 150 µm x 10 cm). Peptides were eluted from the column using 

a linear solvent gradient, with steps, from H2O:CH3CN (95:5; + 0.1% formic acid) to H2O:CH3CN 

(5:95; + 0.1% formic acid) with constant flow (500 nL/min) over an 80 min period. The LC eluent 

was subjected to positive ion nanoelectrospray MS analysis in information dependant acquisition 

(IDA) mode. In IDA mode a TOF-MS survey scan was acquired (m/z 350-1500, 0.25 s), with the 

ten most intense multiply charged ions (with counts >150) in the survey scan sequentially 

subjected to MS/MS analysis. MS/MS spectra were accumulated for 200 ms (m/z 100-1500) with 

rolling collision energy dependent on the charge and size of the precursor ion. ProteinPilotTM 5.0 

software (SCIEX) was used to search the MS/MS data against the UniProt database (Bos taurus: 

version 20170920: 107,784 proteins) allowing the identification of proteins in the gel band. The 

peptides (95%) is defined as the number of distinct peptides having at least 95% confidence. The 

sequence coverage (%) is the percentage of matching amino acids from identified peptides having 

confidence greater than 0, divided by the total number of amino acids in the sequence. The total 

score is the total amount of evidence for a detected protein. To check the consistency in the 

appearance of the protein band of interest, a secondary set of samples (one muscle from light and 

dark groups) were run on SDS-PAGE which confirmed the presence of the band. 

7.2.3.5 Sarcomere length 

Sarcomere length measurements were made on myofibrils resuspended in KAM (after collection 

of S1 and resuspension in a second wash), as described in chapter 2. 



183 
 

7.2.3.6 Addition of purified aldolase and GAPDH to muscle fibre fragments. 

One light muscle (pH 5.38, L* = 36.6) and one dark muscle (pH 6.09, L* = 27.2) was used for 

this procedure. The isolation procedure was repeated, with some modifications and is summarised 

in Figure 7.2. Addition of the aldolase substrate, 2 mM fructose 1,6- bisphosphate (FBP) into the 

buffer was completed to maximize sarcoplasmic protein removal from the myofibrils and muscle 

fibres. A total of 5 washes were completed, with the fifth pellet (P5) being resuspended in purified 

aldolase, GAPDH or a combination of both. 

 

 

Figure 7.2: Procedure for homogenising light and dark muscles, as defined by AUS-MEAT colour 

scores: light 1C; dark >3 respectively on beef longissimus thoracis muscle for reflectance 

confocal laser scanning microscopy (RCLSM), where each pellet had a small aliquot taken for 

imaging. KAM: 380 mM mannitol + 50 mM potassium acetate adjusted to pH 5.40 or 6.10 for 

light and dark meat colours, respectively. FBP: fructose 1,6- bisphosphate 

 

Purified aldolase (Sigma A1893) and GAPDH (Sigma G0763) were prepared by pipetting 0.5 ml 

of each into two separate 1.5 ml plastic tubes and centrifuging at 14,500 rpm for 4 min. The 

supernatants were discarded and 400 µl KAM pH 5.4 was used to dissolve the pellets, by using a 
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glass pipette to resuspend the pellets. Suspensions were then pipetted into 20 cm strips of dialysis 

tubing (3000 kDa molecular weight) and tied at both ends. Tubing was placed into a glass beaker 

containing 100 ml KAM pH 5.4 and stirred for 30 min, after which the solution was discarded 

and fresh solution added (this wash was repeated 3 times). The final aldolase or GAPDH 

concentrations in the preparations were 10 mg/ml. Controls were resuspended in KAM buffer 

only. 

 Statistical analysis 

One way analysis of variance (ANOVA) was used to examine the effects of treatments on 

individual (univariate) traits, using Genstat 16th edition (GenStat, 2013). For multiple correlations, 

a multivariate analysis of variance fitting a generalized linear model, was applied to generate 

correlation coefficients of multiple variables. The SAS GLM model with the option MANOVA 

(version 9.4, 2002-2012 by SAS Institute Inc., Cary, NC, USA) was used for the analysis. In the 

model, the response variables included 19 measurements (lightness, redness, yellowness, pH, drip 

loss, sarcomere length, myosin-myosin spacing, myosin-actin spacing, confocal global brightness 

(longitudinal and transverse), fibre diameter, aldolase activity in S1, S2, and S3 fractions, 

GAPDH activity in S1, S2, transverse and longitudinal peak distance for confocal global 

brightness measurements). Eleven of these variates were plotted in the correlation table. In order 

to take into account of trait variations due to different color groups, animals with different weights 

from different breed types, we fitted colour group, breed and hot carcass weight as fixed effects 

in the model.  

 Results  

 Characterisation of muscle colour groups 

Table 7.1 shows the colorimetric measurements on the three colour groups of muscle samples 

studied. Muscles that were classified as non-compliant by AUS-MEAT standards, had a dark 

colour in both orientations and lower lightness in the muscle. The dark colour group had a lower 

lightness, redness and yellowness value, regardless of measurements made longitudinal or 

transversely to the muscle fibre axis (P<0.001). The confocal micrographs in Figure 7.3 show the 
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differences in the intensity of scattered light from samples in the light, medium and dark classes 

of muscles; as expected, light samples showed the highest level of back-scattered light and dark 

samples the least. In addition, as shown in Table 7.2, dark muscles also had a higher pH and a 

lower drip loss (P<0.001) compared to the other colour groups. The light and medium colour 

groups had similar values for all colorimetric, pH and drip loss measurements. Therefore, dark 

muscles showed a distinct separation of colour, pH and drip loss compared to the light and 

medium colour groups. 
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Table 7.1: Colorimetric values of beef longissimus thoracis muscle in the longitudinal and transverse orientations of light, medium and dark colour groups, as defined 

by AUS-MEAT colour scores: light 1C; medium 2; dark >3, respectively. Measurements were made on a 30-35 mm thick slice after blooming at 4 °C for 60 mins. 

 Longitudinal Transverse 
  Light Medium Dark LSD P-value Light Medium Dark LSD P-value 
Lightness (L*) 35.3 34.5 28.2 1.82 <0.001 34.8 34.0 27.4 0.91 <0.001 
Redness (a*) 15.9 15.4 10.0 1.20 <0.001 16.6 16.5 10.5 0.72 <0.001 
Yellowness (b*) 1.0 0.4 -4.4 1.00 <0.001 1.8 1.1 -3.9 0.62 <0.001 
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Light   

(a) (b) (c) 

Medium   

(d) (e) (f) 

Dark   

(g) (h) (i) 

Figure 7.3: Effect of colour group (‘light’, a, b, c; ‘medium’, d, e, f and ‘dark’ g, h, i) on reflection 

confocal laser scanning microscopy (RCLSM) images of beef longissimus thoracis muscle fibres 

in the transverse orientation. Colour group was defined by AUS-MEAT colour scores: 1C; 2; >3, 

respectively. Each image is taken from a sample of muscle from a different carcass. Scale bar = 

40 µm.  
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Table 7.2: Effect of light, medium and dark colour groups, as defined by AUS-MEAT colour 

scores: light 1C; medium 2; dark >3, respectively on beef longissimus thoracis muscle. 

Myofilament spacing was conducted at 5-6 d PM using small angle x-ray scattering (SAXS). 

Measurements for pH were also made at 5-6 d PM. Global brightness (long-longitudinal or trans-

transversely to muscle fibre axis) and muscle fibre diameter measurements were conducted at 7-

8 d PM, using reflectance confocal laser scanning microscopy (RCLSM). 

  Light 
 

Medium Dark LSD P-value 
pH 5.47 5.52 6.15 0.180 <0.001 
Drip loss (%) 5.2 5.7 1.7 1.33 <0.001 
RCLSM global brightness (long) 121.0 102.3 78.4 24.72 0.008 
RCLSM global brightness (trans) 105.8 95.3 61.9 22.43 0.002 

RCLSM longitudinal periodicity 
(distance between peaks) 

1.89 2.08 2.13 0.149 0.006 

RCLSM transverse periodicity 
(distance between peaks) 

1.79 1.90 2.15 0.208 0.007 

Sarcomere length (µm) 2.13 2.11 1.89 0.162 0.015 
Muscle fibre diameter (µm) 65.1 71.0 75.6 6.27 0.009 
Myosin- myosin spacing (nm) 36.3 36.7 38.6 1.16 0.002 
Myosin- actin spacing (nm) 21.4 21.3 22.6 0.81 0.006 
Intensity ratio (1,1 peak to 1,0 peak) 2.41 2.85 3.65 0.776 0.015 

 

 Light scattering and microscopy 

Table 7.2 also shows that dark muscles had lower global brightness values (overall intensity of 

back-scattered light in reflection confocal microscopy) and longer periodic spacings in the 

reflected images, both in the longitudinal and transverse orientations (P<0.05). The periodic 

spacings in both orientations were positively correlated with each other (R2 = 0.72, P<0.001, data 

not shown). Table 7.2 also demonstrates that dark muscles had a shorter sarcomere length than 

light or medium muscles and that dark muscles had the largest muscle fibre diameter whereas the 

light muscles had the smallest (P<0.05). Light microscopy images of myofibrils from dark 

muscles revealed distinct A- and I-bands but with no appearance of a Z-line, whereas in myofibrils 

from light muscles, the appearance of the Z-line was more distinct (images not shown).  
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 SAXS and myofilament lattice spacing 

Figure 7.4 shows line plots of the intensity of equatorial small-angle diffraction from 

representative samples of light, medium and dark muscles. As explained in the legend, the x-axis 

in these plots is calibrated in reciprocal values of Ångstroms (Å-1). Two differences are clearly 

apparent from the X-ray diffraction data. Firstly, as reported in Table 7.2, dark muscles had 

greater transverse myofilament spacings (both myosin-myosin and myosin-actin) compared to the 

other colour groups (P<0.05). Secondly, the relative intensity (area under the curve above the 

fitted baseline) of the 1,0 and 1,1 peaks was different in dark versus light or medium samples. 

Table 7.2 shows that the mean value of the intensity ratio between the 1,1 and 1,0 peaks for the 

dark samples was significantly higher than for light and medium samples (P=0.015).  
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(a) Light, (pH 5.46) (b) Medium, (pH 5.47) 

  

(c) Dark, (pH 6.09)  

 

 

Figure 7.4: Small angle X-ray scattering (SAXS) example of peak fitting output plots for (a) light, 

(b) medium or (c) dark meat colour of beef longissimus thoracis. Units along the x-axis are q     

(Å-1) and the y-axis represents the intensity of the signal. Figures in parentheses are the mean pH 

of the samples in each group. 
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 Correlations among Multiple Variables 

Lightness was strongly negatively correlated (P<0.05) to the myosin-myosin and myosin-actin 

spacing, (as shown in Table 7.3, -0.62 and -0.67, respectively). The myosin-myosin spacing was 

also strongly negatively correlated (P<0.05) to both yellowness (-0.79) and drip loss (-0.64). 

Lightness and drip loss showed similar trends for sarcoplasmic protein activities, with positive 

correlations observed with aldolase and GAPDH activities in S1 fractions and negative 

correlations with GAPDH activity in S3 fractions (drip loss also had a negative correlation for 

aldolase activity in the S3 fraction). The aldolase activity in S1 and S3 fractions were also 

positively correlated to the GAPDH activities in S1 and S3 fractions, respectively. Redness, pH, 

sarcomere length and fibre diameter measurements were not correlated (P>0.05) to any lattice 

spacing or sarcoplasmic protein activity measurements (data not shown). 

Light scattering periodicity patterns, represented by the distance between global brightness peaks 

in transverse and longitudinal orientations were strongly positively correlated to each other (r = 

0.7, P=0.008). 
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Table 7.3: Correlation coefficients (r) between beef longissimus thoracis meat quality attributes (transverse colour and drip), structural myofilament spacings, global 

brightness light scattering values (longitudinal and transverse) and enzyme activities in the S1 and S3 fractions. In each cell, a significant partial correlation value is 

indicated with * or **, corresponding P<0.05 or P<0.001, respectively. Boxed areas indicate key areas of interest. 

Lightness (L*) 1    
  

    

Yellowness (b*) 2 0.324          

Drip loss (%) 3 0.687* 0.401         

Myosin- myosin 
spacing (nm) 

4 -0.617* -0.79* -0.635*        

Myosin-actin spacing 
(nm) 

5 -0.673* -0.46 -0.209 0.591       

RCLSM global 
brightness 

(longitudinal) 
6 0.191 0.203 0.03 -0.386 -0.288      

RCLSM global 
brightness (transverse) 

7 0.516 -0.119 0.326 -0.237 -0.255 0.717*     

Aldolase activity in S1 
fraction 

8 0.714* 0.294 0.578* -0.397 -0.294 -0.184 0.044    

Aldolase activity in S3 
fraction 

9 -0.532 0.18 -0.624* 0.018 0.076 0.357 -0.134 -0.604*   

GAPDH activity in S1 
fraction 

10 0.679* 0.178 0.616* -0.411 -0.354 0.14 0.246 0.781* -0.641*  

GAPDH activity in S3 
fraction 

11 -0.606* 0.191 -0.592* 0.101 0.214 -0.071 -0.413 -0.523 0.841** -0.815* 

  1 2 3 4 5 6 7 8 9 10 
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In both orientations of global brightness, when analysing the data across three colour groups, there 

were no overall significant correlations to any variate (P> 0.05). However, Figure 7.5 shows 

correlation scatter plots between lightness and global brightness in both orientations, with 

associated trend lines. In both orientations of light scattering measurement, the light colour group 

had a clear negative relationship to lightness and the medium colour group had a positive 

relationship. The dark colour group showed a negative relationship for longitudinal global 

brightness, whereas in the other orientation it was a positive relationship (Figure 7.5). Thus, the 

relationships between colorimetric lightness and confocal light scattering were different, 

depending on the colour group and the orientation of measurement. 

 

(a) (b) 

Figure 7.5: Correlation scatterplots between beef longissimus thoracis colour (lightness measured 

on 35 mm steak in transverse orientation) and the global brightness light scattering values, as 

measured using reflectance confocal laser scanning microscopy (RCLSM) from images taken of 

muscle fibre fragments in either (a) longitudinal or (b) transverse orientation. The effect of light 

(circles, dashed trend line), medium (squares, dotted trend line) and dark (triangles, solid trend 

line) colour groups, as defined by AUS-MEAT colour scores: light 1C; medium 2; dark >3, 

respectively, on the corresponding linear trend lines was noticeably distinct between colour 

groups. 
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 Sarcoplasmic protein activities and mass spectrometry 

Table 7.4 shows the activities of GAPDH and aldolase in extracts from light, medium and dark 

muscles. Sarcoplasmic extracts from light muscles had lower GAPDH activities (P<0.05) in the 

third supernatant fractions (S3), after extraction in the sodium phosphate buffer at pH 7.4. The 

first supernatant (S1) from these light muscles had a higher activity of GAPDH (P<0.05), after 

extraction in the mannitol buffer at pH similar to the muscle (pH 5.4). No differences were 

observed for aldolase activity in the S1 and S3 fractions (P>0.05), but these extracts did have 

larger LSDs. 

 

Table 7.4: Effect of light, medium and dark colour groups, as defined by AUS-MEAT colour 

scores: light 1C; medium 2; dark >3 respectively on the proportion of sarcoplasmic enzyme 

activities (%), namely GAPDH and aldolase, in each fraction. Muscles were extracted and 

supernatant fractions S1, S2 and S3 from 1st, 2nd and 3rd washes were collected and assayed 

individually. Solutions used for the washes were S1 and S2: 380mM mannitol and 50mM 

potassium acetate buffered to muscle pH (light pH 5.4, medium pH 5.6 & dark pH 6.1) and for 

S3: 0.1 M sodium phosphate buffer, 0.5 mM EDTA, 2 mM dithiothreitol at pH 7.4. All activities 

were measured in enzymatic U and then expressed as a percentage (%) of the total for all washes 

within an enzyme. 

Sarcoplasmic enzyme Fraction Light Medium Dark LSD P-value 

GAPDH 
S1 90 87 86 3.6 0.053 
S2 0.09 0.09 0.03 0.037 0.011 
S3 8 11 13 3.7 0.018 

Aldolase 
S1 84.2 83.7 74.8 10.28 0.135 
S2 1.5 0.9 1.1 0.46 0.017 
S3 14.3 15.4 24.2 10.41 0.132 
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Figure 7.6 shows the separation by SDS-PAGE of sarcoplasmic proteins from light and dark 

muscles. A duplicate fractionation procedure was completed without dithiothreitol (S3.2) to test 

the effect of disulphide bond formation and showed no differences. When sarcoplasmic proteins 

from light and dark muscles were extracted close to the pH of the muscle (pH 5.4 and 6.1, 

respectively), an extra band (red arrow) was observed in the dark S3.1 and S3.2 fractions at ~35 

kDa that was not observed in light fractions. This band was used for mass spectrometry analysis.  

Table 7.5 shows the results of analysis of the 35 kDa gel band by nanoflow liquid 

chromatography/tandem mass spectrometry. This revealed a number of protein identifications, 

and the top 13 matches are listed: The Four and a half LIM domains 1 (FHL1) protein had the 

highest total score. 
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(a) Light (b) Dark 

  

Figure 7.6: SDS-PAGE separation protein patterns showing the differences in protein bands 

between sarcoplasmic extracts from either (a) ‘light’ or (b) ‘dark’ meat colours of beef 

longissimus thoracis muscles. Muscles were extracted and supernatant fractions S1, S2 and S3 

from 1st, 2nd and 3rd washes were collected and prepared individually. Solutions used for the 

washes were S1 and S2: 380 mM mannitol and 50 mM potassium acetate buffered to muscle pH 

(light pH 5.4 & dark pH 6.1) and for S3 (lane label S3.1): 0.1 M sodium phosphate buffer, 0.5 

mM EDTA, 2 mM dithiothreitol at pH 7.4. Supernatant S3 was also tested without dithiothreitol 

(S3.2) and showed no difference in electrophoretic profiles. Red arrow indicates ~35kDa band 

removed for mass spectrometry. 
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Table 7.5: Identifications resulting from in-gel trypsin digestion of the 35 kDa protein band isolated from dark meat colour group of beef longissimus thoracis muscles. 

The excised band taken from the S3 fraction was analysed using nanoflow liquid chromatography tandem mass spectrometry (NanoLC MS/ MS) and proteins were 

identified by searching the MS/MS data against the UniProt database. 

Accession no. Name Species 
Peptides 
(95%) 

Sequence 
coverage (%) Total score 

F1MR86 Four and a half LIM domains 1  Bos taurus 77 85.81 50.56 
F1N757 Titin  Bos taurus 7 0.23 11.66 
Q3SZX4 Carbonic anhydrase 3  Bos taurus 7 26.92 11.10 
P68252 14-3-3 protein gamma  Bos taurus 8 21.05 9.94 
P63243 Receptor of activated protein C kinase 1 Bos taurus 5 15.77 8.27 
Q3T169 40S ribosomal protein S3 Bos taurus 4 21.81 8.06 
P62261 14-3-3 protein epsilon  Bos taurus 7 25.49 9.84 

Q0VCX9 Myotilin  Bos taurus 3 7.62 6.05 
A6QLL8 Fructose-bisphosphate aldolase  Bos taurus 3 17.03 4.64 
P26452 40S ribosomal protein SA  Bos taurus 3 13.90 4.49 

G3N3C9 LIM domain binding 3  Bos taurus 2 4.25 4.42 
Q32KV0 Phosphoglycerate mutase 2  Bos taurus 2 11.86 4.42 
P10096 Glyceraldehyde-3-phosphate dehydrogenase  Bos taurus 3 12.91 4.14 

 



198 
 

 Addition of purified aldolase and GAPDH to muscle fibre fragments 

Table 7.6 shows the global brightness values for washed light and dark muscle fibre fragments 

increased with addition of purified GAPDH. Corresponding confocal micrographs for light and 

dark muscles are displayed in Figure 7.7 and Figure 7.8, respectively. This was also observed for 

aldolase addition in the dark muscle fibre fragments, but not in the light muscle fibre fragments. 

Control global brightness values were somewhat lower than those in Table 7.2, probably as a 

result of the extra washing steps with the inclusion of FBP. There were no changes in fibre widths 

with the addition of purified sarcoplasmic proteins. 

 

Table 7.6: Effect of light and dark colour groups on the reflection confocal laser scanning 

microscopy (RCLSM) global brightness and fibre width dimensions of beef longissimus thoracis 

muscle fibres in the longitudinal orientation. One light muscle (pH 5.38, L* = 36.6) and one dark 

muscle (pH 6.09, L* = 27.2) was used for the analysis, where colour group was defined by AUS-

MEAT colour scores: 1C; >3, respectively. 

  
Global brightness Fibre width (µm) 
light dark light dark 

Control 69 55 56 78 
Aldolase 65 87 58 71 
GAPDH 90 102 54 59 
aldolase + GAPDH 102 101 55 76 
  LSD P-value LSD P-value 

muscle 16.0 0.647 10.3 0.004 

sarcoplasmic 
addition 

11.5 0.003 7.4 0.474 

muscle x 
sarcoplasmic 
addition 

34.9 0.381 11.1 0.593 

 

  



199 
 

Light muscle fibres 

(a) 

Control 

    

(b) 

Aldolase 

    

(c) 

GAPDH 

    

(d) 

Aldolase 

and 

GAPDH 
    

Figure 7.7: Effect of sarcoplasmic protein addition, either (b) aldolase or (c) GAPDH or (d) a 

combination of both, to beef longissimus thoracis light muscle fibre fragments. Images were 

captured using reflectance confocal laser scanning microscopy (RCLSM). One light muscle (pH 

5.38, L* = 36.6) was used for the analysis, where colour group was defined by AUS-MEAT colour 

score 1C. 
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Dark muscle fibres 

(a) 

Control 

   

(b) 

Aldolase 

   

(c) 

GAPDH 

   

(d) 

Aldolase 

& 

GAPDH 
   

Figure 7.8: Effect of sarcoplasmic protein addition, either (b) aldolase or (c) GAPDH or (d) a 

combination of both, to beef longissimus thoracis dark muscle fibre fragments. Images were 

captured using reflectance confocal laser scanning microscopy (RCLSM). One dark muscle (pH 

6.09, L* = 27.2) was used for the analysis, where colour group was defined by AUS-MEAT colour 

score >3. 
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 Discussion 

 The shrinkage of the myofilament lattice in light muscles promoted an increased protein 

density in the A-band, which combined with the integrity of the Z-line, increased the contrast or 

refractive index mismatch both along the sarcomere and between adjacent myofibrils. 

Muscle lightness had a strong correlation with the transverse lattice spacing between 

myofilaments, with dark samples of beef longissimus thoracis having a longer distance between 

myosin-myosin and myosin-actin filaments than paler samples. This compliments previous 

observations made in pale, soft, exudative (PSE) and dark, firm, dry (DFD) pork loins, where 

filament separation was correlated with 400/700 nm reflectance (Irving et al., 1989). The wider 

spacing of the myofilaments in dark muscles indicates that less shrinkage had occurred post-

mortem within the myofilament lattice compared to both the light and medium groups. 

The correlation coefficients between light scattering measurements, and lightness or myofilament 

lattice spacing were not significant in this study, and was likely a result of an inadequate number 

of observations as large error variances were observed in the analysis. Lightness and global 

brightness in the transverse orientation had a correlation coefficient of r = 0.516, (P=0.071), 

which tends towards significance. This could have been due to the different positive and negative 

relationships that occurred between light scattering and lightness for the different colour groups, 

as shown in Figure 7.5. However, dark muscles consistently showed low lightness and low levels 

of light scattering, whereas light muscles had more light scattering (P<0.01).  

Theoretical analyses of light scatter from muscle fibres (Baskin et al., 1979; Ranasinghesagara & 

Yao, 2007; Xia et al., 2006; Yeh et al., 1980; Yeh et al., 1983) consider both diffraction from the 

transverse myofilament lattice and from the regular longitudinal spacing of A- and I-bands, 

superimposed with multiple scattering from the edges of cylindrical myofibrils and muscle fibres, 

and the gaps between them. The longitudinal and transverse periodicity of peaks in the scattered 

light intensity measured by RCLSM reported in Table 7.2, were in the order of 2 µm, in both 

orientations. Whilst this was similar in magnitude to sarcomeric structures in the longitudinal 

direction, there was clearly an interplay between light scatter from the myofibrillar lattice 
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(spacings in the order of 20 – 40 nm) and scatter from gaps between adjacent myofibrils to create 

this periodicity in the transverse orientation. As Irving et al. (1989) pointed out, a reduction of the 

lateral spacing of the myofilament lattice with decreasing pH caused an increased protein density 

in the A-band, and hence an increased refractive index. A greater difference in refractive index 

between the A-band and the I-band could cause greater light scattering from longitudinal 

structures in the myofibril. Thus, pH-dependent changes in the lateral (transverse) spacing of 

myofilaments could contribute to changes in both the lateral and the longitudinal back-scatter of 

light that has been measured in reflectance spectroscopy or, in our case, reflectance confocal 

microscopy. It was interesting that the longitudinal periodicity values were longer in the darker 

muscles (with shorter sarcomere lengths), but there was a lack of relationship between sarcomere 

length and global brightness in either the transverse or longitudinal directions. Longitudinal 

periodicities were in general longer than the length of the A-band (1.6 µm), suggesting that the 

change in protein density at the A-band/I-band junction at each end of the A-band did not 

dominate the periodicity in the longitudinal direction and these bright peaks of reflection could 

be aliasing between a variety of structures with different periodicity. In the lighter muscles, the 

increased contrast in optical protein density of the I-band relative to the A-band region and the 

stronger appearance of the Z-disc structures may be implicated in this. 

Prior to rigor, sarcomeres are known to behave isovolumetrically, whereby active muscle 

shortening generates more overlap of actin and myosin filaments and a larger myofibril diameter, 

and this is dependent upon the pH of the surrounding medium (Rome, 1967). Due to this 

isovolumetic behaviour of living muscle at physiological pH, the transverse separation of the thick 

and thin myofilaments in the A-band of myofibrils is greater at short sarcomere lengths and 

smaller at longer sarcomere lengths. In addition to the effects on the lateral separation of thick 

and thin filaments in the A-band, a shorter sarcomere length and hence wider myofibril diameter 

pre-rigor is expected to reduce or eliminate the lateral spaces between adjacent myofibrils, as 

shown schematically by Offer et al. (1989). If sufficient shrinkage of the myofilament lattice does 

occur (as in the lighter muscles in our study), and myofibrils are further apart, additional light 

scattering could occur from the refractive index mismatch between the high protein density A-



203 
 

bands of adjacent myofibrils and the lower sarcoplasmic protein density in gaps between adjacent 

myofibrils.  

 The differences in sarcomere length seen between light and dark muscles must reflect 

pre-rigor events and likely promote the differences in light scattering in both orientations, via 

transverse myofilament separation and by longitudinal refractive index mismatch between A-

bands and I-bands. 

As muscle goes into rigor mortis post-mortem, the sarcoplasmic membrane becomes porous and 

the myofilament lattice shrinks transversely with decreasing pH, with the lost volume driving drip 

loss. Muscles with short sarcomere lengths, and hence wider thick-thin filament separations pre-

rigor, suffer more transverse shrinkage than muscle with longer sarcomeres, and hence drip loss 

decreases with increasing sarcomere length (Bertram et al., 2002; Honikel et al., 1986; Hughes, 

Oiseth, et al., 2014). Schafer et al. (2000) stretched or shortened porcine longissimus muscle 

samples pre-rigor and used rapid SAXS at a high-intensity synchrotron source to study dynamic 

changes in the lateral spacing between myofilaments as the samples went into rigor. They 

observed the expected increase in myofilament separation in muscle with shorter sarcomere 

lengths, but also that with increasing sarcomere length, the difference between the initial (pre-

rigor) and final (post-rigor) thick filament separation decreased, so that myofilament lattice 

shrinkage post-rigor was large below 2 µm but much smaller at higher sarcomere lengths.   

The lateral shrinkage of muscle fibres post-rigor was not accompanied by an appreciable change 

in sarcomere length, so that any differences in sarcomere length seen between dark and pale 

muscles must reflect pre-rigor events. Dark muscles had shorter sarcomeres compared to their 

lighter muscle counterparts in our experiments, and this agrees with the findings of Irving et al. 

(1989), but the reason for this relationship is still unexplained. 

Light scattering from pre-rigor bovine sternomandibularis muscle has been shown to increase as 

the muscle was stretched, with maximum scattering observed at approximately 150 % of rest 

length, and decreased a little thereafter (Yao, 2006). It is assumed that the pre-rigor muscle studies 

by Yao et al. (2006) changed length at constant volume so that there was an obvious inverse 
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relationship between myofilament lattice spacing and muscle length, unlike post-rigor samples 

studied here, where a constant volume was not maintained and variable amounts of volume 

changes occurred, depending on sarcomere length. 

Previous RCLSM observations made in rabbit psoas muscle fibres indicated that the light 

scattering elements of the muscle “coincides axially with the central region of an A-band” (Offer 

et al., 1989), and in the present study the myosin-myosin filament lattice spacing had high 

correlation coefficients with lightness, indicating this region of the sarcomere was involved in the 

development of light scattering. Light muscles had a high global brightness intensity, with shorter 

distance between the peaks, and this confirms findings we have shown previously (Hughes, 

Clarke, et al., 2017). Variations in sarcomere length could be expected to alter the differences in 

protein density or refractive index in the A- versus the I- band. A shorter sarcomere with a longer 

overlap of thick and thin myofilaments will result in an increased amount of protein in the A-

band. Figure 7.9 shows the difference in the thin-thick filament overlap that occured between a 

sarcomere length of 1.89 µm (the mean sarcomere length in dark specimens) and a sarcomere 

length of 2.12 µm (the average between the mean sarcomere lengths in light and medium 

specimens). The diagrams of the sarcomeres are drawn to scale for the longitudinal elements of 

the sarcomere, but no changes in the lateral spacings between myofilaments are depicted. This 

figure also depicts the small changes in protein density along the sarcomere that were likely to 

occur between these sarcomere lengths. It therefore seems likely that the small difference in 

sarcomere length between light and dark muscles could contribute significantly to the increased 

light scatter from reduced myofilament separation in the transverse direction and by small changes 

in the differences in refractive index between A-bands and I-bands in the longitudinal direction. 
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Figure 7.9: Schematic diagram showing (left) the degree of overlap between thick and thin 

filaments at sarcomere lengths of 1.89 µm (top; representing mean sarcomere length in dark 

specimens) and 2.12 µm (bottom; representing the average between the mean sarcomere lengths 

in medium and light specimens). Green bars = thick filaments (1.6 µm long), dark blue bars = 

thin filaments (1.3 µm long) and red lines = titin molecules (1.0 µm long at rest length). At a 

sarcomere length of 2.12 µm the titin molecules are stretched by 12 %, whereas at a sarcomere 

length of 1.89 µm the M-line to Z-line distance is 5.5 % shorter than titin rest length, and so the 

titin filaments are buckled, as shown. Wavy light blue lines depict Z-lines. The length of each 

element is drawn exactly to scale. It is not possible to represent the true width of the elements or 

their true transverse spacing on the same scale, and so the widths and spacings are schematic only, 

and not drawn to scale. On the right, a schematic interpretation of protein density along each 

sarcomere is shown, without any contributions from other cytoskeletal or sarcoplasmic proteins. 

Reedy and Lucaveche (1984) estimate that 30-50 mg/ml of non-filamentous proteins exist in the 

spaces between thick and thin filaments, adding 30-45 % more mass to the A-band). The major 

changes between top and bottom panels are the length of regions marked a (half-width of I-band) 
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and b (thin filament overlap); at sarcomere length = 1.89 µm, a=0.145 µm and b=0.71 µm, and at 

sarcomere length = 2.12 µm, a=0.26 µm and b=0.48 µm. Also shown for comparison in the right 

hand panels are the average longitudinal periodicities for light, medium and dark samples of bright 

peaks in reflection confocal micrographs (distances shown between red bars, with red figures). 

These periodicities are drawn centred on the M-line. Note that in micrographs of the dark 

specimens the Z-lines were not visible, whereas medium and light specimens had visible Z lines. 

Therefore the Z-line “peak” in the optical density distribution for dark specimens (top, right) may 

actually be lower than represented. 
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 Dark muscles had extra mass on the myofilaments that contribute to the refractive index 

mismatch and were likely caused from excess of proteins or peptides from more proteolytic 

degradation of the Z-line and/or a different organisation of sarcoplasmic proteins around the 

actin filament. 

As noted in the results section, dark muscles in our experiments had a higher ratio of intensity 

between the 1,1 and 1,0 equatorial diffraction peaks. The relative areas under the two 1,1, and 1,0 

peaks (peak intensities) provide information about the relative amount of mass associated with 

the thick and thin filaments. In classic X-ray studies of muscle contraction and muscle going onto 

rigor (Elliott et al., 1963; Huxley, 1968), the ratio of 1,1 to 1,0 peak intensities was interpreted as 

a measure of the binding of myosin heads to the thin filaments, i.e., as myosin heads attach to the 

thin filaments the intensity of the 1,0 peak increased. However, in post-rigor muscle nearly all the 

myosin heads are bound to the actin filaments, and so the differences in the intensity ratio seen in 

Figure 7.4 and quantified in Table 7.2 were unlikely to arise from different amounts of cross 

bridge attachment. Although denaturation of the myosin heads was associated with the low pH-

high temperature conditions causative of PSE pork (Offer, 1991), binding of the myosin heads to 

actin was assumed to have occurred before this denaturation, and this is borne out by the fact that 

shortening of the myosin heads upon denaturation was linked with further reductions in the 

myofilament lattice spacing. But, more denaturation of the myosin S1 head could promote a 

higher density A-band region with more myofibril shrinkage and generate more opportunity for 

light scattering to occur around this region (both along the sarcomere length and between adjacent 

myofibrils). The exact role of how the magnitude myosin S1 head denaturation influences 

myofilament lattice spacing in regards to the optical protein density along the length of the 

sarcomere and the impacts to refractive index differences that occur between pale and dark 

muscles is still to be explored.  Furthermore, Irving et al. (1989) found a relationship between 

subjective ranking of pork meat paleness and a non-parametric ranking of the 1,1:1,0 intensity 

(using method of Elliott et al., 1963), again with higher intensity ratios associated with darker 

samples. Irving et al. (1989) raised the possibility that proteolysis in post-rigor muscle may cleave 

some of the myosin heads (heavy meromyosin subfragment 1) so that the mass of this S1 fragment 

was more widely, and less regularly distributed. However, if proteolysis of S1 fragments was 
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more advanced at a higher pH, this would mean that there would be less mass regularly centred 

on the thin filament positions, so decreasing the 1,1 intensity. A more likely explanation was that 

there is some addition in mass to the thin filaments by the attachment of other proteins or peptides 

in the darker samples, at higher pH, but the role of proteolysis in this structural rearrangement 

still needs clarification.  

The SDS-PAGE electrophoresis patterns of sarcoplasmic proteins (Figure 7.6) showed an 

additional band in the darker samples (circa 35 kDa) and indicated that perhaps there was more 

proteolysis in higher pH samples. The nature of the proteins in this 35 kDa band is discussed 

below. It should be noted that measurements from regular peaks in these X-ray diffraction 

experiments only give information about the relative mass centred on the thin filament position 

in the A-band, as it is only in the A-band that thin filaments take up a regular hexagonal 

arrangement between the thick filaments, so giving rise to a distinct diffraction peak due to their 

regular arrangement. In the I-band, the thin filaments are less ordered (Craig & Padron, 2004) and 

so the thin filaments in the I-band, and any proteins adhering to them in this region of the 

sarcomere, did not contribute to peaks in the SAXS diffraction pattern but just to amorphous 

background scatter. Glycolytic enzymes such as fructose bisphosphate aldolase are known to bind 

to troponin on the thin filaments and affect the ratio of intensities between the (1,1) and (1,0) 

spacings (Stuart, Morton & Clarke, 1979). These findings showed that the binding of this enzyme 

occurs in the A-Band (the only region of the sarcomere where the (1,1) spacing, which 

corresponds to the distance between overlapping thick and thin filaments exists). Although there 

is every reason to hypothesise that decoration of thin filaments by such enzymes will extend into 

the I-band, the lack of contributions to thin filaments in the I-band to the (1,1) peak means that 

the X-ray diffraction peak intensity ratios reported here cannot confirm this hypothesis. However, 

the similarities between the correlation coefficients for lightness and drip loss with structural 

attributes (both lattice spacing and sarcoplasmic protein activities) suggest a dual mechanism 

involving both of these components is involved. 

Hughes et al (2017) demonstrated that some, but not all, of the increases in reflected light intensity 

caused by irrigating muscle fibres with a low pH solution could be reversed by resuspending the 
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same fibres in a high pH solution. This led to speculation that there may be an additional 

contribution to light scattering in low pH muscle that was irreversible, and increased sarcoplasmic 

protein denaturation at low pH was one possible mechanism proposed. While the current finding 

of a high correlation between reduced myofilament lattice spacing and increased lightness 

demonstrates the strong contribution of pH-dependent myofilament spacing to light scattering, 

the observations from SAXS of an increased mass decorating the thin filaments in dark muscles 

also points to an additional mechanism other than simple thick and thin filament spacing. It is for 

these reasons that we included the analysis of sarcoplasmic proteins that could be extracted from 

dark versus light muscles at the pH of the post-rigor samples (light samples at pH 5.4, medium at 

pH 5.6 and dark muscles at pH 6.1) and subsequently at a higher pH (7.4) in the presence of 

EDTA and dithiothrietol.  

As noted above, sarcoplasmic extracts from dark muscle at pH 7.4, called S3 fractions (after 

previous extractions at lower pH have extracted much of the unbound sarcoplasmic proteins) 

contained some proteins or protein fragments that appeared at circa 35 kDa in the SDS-PAGE 

analysis, which suggests some additional degradation had occurred in these dark muscles 

compared to the lighter muscles. This band also appeared in a secondary supernatant S3 (S3.2- 

similar buffer without dithiothreitol) indicating disulphide bridges were not involved. The mass 

spectrometry data in Table 7.5 identifies the major components of this 35 kDa band as the 

cytoskeletal proteins: Four and a half LIM domains 1 (FHL1), titin, myotilin and 14-3-3 protein 

epsilon, all of which are associated with the I-band/Z-line region, and are involved in assembly 

of the cytoskeletal framework of the cell. Similarly, these proteins bind directly or indirectly to 

actin and are involved in the stability of the Z-line. High pH beef longissimus muscles are known 

to have more degradation of cytoskeletal proteins, such as titin, nebulin and filamin with an 

associated loss in integrity of the Z-line (Lomiwes et al., 2014; Yu & Lee, 1986) and our light 

microscopy images showed a loss in integrity of the Z-line within the dark muscle sarcomeres. 

We acknowledge that some biomarkers for meat colour traits maybe different with the breed 

variation that exists between the meat colour groups in this study (Gagaoua et al., 2017) and hence 

breed was included in the analysis, but still warrants further investigation. However, the current 
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experiment indicated there was an increased disruption of these scaffolding proteins in dark 

muscle.  

As shown in Figure 7.9, titin molecules are expected to be more “relaxed” at the shorter sarcomere 

lengths found in the darker muscles. In the I-band, titin contains an extensible elastic region which 

runs obliquely between the end of the myosin filament and the Z-line, which generates force in 

both orientations of the sarcomere (Fukuda et al., 2008; Higuchi & Umazume, 1986). Within this 

elastic region, there is an N2A region, where FHL1 binds. FHL1 has been shown as a negative 

regulator of titin N2B (equivalent of N2A region in human cardiac muscle), suggesting that a loss 

of FHL1 reveals phosphorylation sites on titin which extends the range in which sarcomeres are 

able to stretch under physiological conditions (Raskin et al., 2012). Within the dark muscle S3 

(pH 7.4) extracts, the presence of FHL1 protein and the titin fragment suggests these proteins had 

undergone some degradation. High pH muscles are known to have an earlier degradation of titin, 

with lighter, low pH muscles showing more intact titin (Warner et al., 1997; Wu, Farouk, et al., 

2014). So, the presence of these proteins in the dark muscle extracts indicates that degradation of 

the titin ‘spring’ had occurred, either pre-rigor or post-rigor. In comparison, the absence of this 

degradation band in light muscle extracts, suggested these proteins were still intact. This could be 

a result of altered proteolysis, as the N2A segment of skeletal titin is known to interact with 

calpain proteases (Sorimachi et al., 1995) and high pH muscles have been previously implicated 

in early autolysis of µ-calpain (Lomiwes et al., 2014). Calpain proteolysis was not measured in 

the current experiment and would require further investigation, but if it occurred, it would result 

in a permanent modification to the cytoskeleton and a reduction in the protein density in the I-

band. The fact that darker muscles had shorter sarcomere lengths means that any degradation of 

titin post-rigor would occur in titin molecules shorter than their elastic rest length, i.e. unstretched 

and somewhat folded or buckled, as depicted in Figure 7.9. 

As many of the soluble sarcoplasmic proteins are enzymes, the current study included 

measurements of two of the top ten most abundant cytosolic proteins in muscle cells (aldolase 

and GAPDH) within rabbit psoas muscle fibres (Maughan et al., 2005). The great majority of the 

active enzymes were extracted in the first washing (S1) of the muscles with an isotonic solution 



211 
 

buffered to the appropriate ultimate pH of each group, but slightly more GAPDH activity was 

noted in these S1 extracts from light muscles versus medium and dark muscles, although the 

differences did not quite reach significance (P=0.053). This argues that this sarcoplasmic protein 

was not preferentially denatured in the lower pH (lighter) beef muscle samples. A similar pattern 

was noted for aldolase activity. The correlation coefficients indicate these enzyme activities were 

related to both lightness and drip loss, indicating these meat quality indicators have some 

integrated mechanistic drivers involving these proteins. The lightness and drip loss were also 

correlated to the myofilament spacing structural aspects of the muscle, although no direct 

correlation was observed between lattice spacing and sarcoplasmic activity.  

This lack of sarcoplasmic denaturation in the lighter muscle contrasts with the lower sarcoplasmic 

protein solubility seen in PSE pork (Joo et al., 1999; Warner et al., 1997) or in pork incubated at 

40 °C to simulate PSE conditions (Liu et al., 2014). The fact that dark (DFD) meat is more 

common in beef and pale (PSE) meat is more common in pork points to differences in post-

mortem changes between these species. Perhaps the involvement of sarcoplasmic proteins in 

lightness and drip loss in beef muscles of a different colour, relies on the specific relocation of 

the protein, with more sarcoplasmic proteins being “lost” via higher quantities of drip, as outlined 

by Savage et al. (1990). 

Very little aldolase or GAPDH activity could be detected in the second washing of muscle 

samples with solutions buffered to the appropriate pH for each colour group (S2) indicating that 

most, if not all, of the free enzymes in the muscle had been extracted. However, on subsequent 

washing of the muscle samples with a higher ionic strength solution at pH 7.4 (S3), additional 

GAPDH and aldolase activity could be recovered, indicating that enzymes in a native/active 

condition were previously bound to non-soluble (myofilament) proteins. There were significantly 

greater amounts of activity in the S3 extraction GAPDH in the dark muscles, and this coincides 

with the added mass of protein decorating the thin filaments in dark muscles as shown by the 

SAXS intensity ratio results. Precipitation and/or aggregation of denatured sarcoplasmic protein 

particles could contribute to altered light scattering properties. Sarcoplasmic proteins such as 

carbonic anhydrase, aldolase, PGM 2 and GAPDH can be found in the I-band/ Z-line region, 
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either bound directly or indirectly to actin filaments (aldolase, PGM 2 and GAPDH) as a 

glycolytic multi-enzyme complex, and suggests these proteins were involved in structural 

differences between light and dark colour groups. PGM and GAPDH have been implicated in 

beef longissimus colour development and stability previously (Canto et al., 2015; Nair et al., 

2018). In addition, these two proteins and aldolase are also known to generate lateral associations 

or cross links between adjacent actin filaments (Morton et al., 1988). The presence of these 

sarcoplasmic proteins in the dark muscle extracts in conjunction with the higher activity of 

GAPDH, suggests they were still in their native condition, which suggests they were still in a 

glycolytic complex associated with the thin filaments and could contribute to differences in 

protein density. Addition of the purified GAPDH to the washed muscle fibres, further confirmed 

their involvement in light scattering development, with increases in global brightness observed 

after incubation. This was not so apparent for aldolase, especially in the light muscle fibres, and 

maybe related to the differences in binding affinity these enzymes have with the myofibrillar 

protein. Compared to aldolase, GAPDH is more labile and does not have such a strong binding 

affinity (Parkhouse, 1992). In fact, as a tetrameric protein, it is more susceptible to dissociation 

into dimers and these can easily denature and aggregate in an irreversible manner, see review by 

(Muronetz et al., 2017). Perhaps this could led to being more susceptible to structural 

modifications which give rise to changes in light scattering. Lastly, the combination of both 

GAPDH and aldolase still increased the global brightness, indicative of an interactive causative 

relationship. However, the SAXS evidence suggests that this association is not limited to the I-

band, as added mass can be seen attached to the thin filaments overlapping the thick filaments in 

the A-band. Further investigations on the link between lightness, drip loss, myofilament lattice 

spacing and enzyme activities are required to elucidate the underlying causative mechanisms. 

Due to the nature of the samples collected from each colour group at the meat processor, there 

were some limitations to this study. Muscles from light and medium colour groups were from 

female 100 d grain fed Angus cattle, whereas muscles from the dark colour group came from 

male, pasture fed cattle, where the breed was unknown. Various on farm factors are known to 

impact the occurrence of dark meat, e.g. pasture fed animals typically have a higher incidence of 
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dark meat compared to grain fed animals (Ponnampalam et al., 2017), and this was reflected in 

the samples available from the meat processor on the day of collection. We did include breed and 

hot carcass weight as fixed effects in the analysis model to minimize the effects on the analysis 

results. Nonetheless, this is a limitation of the study. 

 Conclusion 

Increased light scattering in muscle fibres with longer sarcomeres and lower ultimate pH post-

rigor has contributions from mechanisms that are both reversible on reverting the pH to higher 

values and from irreversible mechanisms. Myofilament lattice spacing appears to be central not 

only lightness but also to drip loss in post-rigor meat. Differences in the contraction of the 

myofilament lattice due to differences in pH development in different muscle samples was 

associated with pale, higher drip meat at lower pH and dark, lower drip meat at higher pH. Within 

the muscle cells of dark meat, the wider lateral spacing of myofilaments, shorter sarcomere 

lengths, lack of gaps between myofibrils, loss in integrity of the Z-line and smaller differences in 

protein density between the A-band and I-band all created less opportunity for light scattering to 

occur, compared to paler muscles with a lower ultimate pH. While shrinkage of the myofilament 

lattice spacing with decreasing pH is reversible with higher pH, as is the widening of gaps between 

myofibrils and variation in protein density in the A-band due to myofilament lattice shrinkage, 

other irreversible changes in the muscle cells must occur in paler, low pH samples. These can 

include increased sarcoplasmic denaturation or relocation, less complexing of undenatured 

sarcoplasmic proteins to myofilament proteins, or different degrees of proteolysis. While an 

increased degradation of the cytoskeleton (especially proteins FHL-1 and titin) at the higher pH 

in dark muscles and the complexing of a higher amount of undenatured sarcoplasmic proteins 

such as GAPDH and aldolase to actin filaments in dark muscle are both indicative of other 

potential contributing factors to light scattering due to variations in protein density, further 

experimentation is required to separate the effects of pH-dependent proteolysis on light scattering 

from the effects sarcoplasmic protein interaction with myofilaments. In addition, the underlying 

mechanisms that exist between myofilament lattice spacing, sarcoplasmic protein activity, 



214 
 

lightness and drip loss require further exploration, especially when considering animal factors 

such as feeding regime, breed, gender and age of the animal. 
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 Final discussion 

 

This chapter concludes the thesis, integrating the experimental findings and theories of all 

chapters. It explains the mechanism of transverse shrinkage of the structural lattice and how it 

generates light scattering, and the key role that pH plays in the process. The fundamental 

synergies and differences between muscles from light and dark meat colours are also discussed. 

Unpublished 

Co-contributions: 

Frank Clarke & Robyn Warner:   

Discussions on the concepts, theories and style. 
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 The transverse shrinkage mechanism of light scattering development 

In this thesis, I have demonstrated that the light scattering properties of the meat are determined 

by the structural muscle proteins and can be quantified using reflectance confocal laser scanning 

microscopy (RCLSM). My research has shown that the most important structural characteristic 

which causes light scattering is the transverse shrinkage that occurs at different length scales in 

the muscle, namely the muscle fibre bundles, muscle fibres, myofibrils and the myofilament 

lattice. Each experimental chapter had a main focus at one of these length scales and illustrated 

the importance of each part of the muscle on the light scattering properties, as detailed below: 

- Chapter 3- the visual appearance of the muscle as observed by an AUS-MEAT qualified 

grader, as occurs routinely in commercial practise in Australian beef processing facilities. 

- Chapter 2 and 5- the dimensions of the muscle fibres and the initial development of the 

RCLSM method, which allowed for quantification and determination of the periodical 

patterns of light scattering elements that exist within these fibres. 

- Chapter 7- identified the characteristics of the myofilament lattice and myofibrils, as 

measured using small angle X-ray scattering (SAXS), and determined the correlation to 

the light scattering elements.  

The importance of this transverse shrinkage mechanism as the main driver became obvious in 

chapters 5 and 6 where pH manipulation showed a direct linkage between muscle fibre width and 

the light scattering properties. Regardless if the muscle was light or dark initially, shrinking the 

muscle fibre width generated an increased global brightness, whereas swelling the muscle fibre 

reduced the light scattering intensity. By performing the pH cycling experiment in chapter 6, the 

reversibility of the process was confirmed, and the process clearly demonstrated the role the 

muscle fibre dimensions have on light scattering properties.  
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The transverse peak distances between the light scattering peaks (periodicity) measured in 

chapters 5 and 7 were around 1-2 µm and are most likely caused by gaps between adjacent 

myofibrils, as originally theorised by (Offer et al., 1989). As described in chapter 5, light muscles 

had a shorter periodicity with a stronger global brightness signal compared to dark muscles. Thus, 

myofibrils from light muscles had undergone more transverse shrinkage, causing a refractive 

index mismatch between the high density A-band and the lower density sarcoplasm in the gap 

between adjacent myofibrils. In comparison, the distinct lack of myofibril shrinkage in the dark 

muscles, left little opportunity for light scattering to occur between the myofibrils (characterised 

by a weaker global brightness signal and a longer periodicity), and the scattering more likely 

occurred at the Z-disc, where some disruption of the scaffolding proteins was evident. 

Degradation of the Z-disc of myofibrils from high pH beef longissimus muscles using 

transmission electron microscopy has been documented previously (Yu & Lee, 1986) and our 

findings complement this study. Consequently, for further validation, future investigations could 

use high resolution imaging techniques to measure myofibril diameters, gaps between myofibrils 

and the integrity of Z disc. Also, this could also be taken a step further, using confocal imaging 

to provide more information on some variances in other structural proteins that occur in meat of 

different colours. Throughout the chapters, a number of cytoskeletal, myofibrillar and 

sarcoplasmic proteins have been mentioned that are likely involved in the transverse shrinkage 

mechanism, e.g. titin, myotilin, myosin, phosphofructokinase, lactate dehydrogenase, 

phosphorylase. Visualisation methods and fluorescent immunolabelling techniques could be used 

to visualise the structural attributes that may promote myofibril shrinkage or impact the optical 

protein density along the sarcomere, such as N-line formation or glycogen granule accumulation. 

In addition, viewing the specific dimensions of the A-band and I-band and any characteristic 

features that could impact the lattice dimension would be very relevant to this topic.  

Furthermore, chapter 7 verified the myofilament lattice involvement, as dark muscles had larger 

spacing between myofilaments compared to lighter muscles, which is in agreement with the lattice 

spacing in dark pork loins (Irving et al., 1989). The dark myofilaments clearly had some extra 

mass present on the actin filaments demonstrating the attachment of some additional proteins and 
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consequently impacted the optical protein density of the region. These proteins are likely to be 

degradation products of proteins, judging by the higher aldolase and GAPDH activities present in 

supernatants after high pH exposure. These enzymes are known to influence the intensity 

distribution in muscle equatorial diffraction patterns (Stewart et al., 1979). Thus, dark muscles 

had a distinctly larger myofilament lattice spacing, with more mass present on the myofilaments 

compared to light or medium colour groups. 

Accordingly, the small angle X-ray diffraction (SAXS) data pin pointed both myosin-myosin 

(d1,0) and myosin-actin (d1,1) spacing as central to colour determination. The d1,0 spacing had 

strong negative correlation coefficients (r = -0.62 to -0.79, P < 0.05) with colour attributes 

(lightness and yellowness) and the d1,1 spacing showed a similar level of correlation with 

lightness (r = -0.67, P < 0.05). This strong relationship provides the opportunity for further 

exploration into mechanistic drivers. For example, an elevated incubation temperature (from 21 

to 44 °C) in pork skinned muscle fibre bundles is known to reduce the lattice spacing (Liu et al., 

2016). Also, our observations in the beef sternomandibularis (chapter 6) indicate a 35 °C rigor 

temperature promoted light scattering from two different mechanisms based on the muscle being 

stretched or unstretched. Therefore, SAXS is a valuable tool for determining the lattice spacing 

mechanism underlying temperature induced light scattering. Subsequently temperature 

manipulation could be applied in a commercial environment to optimise muscle and carcass 

configuration and the light scattering of the meat. This is only one potential industry application, 

but other commercial applications such as carcass stretching or high pressure processing could 

also be beneficial. As suggested by Hoban et al. (2016), understanding the link between the 

myofilament lattice spacing and other meat quality measures should be an interesting avenue to 

explore, especially considering that lattice spacing displayed a relationship with drip loss, it is 

likely there are synergies in the causative mechanisms. 

Although the transverse shrinkage is of primary importance to light scattering development, other 

structural attributes are also considered to be involved.  
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 Other structural attributes contributing to light scattering development 

Firstly, although the sarcomere length and longitudinal dimensions of the sarcomere were not 

directly responsible for light scattering, they still showed some involvement. Chapter 6 showed 

the sarcomere length alone did not determine the light scattering. However, consistently through 

chapters 5 and 7, dark muscles did display a shorter sarcomere length compared to lighter muscles 

and supports observations made in other species (Irving et al., 1989; Warner et al., 1997). Also, 

in chapters 5 and 7, the light scattering periodicities in both orientations of the muscle fibre, were 

strongly correlated with each other (r = 0.7 to 0.75, P < 0.05), clearly indicating there was an 

interaction and association between longitudinal and transverse scattering elements. Dark short 

sarcomeres would increase the transverse dimensions of the myofibril due to the isovolumetric 

nature of the sarcomere and could impact on light scattering (Rome, 1967). Also, dark sarcomeres 

had undergone some Z-disc disruption, which we observed visually (using light microscopy) and 

by identifying some altered protein solubility properties of the Z-disc proteins (chapter 7). 

Sarcomeres from light muscles did not display these characteristics and generally had a longer 

sarcomere, with an intact Z-disc. These distinguishing aspects are likely involved in light 

scattering development. 

Secondly, sarcoplasmic proteins promoted light scattering by altering the optical protein density 

(OPD) of the I-band (see chapter 7). Addition of purified sarcoplasmic proteins, such as GAPDH, 

increased the light scattering in isolated muscle fibres, especially from dark muscles. Aldolase 

also appeared to have a role, but this was only apparent in dark muscle fibres. In chapter 5, the 

dark, high pH muscle sarcoplasmic proteins had higher protein solubilities compared to light, low 

pH muscles. This sarcoplasmic fraction also had a reduced lightness and yellowness (when 

measured colorimetrically), but the absorbance values (especially in red wavelengths) were 

similar to light and medium sarcoplasmic fractions, signalling the fractions were optically 

different. Furthermore, in chapter 4, the drip composition was different between light and dark 

muscles, indicating sarcoplasmic proteins are either modified in some way e.g. denaturation, or 

different proteins have been lost in the drip. Together these results clearly highlight sarcoplasmic 
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proteins discrepancies that occur between the light and dark muscles and implicate them in light 

scattering development.  

 pH as a driver of the structural changes involved in development of light 

scattering 

As shown in chapter 3, the visual appearance of the muscle had a strong relationship with the 

final pH (pHF) of the muscle, but the exact pH required for the paleness development or increase 

in light scattering to occur (or to avoid dark meat) is still unclear. Table 8.1 provides a summary 

from the meat colour statistical prediction model (chapter 3, Figure 3.2) of the pHF with grouped 

meat colour scores. It is evident that as pHF increased, so too did the incidence of dark meat colour 

scores (4 and 5), with 74 % being unacceptably dark at pHF 6.0 and 95 % being unacceptably dark 

at pHF 6.2. In comparison, at pHF 5.8, just over a quarter of carcasses were graded as dark and 

highlights the region between pHF 5.8 and 6.0 as important to the overall colour. 

Table 8.1: Predicted percent of beef carcasses (n = 1512) with grouped meat colour (MC) scores 

(1B to 3 being palest, 4 and 5 being unacceptably dark) in the longissimus thoracis for a range in 

pHF from 5.4 to 6.2 from the meat colour model (chapter 3). 

pHF MC 1B to 3 MC 4 and 5 

5.4 99 1 

5.6 95 5 

5.8 72 28 

6.0 26 74 

6.2 5 95 
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Table 8.2: Rate of change in the occurrence of unacceptably dark meat colour scores (4 and 5) of 

the longissimus thoracis for beef carcasses (n = 1512) for a range in pHF from 5.4 to 6.2 from the 

meat colour model (chapter 3). 

pH interval 
Rate of increase in occurrence of meat 

colours 4 and 5 (%/ 0.2 pH units) 

5.4 - 5.6 4 

5.6 - 5.8 23 

5.8 - 6.0 46 

6.0 - 6.2 21 
 

Table 8.2 confirms the increase in unacceptably dark meat occurred between pHF 5.8 to 6.0, with 

a 46 % rise in predicted scores and highlights this as the critical pH range for changes in visual 

colour by the AUS-MEAT qualified grader. This is consistent with a US National beef quality 

audit that observed the approximate cut-off between normal and dark-cutting beef carcasses was 

pH 5.87 (Page et al., 2001).  

In chapter 3 (Table 3.4), also showed the rate of change in dark meat colours slows as time post-

mortem (PM) progresses, going from 0.4%/h at 14 – 19 h (PM) to 0.2 %/h 26 – 31 h (PM). Thus, 

as time PM progresses and the muscle proceeds into rigor, there is a slowing of all metabolic 

processes and associated structural changes, from a dynamic to more of a static state. This is 

dependent upon the pH decline and was illustrated in chapter 6 (albeit at a faster rate), where 

addition of various pH buffers created structural modifications that changed light scattering, with 

an obvious initial lag effect of 3 min 27 sec. So, as the pH surrounding the muscle components 

falls (similar to the PM pH decline), there is an unknown time lag that occurs until the structural 

modifications occur which promote light scattering. We postulated this was the reason for nearly 

a 3 fold decrease in dark cutting as time PM progressed from 14 to 31 h. This is an important 

point to remember when reviewing some of the critical pH ranges at which other structural 

changes occur. 
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 The direct relationship of global brightness to colorimetric lightness, pH and 

muscle fibre width 

From a structural perspective, the light scattering properties of the meat are known to be directly 

influenced by pH and have been explored previously by Offer et al. (1989) and Swatland (2008); 

(2004). Now, using RCLSM visually within the muscle fibres, the quantitative global brightness 

of light scattering can aid in increasing our understanding of the role of the structural attributes 

of the muscle in determining colour.  

Using the experimental data from chapters 5 and 7, the light, medium and dark meat attributes of 

these muscles are presented as a scatter plot matrix in Figure 8.1. These experiments were selected 

due to the similar treatment structure and the figure shows the relationship global brightness has 

with other meat quality measures. However, it should be noted the global brightness 

measurements were made on either whole muscle (chapter 7) or extracted muscle fibre fragments 

(chapter 5) and could create some additional variation in collected values (whole muscle 

fragments would have a slightly lower global brightness values, as described in chapter 2). 

Together, these scatter plots show how the global brightness measurement compares to other 

quantitative measures of various coloured muscles. And, as stated in the individual experiments, 

dark muscles were distinctly separated from light and medium colour groups, revealing their 

unique structural properties.  

The trends for pH with lightness and global brightness were similar, with dark muscles showing 

low values for each variate. The dark muscles had larger fibre widths compared to other colour 

groups and is consistent with our hypothesis that muscle fibre shrinkage is the primary reason for 

light scattering development. Light and medium coloured muscles did not have a pH above 5.8, 

nor a fibre width above 80 µm. At pH values > 5.8, dark muscles dominated for all relationships 

(lightness, global brightness and fibre widths), with the majority of dark muscles showing a 

lightness value < 33, global brightness < 100 and fibre width > 65 µm. Several dark muscles had 

lightness scores >35 and global brightness scores >120 with lower pH values and this suggests 

there are still some unexplained events (possibly premature grading) where the general rule does 
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not apply. From all of these profiles, pH 5.8 appears to be the threshold where the segregation 

between colour groups starts and hence we should summarise the other key events that prevail 

close to this pH.  

 

Figure 8.1: Relationship between fibre width, global brightness, lightness and pH for light, 

medium and dark colour groups, as defined by AUS-MEAT colour scores: light 1B or 1C; 

medium 2 or 3; dark >3; respectively on beef longissimus thoracis muscles. Colour measurements 

were made on 25-35 mm slice after blooming at 4°C for 60 mins. Global brightness and fibre 

widths were measured using reflectance confocal laser scanning microscopy (RCLSM). Data used 

from chapters 5 and 7. 
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 Below pH 5.8, muscle structural modifications occur which initiate light 

scattering development 

In chapter 6, the predominant changes in global brightness and muscle fibre diameters were 

initiated at pH 5.8, signaling this as the pH threshold required for the major structural changes 

which cause light scattering development to occur. In the pH cycling movie, as the initial pH on 

the slide rose from pH 5.68 to pH 5.96 the muscle fibre swelled from 35.8 to 39.1 µm and was 

accompanied by a dramatic decline in global brightness from 153 to 122. Calculated as a 

percentage of the total, over this pH range, the 8 % increase in fibre width caused a decline in 

global brightness by 20 %. This period was one of the largest changes in global brightness values 

that occurred over the whole cycling movie. It highlights the crucial unity between the muscle 

fibre dimension and global brightness that was determined by the pH of the surrounding medium. 

In particular, at the cellular level, it signals this pH range is essential to the muscle fibre transverse 

shrinkage and swelling process that determines light scattering.  

In addition, chapter 5 also confirmed the importance of this pH range for the relationship between 

muscle fibre dimensions and global brightness peak distances. As displayed in Figure 5.5 (c) and 

Figure 5.6 (c), at pH 5.65 and 5.80, the light muscle fibres had the smallest distances between 

global brightness peaks in both orientations. Above pH 5.80, the distances were further apart, 

which also initiated the decline in global brightness values and was accompanied by a larger fibre 

width. This indicates a swelling in the structure and/ or loss of material which linked the scattering 

elements. The rise in distance between peaks at pH 5.4, also indicates some material was lost or 

modified in some manner, but this was not accompanied by large changes in global brightness or 

muscle fibre widths. This trough at pH 5.65 and 5.80 was slightly higher to previous observations 

in rabbit longissimus muscle fibres and pork longissimus myofibrils, where the minimum relative 

fibre diameter was found at pH 5.5 – 5.6 (Bendall & Wismer-Pedersen, 1962; Wilding et al., 

1986). This may be due to the lag effect in response to change in pH, described previously. In the 

Bendall and Wismer-Pedersen (1962) study, the swelling of the pork myofibrils did change 

depending on whether they came from normal or watery meat, indicating this shrinkage zone 

maybe dependent on other protein interactions. From our results in the light muscles, when the 
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pH rose above pH 5.80, the muscle fibres became swollen which was accompanied by a rapid 

drop in light scattering. 

Similarly, when dark muscles were homogenised at pH <5.95, there was a distinct decline in 

global brightness peak distances, in both orientations of the muscle (chapter 5) These results 

suggest the decline in pH from 6.1 to 5.95, was sufficient to induce structural changes that 

impacted the global brightness. In addition, in chapter 5, when the homogenising pH of high pH 

muscles was reduced further to 5.65 and 5.80, there was a rise in sarcoplasmic protein solubility 

(Table 5.3) and in chapter 4, a decline in the refractive index and intrinsic fluorescence intensity 

of the sarcoplasmic protein fraction was observed (Figure 4.5). Thus, for the dark high pH muscles 

that had not been exposed to low pH conditions previously, there were changes to the protein 

solubility and optical properties of the sarcoplasm when exposed to lower pH conditions. This 

could be the underlying reason for alterations in the global brightness periodicity and could be 

partially determined by enzymes, such as GAPDH, present in the soluble supernatant fraction. 

Further exploration using targeted immunolabelling visualisation methods could help elucidate if 

this is one aspect of a direct causal mechanism. From our results, in high pH dark muscles, a 

threshold of pH 5.80- 5.95 was required to initiate the structural reconfiguration of the muscle 

that promoted light scattering, whereas in low pH light muscles, this threshold appeared to be 

slightly shifted to a lower pH, i.e. closer to pH 5.80. This relationship is consistent with the 

observations in pork pale and normal myofibrils, whereby pale myofibrils tended to have a lower 

isoelectric region or region of minimal swelling, compared to normal myofibrils (Bendall & 

Wismer-Pedersen, 1962). In our results, this slightly lower threshold in low pH light muscles 

could be due to the different location or activities of proteins present in this muscle. 

 Light and dark meat: fundamental synergies and differences  

Fundamentally, the light and dark muscle fibres consistently show independent profiles when 

exposed to the various pH conditions typically found in PM meat, yet similarities in the overall 

behaviour patterns do exist. The threshold of pH 5.8 is a classic example of this, whereby 

regardless of initial colour, muscle fibres consistently show large changes in muscle fibre 

diameter and light scattering when exposed to pH conditions above and below this threshold. This 
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process was clearly able to be repeated numerous times within one muscle fibre (chapter 6) and 

was semi-reversible. Repetitively, throughout the chapters, we demonstrated that exposing 

muscle fibres to pH values above pH 5.8 generated a swollen, reduced global brightness 

appearance, whilst below this threshold muscle fibre shrinkage created high levels of light 

scattering. Although the light and dark muscles did respond in different manners, overall they 

normally generated a similar global brightness when homogenised at the same buffer pH. For 

example, in chapter 5, the reduction in pH from 6.1 to 5.4 in dark muscle fibres, created a linear 

relationship between global brightness and fibre width, whereas in light muscle fibres it was 

curvilinear, but they had similar values for both variates at the extremes of pH values. Together, 

these findings indicate that the presence of excess hydrogen ions is sufficient to generate the 

muscle fibre shrinkage process that promotes light scattering. Thus, the review by Puolanne and 

Halonen (2010) on colloid and surface chemistry in relation to water-holding in meat should be 

considered in regards to the light scattering structural configurations of the muscle, as our results 

support the notion that myofilament surface charge has a key role in the structural configuration 

generating light scattering. From our results, hydrogen ions are chiefly responsible for the 

transverse structural modifications of muscle fibres and are central to light scattering 

development, regardless if these fibres originated from either light or dark muscles. 

Nevertheless, the unique attributes of light and dark muscle fibres are still of utmost importance 

to understand the mechanistic drivers that create these distinguishable profiles between global 

brightness and pH/ muscle fibre width. The list of differences between these muscles is extensive 

and there are many avenues for further exploration, especially in regards to the origin of the 

muscle and the carcass from which it was obtained. To name a few, the muscle fibre type 

(oxidative or glycolytic), the suspension method of the carcass (stretched or unstretched 

configurations), the feeding regime of the animal (pasture or grain fed) and the breed (Bos taurus 

or Bos indicus), would all provide interesting topics of investigation. As mentioned in chapter 7, 

experiments have identified differences in biomarkers between fibre types and cattle breeds, 

which would be relevant to investigations of structural functionality and light scattering 

determination (Canto et al., 2015; Gagaoua et al., 2017; Gil et al., 2001). These different examples 
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highlight the newness of the RCLSM technique in light scattering determination and signify the 

research opportunities available for exploration within the meat science arena, with potential 

consequential benefits for the industry. 

Last but definitely not least, the role and inter-relationship of myoglobin with light scattering is 

important. This thesis focused on the physical structural properties of the meat, with little mention 

of this widely researched pigment. This is not to disregard its importance, but to try to provide 

information in this much less researched area. There are a number of experiments that could be 

explored to test the interaction myoglobin has with the light scattering properties of the muscle. 

A couple of examples include investigating the maturity of the animal (myoglobin concentration) 

and the species effect (high and low myoglobin contents). At the fundamental level, simply adding 

purified myoglobin to an isolated muscle fibre and viewing the light scattering properties would 

also be interesting to investigate. One area of considerable interest is the contribution each 

individual component plays in colour determination. In this regard, I always like to use the 

analogy of the photoreceptors that are located in the retina of the human eye, whereby there are 

both rods and cones that are responsible for different sensitivities in colour reception (rods for 

dark-adapted scotopic vision, cones for colour photopic vision), and together they create the 

overall perception of the world (mesopic vision). This is very similar to how all objects (including 

meat) is perceived by the consumer, whereby both pigment AND light scattering create the overall 

visual product. 
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