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ABSTRACT

Context. Electrical stimulation is often used by meat processors to promote fast muscle pH decline
and optimise meat quality. Meat colour can be made more acceptable by this process, but how this
relates to the microstructure and light-scattering properties of muscle is still unknown. Aims. To
investigate the effect of electrical stimulation of beef carcasses on the meat colour at grading and the
role of the muscle fibre microstructure and light scattering in determining colour differences.
Methods. Electrical stimulation inputs (electrical stimulation inputs (ES), n = 8; no electrical
stimulation inputs (NS), n = 8) were applied to beef carcasses from female cattle of
approximately 18-24 months of age. ES comprised electrical immobilisation, bleed rail electric
simulation and hide puller rigidity probe, which have all been shown to increase pH fall post-
mortem in beef carcasses. pH fall was monitored, the longissimus thoracis was graded at 20-22 h
postmortem and measurements were made of colour, muscle-fibre structure and light
scattering. Key results. The decline of pH was increased in ES relative to NS, as indicated by
lower pH at 2 h postmortem (5.83 vs 6.86 respectively, s.e. = 0.068; P < 0.05) as well as
changes in both chromatic colour a* b* and achromatic (no colour) lightness in the muscle.
Chromatic changes were evident as higher grader colour scores, increased redness (a*) and
yellowness (b*) with higher levels of oxymyoglobin and lower levels of deoxymyoglobin.
Achromatic changes were evident as increased lightness (L*) and surface reflectance (%R) at the
meat surface, and increased global brightness within the muscle fibres. Conclusions. Increased
lightness and brightness in electrically stimulated muscles were likely to be due to formation of
contraction nodes and distortion of muscle fibres, which changed the microstructure of muscle
in ways that increased its light-scattering properties. Implications. Consideration of the role of
light scattering in determining beef colour at grading will advance understanding of how to
improve this important quality trait.

Keywords: beef, confocal microscopy, contraction nodes, grading, light scattering, meat colour,
myoglobin, sarcomere, skeletal muscle structure.

Introduction

Meat is often described as being translucent (MacDougall and Jones 1981; Swatland 2012;
Jacques 2013), meaning that light is permitted to pass through, but objects on the opposite
side are not clearly visible. Opacity is the opposite of translucence and is defined as the
condition of lacking transparency or translucence. These terms have been used to
describe extremes of meat colour from dark to pale, and to explain the nature by which
the structural properties of meat can influence the scattering of light within the muscle
structure (MacDougall 1982). The extent of this transition from translucent to opaque
depends on the time postmortem and has been reported to occur at ~pH 5.9 (MacDougall
and Jones 1981). Dark, high ultimate-pH (pH,) meat is normally associated with an
increased translucency (MacDougall and Jones 1981), whereas lower pH, meat is
associated with opacity. Therefore, this transition is considered a critical factor in colour


https://orcid.org/0000-0002-1290-3843
https://orcid.org/0000-0001-5313-8773
mailto:rwarner@unimelb.edu.au
https://doi.org/10.1071/AN22390
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.publish.csiro.au/an
https://www.publish.csiro.au/
https://doi.org/10.1071/AN22390

J. Hughes et al.

Animal Production Science

development early postmortem and also for meat colour when
grading occurs. It would be useful to understand how electrical
stimulation of carcasses affects this transition from translucent
to opaque and the development of light scattering during
accelerated pH decline postmortem and what, if any, structural
changes occur in the muscle that may contribute. This
information could be used to advise meat processors on
developing strategies to improve meat colour at grading.

In the early 1980s, meat scientists demonstrated that
electrical stimulation can be used to increase the lightness
and redness of beef longissimus muscles (Savell et al. 1978;
Sleper et al. 1983; Eikelenboom et al. 1985), with a dualistic
mechanism being proposed of myoglobin oxygenation
and light scattering. Some authors have observed higher
reflectance (%R630-%R580) at the surface of electrically
stimulated muscles and hypothesised that the ‘looser muscle
structure permits deeper oxygen penetration and a thicker
oxymyoglobin layer’ in conjunction with ‘structural damage,
which causes more surface reflectance’ (Sleper et al. 1983). In
addition, substantial evidence exists of structural alterations
(formation of contraction bands, I-band fractures, Z-line
disruption and sarcoplasmic protein denaturation and deposi-
tion on myofibrillar surfaces), which occur after electrical
stimulation, but these mechanisms are often discussed in
context of tenderisation or water-holding capacity (Savell
et al. 1978; George et al. 1980; Ho et al. 1996; Hwang et al.
2003). To our knowledge, although hypothesised, there
are no studies that quantitate the link between electrically
stimulated induced structural changes in the muscle and
modifications in light-scattering properties. The rate of the
early postmortem pH-temperature decline is important for
many meat-quality parameters, including colour. In Australia,
Meat Standards Australia (MSA) provides recommendations
for an optimal pH-temperature ‘window’ when the muscle
passes through pH 6 (Temp@pH6) and recommended it
should be within the range 15°C to 35°C (Thompson 2002).
In terms of meat colour, higher temperatures pre-rigour have
been shown to produce carcasses of paler colour scores
(higher lightness and redness scores), especially with a rigour
temperature of >35°C. This has been described as heat-induced
toughening and has been previously reviewed (Kim et al. 2014).

In the context of this optimal ‘pH-temperature window’,
beef sternomandibularis (a low-value muscle) passing through
a high rigour temperature (35°C) is known to exhibit
increased light scattering compared with a lower rigour
temperature (15°C; Jeacocke 1984; Hughes et al. 2018) but
the effect on higher-value muscles is still unknown. In
addition, it is well known that pre-rigour muscles exposed
to a higher than normal temperature accompanied by a
rapid pH decline result in a paler colour (see review
by Kim et al. 2014). Thus, the aim of this study was to
determine the effect of electrical stimulation (which
induces a fast pH decline) on the light-scattering properties
of beef longissimus thoracis muscle fibres post-rigour and to
quantify the changes in microstructure. The hypothesis was
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that electrical stimulation will promote structural modifica-
tions to the microstructure, consequently increasing light
scattering, induced either through muscle fibre shrinkage,
or distortion of the sarcomeres. Often there is a misconception
by meat processors that meat colour is ‘set’ on the basis of
glycogen concentrations and conditions of the animal before
slaughter. Consequently, by performing this quantitative
analysis linking structural light-scattering properties to
postmortem electrical stimulation, it would provide evidence
to meat processors that colour development during the early
postmortem period is a dynamic process that, to some extent,
can be under their control.

Materials and methods

Collection of muscles

Sixteen beef carcasses were acquired from the same group
of carcasses, which were all MSA graded. All carcasses were
from female animals, approximately 18-24 months of age, and
none were treated with hormonal growth promotants. Animals
were stunned using a mushroom head non-penetrating
stunner followed by halal slaughter. The treatments were; no
electrical inputs on the slaughter floor for the first eight
carcasses versus full electrical inputs applied to the next
eight carcasses. The electrical inputs comprised electrical
immobilisation, bleed rail electric simulation and hide puller
rigidity probe, which have all been shown to increase pH
fall postmortem in beef carcasses (Warner et al. 2014). For
carcasses with electrical inputs, immediately after stunning,
carcasses were placed on an Applied Sorting Technologies
CPMS Electronic immobiliser at 1250 mA (frequency:
2000 Hz; pulse width: 100 ps; period: 500 ms) for 4-14 s,
electrical stimulation was applied using an Applied Sorting
Technologies CPMS bleed rail stimulator at 300 V (frequency:
15 Hz; pulse width: 500 ps; period: 68 ms) with contact of the
carcass on the stimulation bar being 30-64 s and an Applied
Sorting Technologies CPMS back stiffener rigidity probe
was also applied at 300 amps for 3-6 s for hide removal. All
Applied Sorting Technology equipment was sourced from
Stim Tech, Queensland, Australia. In this paper, the carcasses
with electrical inputs are labelled ‘electrically stimulated’.
After evisceration, carcasses were weighed and the hot carcass
weight was recorded (175-230 kg). Carcasses were then
subjected to a step-wise chilling regime for 16 h (0°C for 8 h
with spray chilling for 2 mins every 30 min, followed by 4°C
for 8 h), followed by chiller temperature of 6°C.

At 20-21 h postmortem, carcasses were quartered between
the 12th and 13th vertebrae and after about 30-60 min, the
exposed longissimus thoracis (LT) was graded by a qualified
AUS-MEAT grader for meat colour (AMC; 1 = very pale to
7 = very dark purple), ossification, eye-muscle area (cm?),
rib fat (mm) and marbling by using methods described in
AUS-MEAT (2005).
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Temperature/pH decline and muscle collection

At 1 h postmortem, and hourly for a further 8 h, the pH and
temperature was measured in the longissimus thoracis muscle,
at a depth of 3-4 cm, using a fresh incision for each
measurement. A TPS WP-80 pH meter with a polypropylene
spear-type gel electrode (Ionode 1J 44) and temperature probe
(all from TPS, Springwood, Qld, Australia) were used.
Calibration was performed at ~10°C, using pH 4.00 and 7.00
buffers (TPS, Product numbers 121382 and 121388
respectively). At 22 h postmortem, pH was again measured.
Carcasses were moved to the boning room (~10°C) and
approximately 40 mm of LT above the 12th rib was excised
from one side of each carcass at 22-23 h postmortem and
transported on ice, in insulated containers, to the laboratory.
A final pH, measurement was also conducted in triplicate in
the LT at the laboratory at ~26 h postmortem.

Colour measurements

Objective colour measurements were taken on the exposed
loin after blooming at 0-4°C, for 105-120 min at 22-23 h
postmortem, prior to relocation to the boning room. This
blooming time was selected on the basis of the stability of
colour co-ordinates L*, a* and b* after blooming for
>78 min, as reported previously (Wulf and Wise 1999). A
Hunterlab Miniscan EZ 45/0 LAV (light source A, observer
angle 10°, aperture diameter size 5 cm) was used to measure
lightness, redness and yellowness attributes in triplicate
(L*, a*, b* values respectively). The instrument was calibrated
at ~4°C, using white and black calibration tiles supplied with
the instrument (Novasys Group, Melbourne, Vic., Australia).
Colour parameters were calculated as follows: hue (degrees) =
[arctangent (b*/a*) x 180/z] and chroma = (a*? + b*?)1/2,
A spectral reflectance scan from 400 to 700 nm, in 10 nm
intervals, was also completed and used to calculate three
forms of myoglobin, namely, deoxymyoglobin (DMb),
oxymyoglobin (OMb) and metmyoglobin (MMb), by using the
concept of reflectance attenuance (Krzywicki 1979; Hunt 2012).

Fluid collection

Muscle fluid was collected at 3—4 days postmortem by placing
10-20 g of LT muscle in a 50 mL plastic tube and holding for
24 hat 4°C. An aliquot (100 pL) of collected fluid was pipetted
into a 96-well plate (Sarstedt product no. 82.1581) and the
absorbance was measured between 400 and 700 nm at
10 nm intervals by using an Infinite M200 microplate
reader (Tecan Australia, Clontarf, Qld, Australia).

Protein extraction and concentration
determination

Fresh muscle-fibre fragments were extracted according to the
method of Warner et al. (1997), with modifications. Samples
(1.00 + 0.05 g) were homogenised on ice (Ultraturrax, 4000g,

3 X 4 s pulses, 0-1°C) in mannitol (10 mL, 380 mM) and
potassium acetate buffer (50 mM, pH 5.6), to minimise
osmotic modification of fibre fragments (Winger and Pope
1981). Homogenates were centrifuged (4000g, 10 min, 4°C)
and the supernatant was retained (sarcoplasmic fraction).
Pellets were resuspended in homogenising buffer (5 mL),
stirred rigorously and were filtered through flyscreen
(1 x 2 mm dimensions) to remove the connective tissue. The
residue was washed using homogenising buffer (5 mL x 2)
and resuspended in 5 mL of homogenising buffer. From the
final suspension, a dilution (1 in 10) was used for determina-
tion of the myofibrillar protein solubility in the specified
buffer, using the Biuret method with bovine serum albumin as
a standard (Gornall et al. 1949). The same dilution was
performed on the sarcoplasmic fraction for determination of
the protein concentration. This was conducted using 40 pL of
the sample and 160 pL of Biuret reagent measured using a
spectrophotometer at 550 nm, by using a 96-well plate and
plate reader as described previously. These fractions are
defined as myofibrillar and sarcoplasmic protein solubility
similar to Warner et al. (1997), except the buffers used for
extraction were different, and were expressed in mg/g meat.

Reflection confocal scanning laser
microscopy (RCLSM)

An Olympus Fluoview™ 1000 confocal laser scanning
microscope at Griffith University (Eskitis Centre), was used
in the reflectance mode (473 nm blue diode laser applied at
15%, bandwidth of 470-545 nm). The microscope had an
inverted objective lens and a numerical aperture (NA) 1.35;
x60 magnification and aperture of 105 pm were used.
Signal amplification was achieved using photomultiplier tube
at 400 V (8% offset) and 2x gain. For image acquisition, high
pixel resolution at 1024 x 1024 and a slow speed (20 ps/pixel)
was used. Muscles (four images per sample) were viewed
longitudinally (20 pm depth) and global brightness (mean
greyscale pixel intensity, as an indicator of light scattering)
and fibre fragment widths (um) were determined by using
Image J software (Rasband 2014), as previously described
(Hughes et al. 2017).

Sarcomere length

Prior to analysis (approximately 30-34 h postmortem), a
small longitudinal section of muscle (20 x 30 X 5 mm) was
removed, placed flat in a plastic bag and frozen at —20°C.
A razor blade was used to shave sections (10 X 5 x 1 mm:
length x width x depth), which were then mounted on glass
microscope slides and sarcomere lengths were measured
using the laser diffraction procedure (Koolmees et al. 1986).

Statistical analysis

Data analysis was completed using Genstat 20th edition
(GenStat 2019). One-way ANOVA was used for comparison

675


www.publish.csiro.au/an

J. Hughes et al.

Animal Production Science

among treatments. The pH and temperature declines were
modelled as a function of time using an exponential function
of the form: y = A + Be ™, where y is the pH or temperature,
A and B are calculated parameters, k is the related decay
constant and t is the time of measurement postmortem. The
parameters were calculated using non-linear regression by
using R (R Core Team 2020), using a self-starting function
(SSasymp) that guesses its own start parameters, rather
than relying on initial estimates. A two-step approach was
used to calculate the temperature at pH 6.0. The first step
was to determine the time needed to reach pH 6.0 using the
‘optimise’ command in R. The time (t,) was determined
using as an optimisation calculation which minimised the
function (6 — (A + Be *))2. In the second step, this value
was used to determine the temperature at this time point
using the model equation relating temperature with time.
The calculations were performed individually for each carcass.

Results and discussion

The carcass attributes are summarised in Table 1. The carcass
ossification scores between 130 and 200 were indicative of
cattle approximately 15-30 months old in an optimum
condition carcass, as described by Romans et al. (1994). No
difference was observed in hot carcass weights among
treatment groups (P > 0.05). Both MSA marbling and rib
fat scores were low, being indicative of the leanness of the
carcasses, with some rib fat values just falling above the
MSA compliance value of >3 mm (Meat and Livestock
Australia 2019). Meat colour (AMC) scores, as assessed
by the grader, showed a higher incidence of dark meat in
the non-stimulated carcasses, with seven of eight having a
AMC > 4, whereas stimulated carcasses had only one
carcass with AMC > 4 and six of eight having a paler AMC
of 1C or 2.

Table |. Effect of stimulation (ES, electrically stimulated; NS, non-
stimulated) on variates of beef longissimus thoracis muscles.
Item ES NS P-value l.s.d.
MSA ossification 150 160 0.663 20
Hot carcass weight (kg) 207 212 0.637 20.2
MSA marbling 290 320 0.402 70
Rib fat (mm) 4 6 0012 1.4
Eye-muscle area (cm?) 67 65 0.486 7.1
Hump height (mm) 54 54 1.000 11.8
MSA-grader pH 5.57 5.90 <0.001 0.168
MSA-grader meat colour 2 5 <0.001 1.5

Meat Standards Australia (MSA) measurements were made using an AUS-MEAT
qualified grader. Values are least squares means and the least significant
differences (l.s.d.) and P-values from comparison tests are shown. N = 8
carcasses for ES and NS, total N = 16.
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The pH decline for stimulated carcasses was much faster
than that for non-stimulated carcasses, being indicative
of a faster glycolytic rate early postmortem, as shown in
Fig. 1 and observed in previous studies as reviewed by
Hwang et al. (2003) and Adeyemi and Sazili (2014). The
temperature—pH profiles during the postmortem period are
shown in Fig. 1 and the Temp@pH6 was calculated to be
25.5°C reached at 2 h 20 min postmortem, and 3.7°C
reached at 13 h 25 min, for electrically and non-electrically
stimulated muscles respectively. As the stimulated carcasses
passed through pH 6 at 25.5°C, they would pass through
the ‘pH-temperature window’ recommended by MSA
(Thompson 2002), whereas non-stimulated carcasses passed
through pH 6 at <10°C and were considered to be cold-
shortened, which was confirmed by the shorter sarcomere
lengths (P < 0.05; Table 2). The cold-shortening effect
was not ideal, but most likely the result of the standard
meat processors chilling regime used on the carcasses and
was necessary to ensure consistency in all other treatment
parameters used in the experiment apart from that being
tested, i.e. electrical stimulation. It was evident that the
pH-temperature decline of stimulated carcasses was non-
linear, with a steep decline occurring <2 h postmortem,
being indicative of the faster rate of glycolysis, whereas
in non-stimulated carcasses the decline was more linear
with a progressively slower rate of glycolysis. However, no
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Fig. |. Effect of electrical stimulation (ES, ® vs non-stimulation
(NS), O) on (a) temperature vs time postmortem and (b) pH vs time
postmortem (pH = 6 is indicated by a red horizontal line), for beef
longissimus thoracis muscles. The temperature at pH 6 was 25.5°C
and 3.7°C for ES and NS respectively (P < 0.001) and the time
postmortem at pH 6 was 2 h 20 min and 13 h 25 min for ES and NS
respectively (P < 0.001).
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Table 2. Effect of stimulation (ES, electrically stimulated; NS, non-

stimulated) on variates of beef longissimus thoracis muscles.
Variable ES NS P-value l.s.d.
Lightness (L*) 39.9 33.6 0.002 3.4l
Redness (a*) 28.0 244 0.006 235
Yellowness (b*) 19.6 15.8 0.006 2.51
Hue angle (degrees) 349 329 0.016 1.55
Chroma 34.2 29.1 0.006 3.34
Oxymyoglobin (%) 73.1 63.4 0.006 6.34
Deoxymyoglobin (%) 12.5 20.2 0.013 0.34
Metmyoglobin (%) 14.5 16.3 0.136 2.58
Sarcomere length (um) 1.82 1.59 0.003 0.139
Global brightness 139 114 0.036 234
Fibre width (pm) 62 58 0.402 8.1
Myofibrillar protein solubility 74 72 0414 5.2
(mg/g meat)
Sarcoplasmic protein solubility 32 31 0.425 1.2
(mg/g meat)
Ultimate pH (pH,) 5.54 5.61 0.244 0.131

Colour measurements made using Hunterlab Miniscan EZ on the transverse cut
of the muscle between the |2th and |3th vertebrae. Values are least squares
means and the least significant differences (l.s.d.) and P-values from comparison
tests are shown. N = 8 longissmus thoracis muscle samples were used for each
treatment ES and NS, total N = 16. Replication within a measurement is
described in Materials and methods.

differences (P > 0.05) were observed in the pH, after 26 h
postmortem (Table 2), with 5.61 and 5.54 being observed
for non-stimulated and stimulated muscles respectively.
These are well below the MSA non-compliance value of pH
< 5.70 and are similar to previous findings (Hopkins et al.
2014). Thus, electrically stimulated meat had a faster pH
decline than non-stimulated controls, which were cold-
shortened.

The colour differences observed by the meat grader
between the two sets of carcasses were confirmed by colour
measurements, as shown in Table 2. Electrically stimulated
longissimus muscles were lighter, redder, yellower and,
consequently, had higher hue and chroma values (P < 0.05
for all). The electrically stimulated muscles had higher
concentrations of red OMb and lower concentrations of
purple DMb (P < 0.05), while the brown MMb concentrations
were similar. Data for DMb were heteroscedastic and a
natural-log transformation was used for comparison, with
back-transformed means being reported. Fig. 2a shows the
reflectance scans, highlighting that electrically stimulated
muscles had higher reflectance values, especially in the
amber/red part (>600 nm) of the visible spectrum, which
is consistent with increased reflectance values observed at
24 h postmortem by Sleper et al. (1983). Increases in these
colour attributes with electrical stimulation have been
previously reported (Tang and Henrickson 1980; Li et al. 2011,

S
[]
o
c
©
k]
2
=
(]
o
400 450 500 550 600 650 700
Wavelength (nm)
b
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o
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Wavelength (nm)
Fig. 2. Effect of electrical stimulation (ES ® vs non-stimulation NS, O)

on beef longissimus thoracis muscle (a) percentage reflectance scans on
cut surface (22-23 h postmortem; the amber-red portion of the
spectrum is shown with red shading) and (b) absorbance of fluid
collected from the muscle (80—104 h postmortem). Each point is a
least squares mean and the vertical bar represents + standard error
of difference (SED) values, with effect of treatment, wavelength and
interaction having P < 0.001 for all in both (a) and (b).

Biraima et al. 2019), but are not always consistent (Ledward
et al. 1986; Hope-Jones et al. 2012), depending on many other
attributes, including time postmortem (Sleper et al. 1983;
Adeyemi and Sazili (2014). Electrical stimulation generates a
brighter colour, especially early postmortem (12-20 h), but
these differences can be less obvious after longer periods
(48-72h) (Orcutt et al. 1984; Adeyemi and Sazili 2014). In this
study, although colour was measured at 23-24 h postmortem,
colour differences between stimulation treatments were still
apparent (Orcutt et al. 1984). The increase in chromatic
attributes (redness, yellowness and OMb) was likely a result
of the treatment promoting oxygenation of myoglobin, an
increase in mitochondrial treason, changes in inner mitochon-
drial membrane permeability and/or or opening of the
mitochondrial permeability transition pores, induced by the
influx of calcium as described previously (Tang and Henrickson
1980; Sleper et al. 1983; Hudson 2012; England et al. 2018).
These changes are known to alter oxygen consumption of
mitochondria, and as mitochondria are known to compete
with myoglobin for oxygen, it is likely that the lower pH,
faster pH decline and higher rigour temperature in the
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electrically stimulated muscles had a role in this chromatic
development (Jacob 2020; Ramanathan et al. 2021). In
addition, mitochondrial swelling has been observed in
previous work and was likely to be involved, causing colour
variations among different muscle types (Devine et al. 1984),
but this study focused on overall muscle fibre dimensions
and characteristics. Electrical stimulation increased both the
chromatic parameters, with higher concentrations of OMb
being observed, and the achromatic parameters, with higher
lightness values being observed than in non-stimulated
carcasses.

The increase in achromatic attributes post-treatment
was further substantiated with increased global brightness
(an indicator of light scattering) in muscle fibres by using
reflectance confocal microscopy, confirming our hypothesis
that microstructural changes occurred as a result of electrical
stimulation. Figure 3 shows RCLSM images from non-
stimulated and stimulated muscles, with the latter having
higher (P < 0.05) pixel intensity, expressed as global
brightness values (Table 2). Contrary to our hypothesis, no
differences were observed in the muscle fibre width,
indicating for the first time that muscle fibre shrinkage was
not a key driver of the structural changes involved in the
development of light scattering in electrically stimulated
meat. For non-stimulated muscles, the sarcomere lengths

were shorter, indicating that cold-shortening had occurred
which may have contributed to the lower global brightness
values. For stimulated muscles, there was clear evidence
of formation of contraction nodes in the muscle fibres
(Fig. 3d-f), resulting in distortion and bending of muscle
fibres from their usual configuration, which has been
described previously (Ho et al. 1996; Hwang et al. 2003).
These contraction nodes were typically 10-25 pm in length,
and have been defined previously as 2-10 highly contracted
sarcomeres per myofibril (Ho et al. 1996). They are formed
due to the localised excessive calcium ion release from the
sarcoplasmic reticulum and irreversible tetanic contracture
as a result of the frequency of electrical stimulation, as
explained by Hwang et al. (2003). This was not evident in
all micrographs/samples, and may have been due to the
mixture of fibre types present in the longissimus thoracis,
where red oxidative fibre types have been reported to be
more susceptible to super-contracture than the white fibre
types (Devine et al. 1984). The contraction nodes evident in
electrically stimulated muscles with subsequent reconfigura-
tion of the muscle fibre packing density are likely to be the
main components responsible for changes in the muscle’s
achromatic properties. Thus, this study has highlighted that
the main component for achromatic light-scattering develop-
ment in electrically stimulated meat is not from muscle fibre

Fig. 3.

Examples of reflectance confocal laser scanning microscopy (RCLSM) images of beef longissimus thoracis muscles

(a—) without stimulation (three separate carcasses) or (d—f) with electrical stimulation (three separate carcasses).

Scale bar = 20 pm.
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shrinkage, but rather from the development of contraction
nodes in individual muscle fibres, which, consequently,
change the deflection of light between myofibrils, increasing
global brightness of each individual muscle fibre. The
distortion of individual muscle fibres would also affect
scattering between individual muscle fibres.

Additionally, there are likely to be other components of the
muscle that affect the scattering to a smaller extent, such as,
for example, sarcoplasmic proteins binding to myofilaments,
integrity of cytoskeleton, and myosin denaturation, which
have been discussed in a more general fashion in relation to
light-scattering development (Hughes et al. 2019; Purslow
et al. 2020). It is evident that the exact mechanisms are still
unknown and involve numerous structural proteins, as
outlined by Hwang et al. (2003). In this study, measure-
ments of the sarcoplasmic and myofibrillar protein solubility
and the absorbance of muscle fluid were not indicative of
any role for denaturation of these proteins in the observed
light scattering. First, the extraction of both sarcoplasmic and
myofibrillar muscle proteins did not reveal any alterations
in protein solubility under these extraction conditions
(Table 2, note our values for myofibrillar and sarcoplasmic
protein solubility were lower than would be expected
according to other data such as in Feng et al. (2020)) and,
second, no differences were observed in the muscle fluid
scan profiles shown in Fig. 2b.

Conclusions

Electrical stimulation promotes changes in colour of the
longissimus thoracis muscle that are both chromatic colour
and achromatic (no colour) lightness. These changes were
evident chromatically as increased redness, yellowness and
higher concentrations of OMb and lower concentrations
of DMb in the muscle. For the first time, this study also
demonstrated that colour changes with electrical stimula-
tion are achromatic, and associated with light scattering
and higher global brightness values in the muscle fibre. In
addition, this study has highlighted that the achromatic
changes are not caused by muscle fibre transverse
shrinkage, but are likely to arise from changes in the
muscle fibres and myofibril packing density. These
achromatic changes appear to occur due to formation of
contraction nodes and distortion of muscle fibres, which
increase the light scattering properties of the individual
muscle fibres and the overall lightness of the muscle. It is
evident that muscle is in a structurally dynamic
state postmortem and the slaughter-floor methods applied
to pre-rigour muscle can have large effects on the colour
properties of the muscle. Meat processors should ensure
that electrical stimulation units are operational to prevent
the negative colour effects of slow pH fall and cold-
shortening, especially in smaller, pasture-fed animals.
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