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ABSTRACT

Context. Selection for leanness in the modern Australian pig has resulted in inconsistent quality,
including a lack of pork tenderisation during ageing. Inconsistent quality is potentially a result of
differences in supply chain and breed as well as the variation in muscle fibre-type proportion in pork
longissimus. Aim. The aim was to investigate differences in fibre-type proportion and pork quality
between Large White-Landrace pigs in a large supply chain and Berkshire pigs processed in a small
supply chain. Methods. Pigs (n = 22) from two suppliers with different breeds (Supplier 1, Large
White X Landrace, SCI-LWLR, n = 12, modern commercial pigs; Supplier 2, Berkshire, SC2-Berk,
n =10, heritage pigs) were slaughtered and samples from the longissimus were extracted at 3, 24,
and 48 h postmortem for enzyme and pH analyses. Longissimus samples were subjected to ageing
for either 2 or 16 days postmortem (Day 2, Day 16), assessed for colour, muscle fibre-type proportion
(%), muscle fibre diameter (um), water-holding capacity (purge, % and cook loss, %), Warner—Bratzler
peak shear force (WBSF, N), and protein denaturation temperature using differential scanning
calorimetry (DSC, peak temperature, °C). Key results. SCI-LWLR had higher purge than SC2-Berk
(2.85% and 1.83% respectively; standard error of the difference (SED) = 0.33; P = 0.003), higher cook
loss on Day 16 (24.63% and 16.79% respectively; SED =1.62; P = 0.017) and higher WBSF on Day 2 and
Day 16 (Day 2, 30.9 N and 26.7 N respectively; Day 16, 28.6 N and 22.0 N respectively; SED = 0.98,
interaction P = 0.003). SCI-LWLR had a lower proportion of Type | (10.1% vs 16.0%; SED = 0.51) and
Type lIA (14.0% vs 22.0%; SED = 0.77) and a higher proportion of Type IIB (75.9% vs 62.0%; SED = 0.74)
(P < 0.001 for all) fibres. SCI-LWLR had lower DSC temperatures for two peaks. SC2-Berk had higher
citrate synthase activity (P = 0.003) and glycolytic potential (P < 0.001) than SCI-LWLR. Conclusions. SC2-Berk
longissimus had improved quality compared with SCI-LWLR pork, most likely owing, in part, to
higher proportion of oxidative and intermediate fibres in the Berkshires. However, effects
of differences in environmental conditions and/or processing conditions cannot be ruled out.
Implications. The experiment increased our understanding of how variation in supply chains and
muscle fibre-type proportion can impact the production of consistently high-quality pork.

Keywords: Berkshire, breed, cook loss, Large White X Landrace, muscle fibre type, oxidative
capacity, pork, protein denaturation, supply chain, WBSF.

Introduction

The modern commercial pork industry uses breeding programs to select for leaner (Sellier
1998), heavier-muscled (Eggert et al. 2002), and faster-growing (Wojtysiak 2012) pigs.
However, there has been a rise in inconsistent pork quality, including a failure of
products to age postmortem (Hofmeyr 1998; Stollznow 2008). Heritage pig breeds are
considered fatter and slower-growing (Park et al. 2007), yet often have superior quality
compared with pork from the modern commercial pig (Weiler et al. 1995). Variations in
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pork quality are affected by breed, muscle fibre-type propor-
tion and size, nutrition, and antemortem stress, which all
affect postmortem metabolism with subsequent effects on
colour, water-holding capacity (WHC), tenderness (sensory
and instrumental), and protein denaturation during cooking
(Klont et al. 1998; Huff-Lonergan et al. 2002; Wood et al.
2004; Gispert et al. 2007; Scheffler and Gerrard 2007; Gil et al.
2008; Jiang et al. 2012; Kim et al. 2018; Zybert et al. 2019).

The proportion of different muscle fibre types in a muscle
affects pork quality. Muscle fibre-type proportion is different
between modern commercial and heritage pigs, where heritage
pigs often have a greater proportion of oxidative Type I fibres
and modern commercial pigs have a greater proportion of
glycolytic Type IIB fibres (Rahelic and Puac 1981; Eggert
et al. 2002). Muscles with a higher proportion of Type I
fibres are generally associated with improvements in eating
quality, tenderness, and WHC (Lefaucheur 2010; LeMaster
et al. 2023). Protein denaturation temperatures are higher in
muscles with a greater proportion of oxidative fibres than
in muscles with a greater proportion of glycolytic fibres
(Vaskoska et al. 2021).

Muscles with a greater proportion of Type IIB glycolytic
fibres tend to have faster postmortem pH decline, than
muscles with a greater proportion of oxidative fibres (Kang
et al. 2011). However, a study by England et al. (2016)
indicated that even with excess glycogen, oxidative muscles
have a slow and limited extent of pH decline, because oxida-
tive muscles have a lower glycolytic flux than glycolytic
muscles, which limits the production of ATP (England et al.
2016). Antemortem and postmortem management of pigs
and carcasses also influences the rate and extent of postmortem
pH decline (Bendall 1973), muscle cell shrinkage, and WHC
(Popp et al. 2015). Some modern commercial abattoirs use
blast-chilling to rapidly chill carcasses to prevent inferior
quality associated with prolonged elevated muscle temperatures.
Elevated muscle temperature postmortem allows glycolysis to
occur faster, resulting in rapid pH decline. Blast-chilling
prevents rapid pH decline and can improve colour and
other quality traits. However, blast-chilling has been related
to increased muscle toughening owing to cold-shortening,
in extremely lean pigs (Shackelford et al. 2012).

We expected that heritage pigs would have a greater
proportion of oxidative fibres, which would result in improved
pork quality compared with modern commercial pigs. Thus,
the aim of this study was to identify variations in pork quality
between different supply chains that use either modern
commercial or heritage pigs. We wanted to investigate the
influence of breed and supply chain on muscle fibre-type
proportion and size and the impact of muscle fibre-type
proportion on the rate of postmortem muscle metabolism,
WHC, instrumental tenderness, and protein denaturation
during cooking. The supply chains used in this study were
different in the transportation time from farm to slaughter,
lairage duration, slaughter method and chilling procedures,
which, we recognise, can affect quality. Ideally the different

breeds would have been slaughtered at the same processing
plant, so as to remove the effect of processing plant, but was
not possible in this study. Thus, we focused on identifying
differences between supply chains and the variations of muscle
fibre-type proportion between modern commercial and heritage
breeds, which could help the pork industry identify potential
management and breeding strategies for improving pork quality.

Materials and methods

Sample collection

Sample collection occurred at two abattoirs, on two different
days, for pigs from two suppliers and each used a different
breed. Supplier 1 used Large White x Landrace (modern
commercial supply chain) pigs approximately 21-22 weeks
old (SC1-LWLR, n = 12 female carcasses), and Supplier 2 used
Berkshire (small-scale supply chain) pigs, also approximately
21-22 weeks old (SC2-Berk, n = 10 female carcasses). The
pigs from each supplier went through a different abattoir
and processing procedure. SC1-LWLR pigs were despatched
to a processing plant, underwent 4 h lairage, group CO,
stunning, and the chillers used blast-chilling for the
first 2.5 h. SC2-Berk pigs were despatched to a processing
plant, underwent 24-30 h lairage, electric stunning was
used, and chilling was conventional chilling. Muscle samples
(9 g) from each carcass were excised from the longissimus
lumborum (hereafter longissimus) at 3, 24 and 48 h post-
mortem with a metal corer attached to a drill, then immediately
snap-frozen in liquid nitrogen. These samples were powdered
in liquid nitrogen and storage was maintained at —80°C until
analysis of muscle tissue pH and metabolites (glycogen,
glucose, glucose-6-phosphate (G6P), lactate; see methods
below). Samples taken at 3 h postmortem were also used to
measure enzyme activity (citrate synthase, lactate dehydroge-
nase, isocitrate dehydrogenase) and these samples were also
powdered in liquid nitrogen and storage was maintained at
—80°C. The longissimus was excised from each animal between
24 and 30 h postmortem, stored at 0-2°C and shipped to the
University of Melbourne meat laboratory. At 48 h postmortem,
each longissimus was cut into four 2.5 cm thick (145 g + 2.5)
samples and these samples were randomly allocated to ageing
for 2 or 16 days postmortem (n = 2 samples for each storage
period from each carcass). All samples allocated for 16 days
postmortem ageing were weighed, vacuum-packed, and stored
at 1°C for 14 days, after collecting the samples at 2 days
postmortem. For each 2- and 16-day-aged sample, measure-
ments were taken for muscle pH, colour, purge (%, 16-day
samples only), cook loss (%), and Warner—Bratzler peak shear
force (WBSF, N) (see below). On the day of boning (2 days
postmortem), three samples from each longissimus were also
collected, including 1 g sample for measurement of peak
protein denaturation temperature using differential scanning
calorimetry (DSC, stored at 0-2°C until analysis on the day
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of sampling), 1 g for myoglobin content, and a 10 mm? block
for histochemical staining (snap-frozen in liquid nitrogen (see
details below), and stored at —80°C).

Muscle tissue pH

Muscle pH was measured in duplicate according to previous
methods (Bendall 1973). Muscle samples (100 mg + 2) were
powdered in liquid nitrogen and homogenised in a 1:8
(weight/volume) solution of 25 mM iodoacetic acid and
750 mM KCl (pH 7.0). Samples were centrifuged at 13,000g
for 5 min at room temperature and measured immediately
using a Hanna pH meter (HI 5221) with a semi-micro glass
electrode (HI1093) (Hanna Instruments Inc., Woonsocket,
Rhode Island, USA).

Postmortem metabolites and enzyme activity

Glycolytic metabolites

To determine glycolytic metabolite concentrations
(glycogen, glucose, glucose-6-phosphate (G6P), and lactate; all
expressed as pmol/g), samples were collected and processed
according to previous methods (England et al. 2016) where all
samples were powdered in liquid nitrogen and stored at —80°C.
To measure glycogen, samples (100 mg + 2, mean + s.e.) were
mixed with an equal volume of 2.5 M HCl and then were heated
to 90°C for 2 h. After heating samples for 2 h, sample
homogenate and HCl mixture was centrifuged at 13,000g for
5 min at room temperature. The supernatant was then
neutralised with 1.25 M KOH (Keppler and Decker 1984) and
stored at —20°C until further analysis. To measure lactate,
glucose, and G6P concentration, 100 mg + 2 was mixed with
an equal volume of ice-cold 0.5 M perchloric acid, vortexed,
incubated on ice for 20 min, and centrifuged at 13,000g for
5 min at room temperature. The supernatant was neutralised
with 0.5 M KOH according to previous methods (Keppler
and Decker 1984). Glycogen, G6P, glucose, and lactate were
measured using previously reported methods (Keppler and
Decker 1984) with modifications for a 96-well microplate
(Hammelman et al. 2003). The enzyme reactions were conducted
in borosilicate glass tubes (Thermo Fischer, Pittsburgh,
Pennsylvania, USA) and metabolites were measured in triplicate
spectrophotometrically at 340 nm, by using a 96-well microplate,
with the Varioskan LUX Multimode Microplate Reader
(ThermoScientific, Massachusetts, USA). Glycolytic potential
(GP, expressed as pmol/g) was calculated as (see Monin and
Sellier 1985):

GP =2 x (glycogen + glucose + G6P) + lactate

Lactate dehydrogenase

Lactate dehydrogenase (LDH) was measured as a marker
for glycolytic activity (Huber et al. 2007) by using the
powdered tissue sample. LDH activity was measured using
the LDH activity assay kit from Sigma Aldrich (lactate
dehydrogenase activity assay kit, MAK066) manufactured

by Sigma-Aldrich (Merck, Darmstadt, Germany). Following
kit instructions, 100 mg =+ 2 powdered tissue was
homogenised in 500 pL of cold LDH assay buffer and then
centrifuged at 10,000g for 15 min at 4°C. Next, samples
were diluted 100:1 to ensure that the readings were within
a linear range of the standard curve and then 5 pL of each
sample was added to the 96-well plate in duplicate and each
well was brought to a final volume of 50 pL using the LDH
assay buffer. To each well, 50 pL of the reaction mix was
added and initial measurements were taken spectrophoto-
metrically at 450 nm. Following initial measurements, the
plate was incubated at 37°C and spectrophotometric measure-
ments were taken every 5 min during a 30 min incubation
period. The LDH activity is expressed as micromoles per
gram per minute.

Mitochondrial metabolites

Citrate synthase (CS) and isocitrate dehydrogenase (ICDH)
were measured on powdered tissue samples stored at —80°C.
Citrate synthase was measured using previously established
methods (Scheffler et al. 2014) where 50 + 1 mg powdered
tissue was used and diluted with 20:1 in a 250 mM sucrose
homogenisation buffer (pH 7.4), homogenised for 30 s, and
sonicated for 10 s. Citrate synthase samples were diluted 10:1
in double-distilled water. The reaction buffer (48 mM, 2 uM
oxaloacetate, 0.5 pM 5,5’-dithiobis (2-nitrobenzoic acid)
(DTNB) was added to each sample and measured spectropho-
tometrically at 412 nm. Following initial absorbance
readings, 30 pL acetyl Co-A (12 mM) was added to each
sample and immediately analysed using a spectrophotometer
at 412 nm every min for 7 min. ICDH activity was measured
using the IDH activity assay kit from Sigma Aldrich (isocitrate
dehydrogenase activity assay kit, MAK062) manufactured by
Sigma-Aldrich (Merck, Darmstadt, Germany). Following the
instructions from the kit, 50 + 1 mg powdered tissue was
homogenised with the IDH assay buffer, centrifuged at 13,000g
for 10 min at room temperature and diluted 100:1 to ensure
that the readings were within a linear range of the standard
curve, and 5 L of the sample was added to the 96-well plate
for each sample, in duplicate. Next, wells were brought to a
total volume of 50 pL using the IDH assay buffer, followed by
the addition of 50 pL of reaction buffer to each well. Plates were
mixed, incubated at 37°C for 30 min, and the plate was read on
the spectrophotometer at 450 nm every 5 min during the
30 min incubation. The LDH and CS activities were expressed
as micromols per gram per minute and ICDH was expressed as
nanomols per gram per minute.

Muscle colour measurement

Surface colour (L*, a*, b*) of the longissimus samples was
measured 2 and 16 days of postmortem ageing. A fresh cut
was made on each sample prior to colour analysis and
samples were allowed to bloom for 30 min at 4°C and were
then measured in triplicate on each sample (average of six
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measurements from two samples for each carcass within each
ageing period) using a CR400 Chromameter (Konica Minolta,
Japan) with an 8 mm aperture, light source D65, and 0°
viewing angle (Frank et al. 2017).

Purge loss

On Day 2 postmortem, two samples from each carcass, were
weighed prior to storage, vacuum-packed and stored in a
cooler at 0-2°C for 14 days. After 14 days of ageing in the
vacuum bag, longissimus samples were removed from the
bag, gently patted with absorbent paper to remove surface
moisture, and weighed to determine purge loss. Purge loss
was calculated using the final weight of each sample (two
samples from each carcass for each ageing day) after the ageing
period, subtracted from the initial weight, and expressed as a
percentage (%) of the initial weight.

Cooking procedure and cook loss

After 2 and 16 days of postmortem ageing, two longissimus
samples from each carcass were weighed prior to cooking to
measure cooking loss. Before adding samples to the water
bath for cooking, a 1.2 mm gauge injection thermometer
(9FX1150, FusionChef Core Temperature Sensor (PT100)
Diamond, Julabo) was placed in the geometric centre of a
sample and used as an indicator for when the samples reached
the target internal temperature of 70°C. Each sample was
placed in a polyethylene bag and seven marbles were
placed at the bottom of the bag to ensure samples were
completely submerged for the entire cooking process. Each
bag was fixed to a metal rack with clips (eight samples
in each cooking cycle to allow for even distribution of
temperature across all samples). Samples were placed in a
preheated water bath (Julabo F38 Water Bath; John Morris
Scientific, Melbourne, Vic, Australia) set to 80°C. Once the
internal temperature of the indicator sample reached an
internal temperature of 70°C, samples were removed from
the water bath and placed in iced water for 30 min. Samples
were covered and transferred to a 0-2°C chiller overnight.
After cooking and chilling, samples (two samples from each
carcass for each ageing day) were weighed to measure cook
loss, using cooked weight subtracted from the raw weight,
and expressed as a percentage (%) of the raw weight.

Warner-Bratzler peak shear force (WBSF)

Samples were measured for WBSF 24 h after cooking. Each
cooked longissimus sample was cut parallel to the muscle
fibres into six sections (each 25-40 mm x 10 mm X 10 mm).
WBSF was measured using a Lloyd texture analyser (LS5;
Amtek, Berwyn, Pennsylvania, USA) equipped with a Warner—
Bratzler V-shaped blade fixed with a 60°angle (BesTech,
Dingley, Vic, AUS) with a crosshead speed of 300 mm/min
and a load cell of 500 N. Each 50 mm x 10 mm x 10 mm

sample was oriented with the WBSF blade perpendicular to
the muscle fibres. Data were obtained using the Nexygen
software (ver. 3; Bestech, Dingley, Vic, Australia; https://www.
bestech.com.au/products/sensors-instrumentation/materials-
testers/nexygen-plus/) and reported as peak shear force (N).
Data were averaged for each sample (six sections per sample;
two samples for each carcass) and analysis was conducted
using the average of six sections per sample, two samples per
carcass for each ageing day.

Differential scanning calorimetry (DSC)

From each Day 2 (48 h) postmortem longissimus sample, 1 g of
tissue was used for DSC (n = 10 samples for SC1-LWLR; n=10
samples for SC2-Berk). Samples were kept on ice and stored at
4°C until analysis. Each 1 g sample was prepared according to
methods in previous studies (Vaskoska et al. 2021), where
20 + 1 mg was dissected from each 1 g sample, placed into
individual hermetically sealed aluminium pans and then
placed in a furnace for DSC (Model 8000, Perkin Elmer,
Waltham, Massachusetts, USA). A blank hermetically sealed
aluminium pan was used as a reference. Heating for the DSC
was conducted with a 1 min isothermal step to allow samples
to equilibrate to 25°C. The isothermal step was followed by a
heating step of 5°C/min from 25°C to 90°C. Once 90°C was
reached, a rapid cooling step cooled the sample to 25°C at a
rate of 30°C/min. The Pyris software (Version 11 Perkin Elmer,
Waltham, Massachusetts, USA; https://www.perkinelmer.
com/product/pyris-software-n5340092) was used to calculate
the maximum heat input for protein denaturation (peak
temperature, degrees Celsius) and enthalpy (the heat of
transition AH, Joules per gram).

Histological staining and analysis

Histological characterisation of myosin fibre types was
conducted on six animals from each supply chain (n = 12
total). Samples for histological analysis were cut from Day
0 longissimus samples into 10 mm? cubes and each cube was
attached to a wooden cork board by using optimal cutting-
temperature compound (OTC, Leica, Wetzler, Germany)
and immersed in prechilled isopentane solution chilled in
liquid nitrogen. The cubes were stored at —80°C until further
analyses. While samples were still frozen, the cubes were
sectioned into 10 pm sections with a cryostat (Model 1860,
Leica, Wetzler, Germany) at —20°C, ensuring that cross-sections
of muscle fibres were obtained. Once cut, the sections were
collected using superfrost glass microscope slides (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) and six slides
were made for each animal. The sections were stored in micro-
scope boxes and kept at —80°C until processing for nicotinamide
adenine dinucleotide tetrazolium reductase (NADHTR) and
myosin adenosine triphosphatase (mATPase) staining.

The determination of Types [, ITA, and IIB muscle fibres was
conducted using mATPase staining procedures, with the use
of NADHTR staining as verification of muscle fibre-type
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classification. The mATPase staining was conducted following
previous procedures (Vaskoska et al. 2021). Samples were
preincubated in formic acid (pH between 4.35 and 4.4),
which allows for the separation between muscle fibre types.
Black-stained fibres are classified as Type I oxidative fibres,
white-stained fibres are classified as Type IIB glycolytic
fibres, and grey fibres are classified as Type IIA intermediate
fibres. The proportion and fibre diameter for each muscle-
fibre type was calculated at five random locations across
each muscle slide using ImageJ (Java 1.8.0_172 64-bit). For
NADHTR staining, muscle sections were thawed by incubation
at 37°C in nitroblue tetrazolium (mass concentration 1.25%,
Merck, Kenilworth, NJ, USA) and B-nicotiaminde adenine
dinucleotide (mass concentration 1% Merck, USA) in Tris
buffer (0.2 M, pH 7.4) for 30 min. Following incubation,
samples were processed through acetone:water solutions
(30:70, 60:40, 90:10) and then rinsed in distilled water.
White-blue staining indicated glycolytic Type IIB fibres, pale
blue staining represented intermediate Type IIA fibres, and
dark blue staining indicated oxidative Type I fibres. The
NADHTR images were used to verify fibre types identified
using mATPase staining from each serial image. Briefly,
proportion was calculated as the number of fibres counted
for each muscle fibre type across each slide within an animal
and expressed as a percentage of the total muscle fibre number
counted. Muscle fibre diameter was determined using Feret
diameter (the minimum distance of parallel tangents at
opposing borders of the muscle fibre) and was calibrated
using a haemocytometer in ImageJ at x10 magnification,
resulting in muscle fibre diameter (um). The measurement of
Feret diameter is similar to previous methods where the
muscle fibre diameter, along with proportion, allowed for
detection of subtle differences among muscle samples (Briguet
et al. 2004). The staining methods used for histology can
distinguish three muscle fibre types, namely Types I, IIA, and
IIB/IIX, but cannot differentiate between IIB and IIX; hence,
all fast-glycolytic fibres (IIX and IIB) are expressed hereafter
as IIB. Therefore, muscle fibres were allocated to Fibre-types I,
IIA, or IIB on the basis of mATPase staining after confirming
classification with NADHTR staining.

Myoglobin content analysis

The myoglobin content in pork samples was determined using
the method described by Wadhwani et al. (2010) with a few
modifications, previously described by Li et al. (2023). Lean
pork tissue (0.6 + 0.05 g), from 2 days postmortem, was
homogenised in a 5 mL of ice-cold 40 mM sodium phos-
phate buffer at pH 6.8, by using an Ultra-Turrax T25
homogeniser (IKA, Shaufen, Germany) at 27,000g for 30 s
at room temperature. The homogenate was immediately
placed on ice and incubated for 1 h, and then centrifuged at
20,000g, at 2°C, for 30 min. The supernatant was collected
and read at A525 and A700 against phosphate buffer by
using a Thermo Scientific Multiskan Spectrometer (Thermo

Fisher Scientific Australia, Melbourne, Vic, Australia). The
concentration of myoglobin was compared with a myoglobin
standard curve constructed using 0-1.2 mg/mL myoglobin in
the same 40 mM phosphate buffer as used for sample extrac-
tion, and expressed as milligrams of myoglobin per gram of
tissue.

Statistical analyses

Data analysis was conducted using restricted maximum
likelihood (REML) in GenStat (ver. 22.1.0.532, 64-bit
edition, VSN International), where the fixed model for the
quality characteristics (colour, WHC, and WBSF) included
the Supply_chain + Ageing Day + Supply_chain.Ageing_Day
and the random model included the carcass number (Carcass).
For enzyme, metabolite and pH analysis (3, 24, and 48 h pH;
glucose, glycogen, G6P, lactate, CS, LDH, and ICDH, all at 3 h
postmortem), the fixed model included the Supply_chain +
Time_postmortem + Supply_chain.Time_postmortem and
the random model included carcass number (Carcass). For
muscle fibres (muscle fibre-type proportion; muscle fibre
diameter), the fixed model included Supply_Chain and the
random model included Carcass. For DSC peak temperature,
the fixed model included Supply Chain and the random
model included Carcass. Data were expressed as adjusted
least-squares means (LSM) and standard errors of the difference
(SED) for the main effect, or interaction where two treatments
were included in the analysis. The Fisher’s least significant
difference (l.s.d.) was used to compare differences between
means. Differences were considered significant if the P-value
was <0.05, and were considered a trend if P was <0.10.

Results

Carcass data

There were no differences in hot carcass weight between SC1-
LWLR and SC2-Berk (P = 0.20; Table 1). However, SC2-Berk
had a greater fat depth than SC1-LWLR (P < 0.001).

Table1. Effect of supply chain (Supply chain 1, Large White X Landrace,
SCI-LWLR; Supply chain 2, Berkshire, SC2-Berk) on carcass parameters
and longissimus biochemistry traits.

Item SCI-LWLR  SC2-Berk SED P-value
Animals sampled 12 10 - -
Carcass weight (kg) 814 776 2.83 0.20
Fat depth (mm) 1.0 16.8 120 <0.001
CS (pmol/g.min) 4.41 6.31 0.569 0.003
LDH (umol/g.min) 3R 3685 2085 0.40
ICDH (nmol/g.min) 3.66 4.40 0423 0.088
Myoglobin (mg/g tissue) 0.773 0.921 0.0625 0.16

Least-squares means are shown as well as the standard error of difference (SED)
and P-values.
CS, citrate synthase; LDH, lactate dehydrogenase; ICDH, isocitrate dehydrogenase.
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Changes in muscle pH, metabolites and enzymes
postmortem

Muscle pH

There was an interaction between supply chain and time
postmortem for muscle pH (P < 0.001; Table 2). Muscle pH
was higher for SC2-Berk at 3 h postmortem than for SC1-
LWLR; however, at 24 h postmortem, SC2-Berk had similar
pH to SC1-LWLR.

Glycolytic metabolites

There was an interaction between supply chain and time
postmortem for lactate (P = 0.047; Table 2). Lactate was
similar in SC2-Berk and SC1-LWLR at 3 and 48 h post-
mortem, but SC2-Berk had higher lactate at 24 h postmortem.
There was an interaction between supply chain and time
postmortem for G6P (P = 0.002), where SC1-LWLR had a
higher G6P concentration at 3 h postmortem than SC2-Berk,
whereas the G6P concentration was similar between supply
chains at 24 and 48 h postmortem. Glucose concentration
increased significantly (P < 0.001) between 3 and 24 h
postmortem for both supply chains. There was an interac-
tion between supply chain and time postmortem for glycogen
(P = 0.01), where glycogen concentration decreased over
time and was higher at 3 h postmortem in SC2-Berk than in
SC1-LWLR and SC1-LWLR had a much lower glycogen
content at 48 h than SC2-Berk. Glycolytic potential (GP) was
significantly (P < 0.001) different between supply chains
where SC2-Berk had a higher GP than SC1-LWLR.

Enzyme activity and myoglobin content

SC2-Berk had higher CS activity than SC1-LWLR at 3 h
postmortem (P = 0.003) (Table 1). SC1-LWLR tended to
have a lower ICDH activity than SC2-Berk (P = 0.088). LDH
activity (Table 1) was not different between supply chains
(P = 0.40). There was no difference in myoglobin content
between SC1-LWLR and SC2-Berk (P = 0.16).

Quality traits

There were differences in colour between supply chains and
ageing day (Table 3). There was an interaction between

Table 2.
(T; 3, 24, 48 h) on longissimus pH and glycolytic intermediates (umol/g).

supply chain and ageing day (P = 0.03) for b*, where b*
was similar between supply chains on Day 0, but increased to
a greater extent after 16 days postmortem ageing in SC2-Berk.
There was a difference between supply chains (P = 0.028)
and ageing days (P < 0.001) for L*, where L* was higher
for SC1-LWLR than for SC2-Berk and L* increased after
14 days for both supply chains. There was a difference in
a* over the ageing period, where a* increased after 14 days
of ageing (P = 0.02).

There was a difference in purge (%) between supply chains
(P = 0.003) (Table 3). SC2-Berk had lower purge (%) than
SC1-LWLR. There was an interaction (P = 0.017) between
supply chain and ageing day for cook loss (%) (Table 3);
SC2-Berk and SC1-LWLR had similar cook loss (%) on Day
2 whereas on Day 16 postmortem, SC1-LWLR had much
higher cook loss than SC2-Berk.

There was a significant (P = 0.0026) interaction between
supply chain and ageing day for WBSF (Table 3). SC2-Berk
had lower WBSF (N) on Days 2 and 16 postmortem, than
SC1-LWLR, and the difference in WBSF was larger (N) on
Day 16 postmortem (Day 2, difference of 4.2 N; Day 16,
difference of 6.6 N). This indicates increased tenderisation
after ageing for SC2-Berk compared with SC1-LWLR.

Muscle fibre-type proportion (%) and muscle fibre
diameter (um)

Muscle fibre-type proportion and muscle fibre diameter were
different between supply chains (P < 0.001 for all; Table 4).
The longissimus from SC2-Berk had a higher proportion of
Types I and IIA fibres and a lower proportion of Type IIB
fibres than SC1-LWLR. The muscle fibre diameter for all
muscle fibre types was smaller in SC2-Berk than in SC1-LWLR.

Differential scanning calorimetry

There were four protein denaturation peaks from the
thermograms of the longissimus for both SC1-LWLR and
SC2-Berk (Table 5). Protein denaturation peak temperatures
(Tmax) for Peak I and Peak III were higher (P = 0.002 and

Effect of supply chain (SC; Supply chain 1, Large White X Landrace, SCI-LWLR; Supply chain 2, Berkshire, SC2-Berk) and time postmortem

Item SCI-LWLR SC2-Berk SED P-value

3h 24 h 48 h 3h 24 h 48 h SC T SCXT
pH 5.90 5.83 5.68 6.14 571 5.66 0.0M 0.21 <0.001 <0.001
Glycogen (pmol/g) 372 307 19.6 453 263 255 1.54 0.55 <0.001 0.01
Glucose (pmol/g) 815 10.6 10.8 671 975 9.51 0.784 0.45 <0.001 0.32
Glucose-6-phosphate (pmol/g) 6.63 548 5.01 3.40 5.10 5.04 0.820 0.12 071 0.002
Lactate (pmol/g) 86.5 987 122 90.6 n7 122 3.02 0.004 <0.001 0.047
Glycolytic potential (pmol/g) 190 192 192 201 199 201 27 <0.001 073 0.15

Least-squares means are shown as well as the standard error of difference (SED) for the interaction and P-values.
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Table 3. Effect of ageing (A; 2, 16 days postmortem) and supply chain
(SC; Supply chain 1, Large White X Landrace, SCI-LWLR; Supply chain 2,
Berkshire, SC2-Berk) on colour (L* a* b?*), cook loss (%), and Warner—
Bratzler shear force (WBSF, N) of the longissimus.

Item SCI-LWLR SC2-Berk SED P-value

2 days 16 days 2 days 16 days SC A SC.A
CIE-L* 51.0 54.0 49.1 523 074 0.028 <0.001 0.71
ClE-a* 6.65 7.01 6.83 733 0430 060 0.020 072
CIE-b* 4.8 574 4.70 6.53 0407 047 <0.001 0.003
Purge (%) - 2.85 - 183 0330 0.003
Cook 18.6 24.6 157 16.8 162 <0.001 <0.001 0.017
loss (%)

WBSF (N) 309 26.7 28.6 220 098 <0.001 <0.001 0.003

Least-squares means are shown as well as the standard error of difference (SED)
for the interaction and P-values.

Table 4. Effect of supply chain (SC; Supply chain 1, Large White X
Landrace, SCI-LWLR; Supply chain 2, Berkshire, SC2-Berk) on muscle
fibre-type proportion (%) and muscle fibre size (fibre diameter, pm)
of the three muscle fibre types (I, IlA, and I1IB).

Item Fibre type SCI-LWLR SC2-Berk SED P-value
Fibre proportion (%) | 10.1 16.0 0.51  <0.001
1A 14.0 22.0 0.77  <0.001
1B 759 62.0 074  <0.001
Fibre diameter (um) | 440 327 153 <0.001
1A 414 332 137 <0.001
1B 543 496 9.7 <0.001

Least-squares means are shown with the standard error of difference (SED) and
P-values.

Table 5. Effect of supply chain (SC; Supply chain 1, Large White X
Landrace, SCI-LWLR; Supply chain 2, Berkshire, SC2-Berk) on transition
temperature T, (°C) and denaturation enthalpy (AH; J/g) of the major
differential scanning calorimetry peaks on the thermograms for
longissimus lumborum, using a heating rate of 5°C/min.

Item Peak  SCI-LWLR  SC2-Berk SED P-value

Trnax (°C) | 52.0 55.8 0.96 0.002
I 64. 65.1 143 0.50
I 743 784 0.66 0.001
v 824 812 071 om

Enthalpy (AH; )/g) | 1.05 0.278 0.8512 0.037
Il 0.135 0.154 0.1223 0.88
Il 0.109 0.235 0.0526 0.030
v 0.962 1170 0.0825 0.055

Least-squares means are shown with the standard error of difference (SED) and P-
values.

P =0.001 respectively) for SC2-Berk than for SC1-LWLR. Peak
enthalpy was higher for SC1-LWLR than for S2-Berk for Peak I
(P = 0.037), but was lower, or tended to be lower, for
SC1-LWLR for Peak III (P = 0.03) and Peak IV (P = 0.055).

Discussion

The principal findings of this study were that the longissimus
from SC2-Berk pigs in the small-scale supply chain had
superior meat quality, in terms of higher water-holding
capacity (purge, cook loss), lower shear force (lower WBSF at
2 and 16 days postmortem, indicating improved tenderness)
and improved surface colour (lower lightness and higher
redness), compared with the SC1-LWLR pigs in the large-scale
supply chain. The differences can be attributed to a domi-
nating effect of differences in aerobic capacity between the
breeds, but differences between the supply chains also need
to be considered. The increased aerobic capacity of the
longissimus from the SC2-Berk pigs, relative to the modern
commercial SC1-LWLR pigs, was evident from the higher
citrate synthase and ICDH activity as well as higher proportion
of aerobic Type I fibres and a reduced proportion of glycolytic
Type IIB fibres. These differences in aerobic metabolism
between the pigs from the two supply chains are reflected in
higher muscle pH at 3 h postmortem in the SC2-Berk pigs,
which would have contributed to the differences in meat quality.

The longissimus from the SC1-LWLR pigs had a higher
proportion of Type IIB fibres and a lower proportion of
Types I and IIA fibres than from the SC2-Berk pigs,
indicating the SC2-Berk had more oxidative muscles. In
support of our results, many other studies have found that
modern commercial pigs have a higher proportion of Type
IIB/IIX glycolytic fibres, and a lower proportion of Type I
oxidative fibres than heritage/wild/native pigs; the gracilis
in wild pigs had a higher proportion of Types I and IIA
fibres and a lower proportion of Type IIB fibres than in
Landrace x Pietrain modern commercial pigs (Weiler
et al. 1995), the longissimus of the Korean native pig had a
higher proportion of Type I fibres than the Landrace pig
(Park et al. 2007), and the longissimus of the Lantang pig
(native Chinese pig breed) had less Type IIB fibres and a
greater proportion of Type IIA than the modern commercial
Landrace pigs Dai et al. (2009), the longissimus from Large
White and Landrace pigs had a higher proportion of Type
IIB fibres and less of Type I and Type IIA fibres than from the
semi-wild Mangulica pig (Rahelic and Puac 1981). Dai et al.
(2009) found that the Landrace breed had an overexpression
of Type IIB mRNA, resulting in a greater proportion of
glycolytic Type IIB fibres in the longissimus of Landrace than
in the native Lantang pig. Guo et al. (2019) also reported
that the longissimus of semi-wild Mashen pigs had a lower
expression levels of myosin heavy-chain IIB (glycolytic),
and a higher expression of myosin heavy-chain I (oxidative)
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and ITA (intermediate), than that of Large White pigs. In
summary, muscle fibre-type proportion varies in muscles from
different breeds, where muscles from modern commercial
pigs generally have a greater proportion of glycolytic fibres
and heritage, native, or wild pigs have less of Type IIB
fibres and a greater proportion of Types I and IIA fibres.

Separate to muscle fibre-type proportions, the size/diameter
of muscle fibres is known to affect quality measurements (Ouali
et al. 2005). In our study, the muscle fibre diameter for all
muscle fibre types in SC2-Berk pigs was smaller than in SC1-
LWLR pigs. This agrees with other studies where, in general,
native, heritage or wild pigs have smaller muscle fibres
than modern commercial pigs (Rahelic and Puac 1981;
Weiler et al. 1995; Crawford et al. 2010; Guo et al. 2019),
regardless of fibre type. Dai et al. (2009) attributed differences
in muscle fibre cross-sectional area of the longissimus between
heritage and modern commercial breeds to differences in
carcass weight and growth rate, which does not explain the
differences in our study, because age and carcass weight
were similar for pigs from both supply chains.

Mitochondrial enzymes, measured from samples extracted
early postmortem, are good indicators of whether the predomi-
nant metabolism of a muscle is oxidative or glycolytic. For
example, Gil et al. (2003) found that when proportion of
Type I fibres increases, ICDH activity also increases. Citrate
synthase (CS) activity is also an indicator of oxidative
activity in muscles (Scheffler et al. 2014; Lebret et al. 2023).
In our study, the longissimus of SC2-Berk samples tended to
have increased ICDH activity, and had increased citrate
synthase activity, compared with the SC1-LWLR pigs, likely
because of the increased composition of Types I and IIA
fibres. Plastow et al. (2005) found that Duroc and Pietrain
pigs had higher ICDH activity than the Meishan x Large
White and Large White. The lack of difference in LDH activity
between SC1-LWLR and SC2-Berk is likely due to the small
sample size. Increased muscle CS activity has been related
to increased sensory tenderness in pork longissimus (Essén-
Gustavsson and Fjelkner-Modig 1985) and improved WHC
(Brunner et al. 2012), which are both discussed further below.

Muscle fibre-type proportion influences WHC, especially
purge and cook loss (Ryu and Kim 2005). There were differ-
ences in purge and cook loss between supply chains, where
SC2-Berk pigs had improved WHC with less purge and cook
loss than the SC1-LWLR pigs, which is similar to the
increased water-holding capacity (lower drip loss and purge)
found in muscles of heritage/wild/native pig breeds relative
to modern commercial highly selected pigs (Suzuki et al.
2003; Lee et al. 2012). Increased proportions of Type IIB fibres
in porcine muscles are often associated with poor quality,
with increased L* values, lower WHC and higher WBSF
(tougher), whereas increased proportions of Type I fibres
are associated with improved WHC and tenderness (Ryu
and Kim 2005, 2006; Kim et al. 2013; LeMaster et al.
2023). Pork from SC2-Berk in the current study had a lower
cook loss after 16 days of postmortem ageing than the SC1-

LWLR pigs, which is similar to the results of Lee et al.
(2012). Choi et al. (2014) found that the muscles from
fatter carcasses, predominantly from heritage breeds, have
improved WHC compared with the muscles from very lean,
modern, commercial pork carcasses. Muscle fibre size also
influences WHC and tenderness (Ouali et al. 2005) where, as
muscle fibre diameter increases, WHC decreases, and toughness
increases. The current study found that heritage pork from the
SC2-Berk had increased WHC with lower purge and
lower cooking loss after 16 days of postmortem ageing, which
is supported by findings from other studies (Florowski et al.
2006; Tang et al. 2008; Crawford et al. 2010; Men et al. 2012;
Shen et al. 2014; Chen et al. 2018). Although differences in
WHC and WBSF between the supply chains in the current
study are likely to be due to differences in muscle fibre-type
proportions in the longissimus, variation in feeding, handling
and pre- and post-slaughter management cannot be excluded.

There were differences in WBSF (tenderness) between the
supply chains and with ageing. The longissimus from SC2-Berk
had lower WBSF, and more reduction in WBSF with ageing,
than from the SC1-LWLR pigs. This indicates less tenderi-
sation for the SC1-LWLR pigs between 2 and 16 days of
postmortem ageing. It is well recognised that genes play a
small (but significant) role in meat tenderness, and that other
endogenous and environmental factors usually dominate
the factors influencing meat tenderness (Warner et al. 2010).
The reasons for these differences are likely to be a combina-
tion of all the differences between the supply chains, as well as
differences in fibre-type proportion between the breeds.
These results for the modern commercial SC1-LWLR pigs
are not dissimilar to findings by Channon et al. (2016) who
reported a noticeable lack of improvement in pork longissimus
WBSF after an ageing period of 14 days. According to
Dransfield et al. (1981), tenderisation of pork longissimus
occurs rapidly, where 50% of pork tenderisation occurs
within 24-48 h, rather than over a period of days or weeks
(Lundberg et al. 1987; Koohmaraie et al. 1991). Similarly,
Crawford et al. (2010) compared WBSF of Berkshire and
Landrace and found that the Berkshire longissimus had
lower WBSF values than Landrace longissimus (21 - 25 N vs
29 - 33 N, respectively), further suggesting that improved
tenderness occurs in muscles with lower proportions of
glycolytic fibres. Park et al. (2007) found the longissimus
from Korean Native pigs is more oxidative and demonstrated
greater tenderisation after ageing, with lower WBSF values
than the longissimus from Landrace pigs. Increased proportions
of Type-l fibres in a muscle are associated with a more
active calpain system (Ouali and Talmant 1990). Several factors
influence quality, including environmental differences and
supply-chain differences. Unfortunately, in this study, it
was not possible to raise the two breeds on the same farm,
nor was it possible to slaughter the two breeds at the one
processing plant.

Protein denaturation temperatures using DSC indicate the
peak denaturation temperatures for various proteins. Protein
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denaturation occurred at lower temperatures for myosin
(peak I) and actin (peak III) in the longissimus of SC1-LWLR
pigs than in the longissimus of SC2-Berk, indicating that
fibre shrinkage occurs at lower temperatures during cooking,
which explains the increased cook loss and WBSF in the SC1-
LWLR pigs compared with SC2-Berk. The denaturation
temperatures for the longissimus from the SC1-LWLR were
similar to thermal denaturation peaks of pork longissimus in
other studies (Xiong et al. 1987; Xiong 1994; Vaskoska et al.
2021). The increased proportion of oxidative fibres in the
longissimus from SC2-Berk was associated with higher thermal
denaturation peaks than the thermal denaturation peaks from
the SC1-LWLR pork, which agrees with other studies (Zielbauer
et al. 2016; Vaskoska et al. 2021), and was most likely causative
in lower cook loss and lower WBSF, improving tenderness in the
SC2-Berk.

Differences in environmental factors and supply-chain
logistics, such as transportation time and lairage, influence
glycolytic potential because glycogen stores are depleted
during transportation owing to time off-feed and heightened
stress (Cobanovi¢ et al. 2016). Because of logistics, and
minimisation of pig movement for disease control in the pig
industry, it was not possible to standardise these factors in
this study. In our study, the SC2-Berk had increased glycolytic
potential, an increase in lactate between 3 h and 24 h
postmortem and higher glycogen content at 3 h than the
commercial SC1-LWLR pigs. The differences in glycolytic
potential could be due to differences in transportation and
lairage between the supply chains (Gajana et al. 2013;
Driessen et al. 2020). Warner et al. (2015) found that in lamb
longissimus, G6P generally increases overtime postmortem,
and it increases faster when carcasses are chilled rapidly.
Owing to the differences in transportation, lairage, stunning,
and chilling between the supply chains, the rate of glycolysis
and the production and consumption of glycolytic metabolites
varied. Supply-chain differences influence the rate and
extent of postmortem metabolism and, thus, pork quality
(Shackelford et al. 2012; Rybarczyk et al. 2015; Zybert et al.
2019). Scheffler et al. (2013) indicated that glycolytic metabolite
concentrations are highly variable in pork postmortem and
suggested that glycolytic metabolites might not be reliable
quality indicators because of different factors between
supply chains, but mitochondrial enzymes may be more
reliable indicators of oxidative activity and quality.

Colour is an important characteristic for consumers.
Overall, SC1-LWLR had higher lightness and lower redness
and yellowness, than SC2-Berk. This was expected because
the SCI-LWLR had a lower proportion of oxidative
myoglobin-rich fibres, which are paler in colour, and have
a faster pH fall, both of which are usually associated with
lighter and less red meat (Bocian et al. 2012; Listrat et al.
2016). It is unlikely that these colour differences between
supply chains were due to chilling; SC1-LWLR had blast-
chilling, which usually results in a slower pH fall and lower
lightness (L*) (Swatland 2002; Savell et al. 2005; Lebret

et al. 2015; Purslow et al. 2021), which is opposite to what
we observed for SC1-LWLR.

Conclusions

The longissimus from the SC2-Berk pigs had a higher
proportion of oxidative and intermediate fibres, and higher
mitochondrial enzyme activity, than pork from the SCI-
LWLR pigs, which had a higher proportion of glycolytic
fibres. This increased oxidative metabolism in SC2-Berk
longissimus was associated with improved WHC and WBSF,
compared with pork from the SC1-LWLR pigs. Pork from
SC2-Berk had higher glycolytic potential, likely being a
result of pre-slaughter conditions that were different between
the supply chains. Because of variations between supply
chains in pre-slaughter conditions, it was evident that
mitochondrial enzyme activity, particularly citrate synthase,
was a more robust measurement of the oxidative/glycolytic
metabolism of a given muscle than were glycolytic metabolites.
Protein denaturation temperatures were higher for the SC2-Berk
than for the SC1-LWLR pigs, which is the likely cause of the
increased cook loss and toughness. Thus long-term selection
in the modern commercial pig is associated with an increased
proportion of glycolytic fibres which is likely causative in a
decline in pork quality.

References

Bendall JR (1973) Postmortem changes in muscles. In ‘The structure and
function of muscle. Vol. 2’. (Ed. GH Bournea) pp. 243-309. (Academic
Press New York: New York, NY, USA)

Bocian M, Wojtysiak D, Jankowiak H, Cebulska A, Kapelanski W, Migdalt W
(2012) Carcass, meat quality and histochemical traits of m. longissimus
lumborum from Zlotnicka spotted pigs and commercial pigs. Folia
Biologica 60(3-4), 181-187. doi:10.3409/fb60_3-4.181-187

Briguet A, Courdier-Fruh I, Foster M, Meier T, Magyar JP (2004)
Histological parameters for the quantitative assessment of muscular
dystrophy in the mdx-mouse. Neuromuscular Disorders 14(10), 675-682.
doi:10.1016/j.nmd.2004.06.008

Brunner RM, Srikanchai T, Murani E, Wimmers K, Ponsuksili S (2012)
Genes with expression levels correlating to drip loss prove associa-
tion of their polymorphism with water holding capacity of pork.
Molecular Biology Reports 39, 97-107. doi:10.1007/s11033-011-
0714-5

Channon HA, D'Souza DN, Dunshea FR (2016) Developing a cuts-based
system to improve consumer acceptability of pork: impact of
gender, ageing period, endpoint temperature and cooking method.
Meat Science 121, 216-227. doi:10.1016/j.meatsci.2016.06.011

Chen W, Zeng Q-F, Xu H-P, Fang G-F, Wang S-D, Li C-H, Wang Y-D, Wang
H, Zeng Y-Q (2018) Comparison and relationship between meat colour
and antioxidant capacity of different pig breeds. Animal Production
Science 58(11), 2152-2157. doi:10.1071/AN16184

Choi J-S, Lee H-J, Jin S-K, Choi Y-, Lee J-J (2014) Comparison of carcass
characteristics and meat quality between duroc and crossbred pigs.
Korean Journal for Food Science of Animal Resources 34(2), 238-244.
doi:10.5851 /kosfa.2014.34.2.238

Cobanovi¢ N, Boskovié M, Vasilev D, Dimitrijevi¢ M, Parunovi¢ N,
Djordjevi¢ J, Karabasil N (2016) Effects of various pre-slaughter
conditions on pig carcasses and meat quality in a low-input slaughter
facility. South African Journal of Animal Science 46(4), 380-390.
doi:10.4314/sajas.v46i4.6

Crawford SM, Moeller SJ, Zerby HN, Irvin KM, Kuber PS, Velleman SG,
Leeds TD (2010) Effects of cooked temperature on pork tenderness


https://doi.org/10.3409/fb60_3-4.181-187
https://doi.org/10.1016/j.nmd.2004.06.008
https://doi.org/10.1007/s11033-011-0714-5
https://doi.org/10.1007/s11033-011-0714-5
https://doi.org/10.1016/j.meatsci.2016.06.011
https://doi.org/10.1071/AN16184
https://doi.org/10.5851/kosfa.2014.34.2.238
https://doi.org/10.4314/sajas.v46i4.6
www.publish.csiro.au/an

M. N. LeMaster et al.

Animal Production Science 64 (2024) AN24132

and relationships among muscle physiology and pork quality traits in
loins from landrace and berkshire swine. Meat Science 84(4), 607-612.
doi:10.1016/j.meatsci.2009.10.019

Dai F, Feng D, Cao Q, Ye H, Zhang C, Xia W, Zuo J (2009) Developmental
differences in carcass, meat quality and muscle fibre characteristics
between the Landrace and a Chinese native pig. South African Journal
of Animal Science 39(4), 267-273. 10.4314/sajas.v39i4.51126

Dransfield E, Jones RCD, MacFie HJH (1981) Tenderising in M. longissimus
dorsi of beef, veal, rabbit, lamb and pork. Meat Science 5(2), 139-147.
doi:10.1016/0309-1740(81)90012-7

Driessen B, Van Beirendonck S, Buyse J (2020) Effects of housing, short
distance transport and lairage on meat quality of finisher pigs. Animals
10(5), 788. doi:10.3390/ani10050788

Eggert JM, Depreux FFS, Schinckel AP, Grant AL, Gerrard DE (2002)
Myosin heavy chain isoforms account for variation in pork quality.
Meat Science 61(2), 117-126. doi:10.1016/S0309-1740(01)00154-1

England EM, Matarneh SK, Oliver EM, Apaoblaza A, Scheffler TL, Shi H,
Gerrard DE (2016) Excess glycogen does not resolve high ultimate pH
of oxidative muscle. Meat Science 114, 95-102. doi:10.1016/j.meatsci.
2015.10.010

Essén-Gustavsson B, Fjelkner-Modig S (1985) Skeletal muscle character-
istics in different breeds of pigs in relation to sensory properties of
meat. Meat Science 13(1), 33-47. doi:10.1016/S0309-1740(85)
80003-6

Florowski T, Pisula A, Adamczak L, Buczyriski JT, Orzechowska B (2006)
Technological parametres of meat in pigs of two polish local breeds —
zlotnicka spotted and pulawska. Animal Science Papers and Reports
24(3), 217-224.

Frank DC, Geesink G, Alvarenga TIRC, Polkinghorne R, Stark J, Lee M,
Warner R (2017) Impact of high oxygen and vacuum retail ready
packaging formats on lamb loin and topside eating quality. Meat
Science 123, 126-133. doi:10.1016/j.meatsci.2016.09.010

Gajana CS, Nkukwana TT, Marume U, Muchenje V (2013) Effects of trans-
portation time, distance, stocking density, temperature and lairage
time on incidences of pale soft exudative (PSE) and the physico-
chemical characteristics of pork. Meat Science 95(3), 520-525.
doi:10.1016/j.meatsci.2013.05.028

Gil M, Oliver MA, Gispert M, Diestre A, Sosnicki AA, Lacoste A, Carrién D
(2003) The relationship between pig genetics, myosin heavy chain I,
biochemical traits and quality of M. longissimus thoracis. Meat Science
65(3), 1063-1070. doi:10.1016,/S0309-1740(02)00324-8

Gil M, Delday MI, Gispert M, i Furnols MF, Maltin CM, Plastow GS, Klont
R, Sosnicki AA, Carrién D (2008) Relationships between biochemical
characteristics and meat quality of Longissimus thoracis and
Semimembranosus muscles in five porcine lines. Meat Science 80(3),
927-933. d0i:10.1016/j.meatsci.2008.04.016

Gispert M, Font i Furnols M, Gil M, Velarde A, Diestre A, Carrién D,
Sosnicki AA, Plastow GS (2007) Relationships between carcass
quality parameters and genetic types. Meat Science 77(3), 397-404.
doi:10.1016/j.meatsci.2007.04.006

Guo X, Qin B, Yang X, Jia J, Niu J, Li M, Cai C, Zhao Y, Gao P, Du M, Li B,
Cao G (2019) Comparison of carcass traits, meat quality and
expressions of MyHCs in muscles between Mashen and Large White
pigs. Italian Journal of Animal Science 18(1), 1410-1418. doi:10.1080/
1828051X.2019.1674701

Hammelman JE, Bowker BC, Grant AL, Forrest JC, Schinckel AP, Gerrard
DE (2003) Early postmortem electrical stimulation simulates PSE pork
development. Meat Science 63(1), 69-77. doi:10.1016/S0309-
1740(02)00057-8

Hofmeyr CD (1998) Pork quality measured in Melbourne retail outlets.
Milne’s Pork Journal 20(2), 24-25.

Huber K, Petzold J, Rehfeldt C, Ender K, Fiedler I (2007) Muscle energy
metabolism: structural and functional features in different types of
porcine striated muscles. Journal of Muscle Research and Cell Motility
28, 249-258. doi:10.1007/s10974-007-9123-8

Huff-Lonergan E, Baas TJ, Malek M, Dekkers JCM, Prusa K, Rothschild MF
(2002) Correlations among selected pork quality traits. Journal of
Animal Science 80(3), 617-627. doi:10.2527/2002.803617x

Jiang YZ, Zhu L, Tang GQ, Li MZ, Jiang AA, Cen WM, Xing SH, Chen JN,
Wen AX, He T, Wang Q, Zhu GX, Xie M, Li XW (2012) Carcass and meat
quality traits of four commercial pig crossbreeds in China. Genetics
and Molecular Research 11(4), 4447-4455. do0i:10.4238/2012.
September.19.6

Kang YK, Choi YM, Lee SH, Choe JH, Hong KC, Kim BC (2011) Effects of
myosin heavy chain isoforms on meat quality, fatty acid composition,
and sensory evaluation in Berkshire pigs. Meat Science 89, 384-389.
doi:10.1016/j.meatsci.2011.04.019

Keppler D, Decker K (1984) Glycogen. In ‘Methods of enzymatic analysis’.
(Ed. HU Bergmeyer) pp. 11-18. (Verlag Chemie: New York, NY, USA)

Kim G-D, Kim B-W, Jeong J-Y, Hur S-J, Cho I-C, Lim H-T, Joo S-T (2013)
Relationship of carcass weight to muscle fiber characteristics and pork
quality of crossbred (Korean native black pig x landrace) F pigs. Food
and Bioprocess Technology 6, 522-529. doi:10.1007/s11947-011-
0724-2

Kim J-M, Lee S-H, Ryu Y-C (2018) Comparisons of meat quality and
muscle fibre characteristics on multiple pig breeds and sexes using
principal component analysis. Animal Production Science 58(11),
2091-2099. doi:10.1071/AN16223

Klont RE, Brocks L, Eikelenboom G (1998) Muscle fibre type and meat
quality. Meat Science 49(Suppl 1), S219-5229. doi:10.1016/S0309-
1740(98)90050-X

Koohmaraie M, Whipple G, Kretchmar DH, Crouse JD, Mersmann HJ
(1991) Postmortem proteolysis in longissimus muscle from beef,
lamb and pork carcasses. Journal of Animal Science 69(2), 617-624.
doi:10.2527/1991.692617x

Lebret B, Ecolan P, Bonhomme N, Méteau K, Prunier A (2015) Influence of
production system in local and conventional pig breeds on stress
indicators at slaughter, muscle and meat traits and pork eating
quality. Animal 9(8), 1404-1413. doi:10.1017/81751731115000609

Lebret B, Serviento AM, Renaudeau D (2023) Pork quality traits and
associated muscle metabolic changes in pigs under chronic prenatal
and postnatal heat stress. Journal of Animal Science 101, skad305.
doi:10.1093/jas/skad305

Lee SH, Choe JH, Choi YM, Jung KC, Rhee MS, Hong KC, Lee SK, Ryu YC,
Kim BC (2012) The influence of pork quality traits and muscle fiber
characteristics on the eating quality of pork from various breeds.
Meat Science 90(2), 284-291. doi:10.1016/j.meatsci.2011.07.012

Lefaucheur L (2010) A second look into fibre typing — relation to meat
quality. Meat Science 84(2), 257-270. doi:10.1016/j.meatsci.2009.
05.004

LeMaster MN, Warner RD, Chauhan SS, D'Souza DN, Dunshea FR (2023)
Meta-regression analysis of relationships between fibre type and
meat quality in beef and pork - focus on pork. Foods 12(11), 2215.
doi:10.3390/foods12112215

Li Z, Ha M, Frank D, Hastie M, Warner RD (2023) Muscle fibre type
composition influences the formation of odour-active volatiles in
beef. Food Research International 165, 112468. doi:10.1016/j.foodres.
2023.112468

Listrat A, Lebret B, Louveau I, Astruc T, Bonnet M, Lefaucheur L, Picard B,
Bugeon J (2016) How muscle structure and composition influence
meat and flesh quality. The Scientific World Journal 2016, 1-14.
doi:10.1155/2016,/3182746

Lundberg P, Vogel HJ, Fabiansson S, Ruderus H (1987) Post-mortem
metabolism in fresh porcine, ovine and frozen bovine muscle. Meat
Science 19(1), 1-14. doi:10.1016,/0309-1740(87)90095-7

Men X-M, Deng B, Xu Z-W, Tao X (2012) Muscle-fibre types in porcine
longissimus muscle of different genotypes and their association with
the status of energy metabolism. Animal Production Science 52(5),
305-312. doi:10.1071/AN11185

Monin G, Sellier P (1985) Pork of low technological quality with a normal
rate of muscle pH fall in the immediate post-mortem period: the case of
the Hampshire breed. Meat Science 13(1), 49-63. doi:10.1016,/S0309-
1740(85)80004-8

Ouali A, Talmant A (1990) Calpains and calpastatin distribution in
bovine, porcine and ovine skeletal muscles. Meat Science 28(4),
331-348. doi:10.1016/0309-1740(90)90047-A

Ouali A, Sentandreu M, Aubry L, Boudjellal A, Tassy C, Geesink G, Farias-
Maffet G (2005) Meat toughness as affected by muscle type. In
‘Indicators of milk and beef quality, Vol. 112’. (Eds JF Hocquette, S
Gigli) pp. 391-395. (Wageningen Academic)

Park BY, Kim NK, Lee CS, Hwang IH (2007) Effect of fiber type on
postmortem proteolysis in longissimus muscle of Landrace and Korean
native black pigs. Meat Science 77(4), 482-491. doi:10.1016/
j-meatsci.2007.04.022

Plastow GS, Carrién D, Gil M, Garcia-Regueiro JA, i Furnols MF, Gispert
M, Oliver MA, Velarde A, Guardia MD, Hortds M, Rius MA, Sérraga C,

10


https://doi.org/10.1016/j.meatsci.2009.10.019
10.4314/sajas.v39i4.51126
https://doi.org/10.1016/0309-1740(81)90012-7
https://doi.org/10.3390/ani10050788
https://doi.org/10.1016/S0309-1740(01)00154-1
https://doi.org/10.1016/j.meatsci.2015.10.010
https://doi.org/10.1016/j.meatsci.2015.10.010
https://doi.org/10.1016/S0309-1740(85)80003-6
https://doi.org/10.1016/S0309-1740(85)80003-6
https://doi.org/10.1016/j.meatsci.2016.09.010
https://doi.org/10.1016/j.meatsci.2013.05.028
https://doi.org/10.1016/S0309-1740(02)00324-8
https://doi.org/10.1016/j.meatsci.2008.04.016
https://doi.org/10.1016/j.meatsci.2007.04.006
https://doi.org/10.1080/1828051X.2019.1674701
https://doi.org/10.1080/1828051X.2019.1674701
https://doi.org/10.1016/S0309-1740(02)00057-8
https://doi.org/10.1016/S0309-1740(02)00057-8
https://doi.org/10.1007/s10974-007-9123-8
https://doi.org/10.2527/2002.803617x
https://doi.org/10.4238/2012.September.19.6
https://doi.org/10.4238/2012.September.19.6
https://doi.org/10.1016/j.meatsci.2011.04.019
https://doi.org/10.1007/s11947-011-0724-2
https://doi.org/10.1007/s11947-011-0724-2
https://doi.org/10.1071/AN16223
https://doi.org/10.1016/S0309-1740(98)90050-X
https://doi.org/10.1016/S0309-1740(98)90050-X
https://doi.org/10.2527/1991.692617x
https://doi.org/10.1017/S1751731115000609
https://doi.org/10.1093/jas/skad305
https://doi.org/10.1016/j.meatsci.2011.07.012
https://doi.org/10.1016/j.meatsci.2009.05.004
https://doi.org/10.1016/j.meatsci.2009.05.004
https://doi.org/10.3390/foods12112215
https://doi.org/10.1016/j.foodres.2023.112468
https://doi.org/10.1016/j.foodres.2023.112468
https://doi.org/10.1155/2016/3182746
https://doi.org/10.1016/0309-1740(87)90095-7
https://doi.org/10.1071/AN11185
https://doi.org/10.1016/S0309-1740(85)80004-8
https://doi.org/10.1016/S0309-1740(85)80004-8
https://doi.org/10.1016/0309-1740(90)90047-A
https://doi.org/10.1016/j.meatsci.2007.04.022
https://doi.org/10.1016/j.meatsci.2007.04.022

www.publish.csiro.au/an

Animal Production Science 64 (2024) AN24132

Diaz I, Valero A, Sosnicki A, Klont R, Dornan S, Wilkinson JM, Evans G,
Sargent C, Davey G, Connolly D, Houeix B, Maltin CM, Hayes HE,
Anandavijayan V, Foury A, Geverink N, Cairns M, Tilley RE, Mormeéde
P, Blott SC (2005) Quality pork genes and meat production. Meat
Science 70(3), 409-421. doi:10.1016/j.meatsci.2004.06.025

Popp J, Wicke M, Klein G, Krischek C (2015) The relationship of pork
longissimus muscle pH to mitochondrial respiratory activities, meat
quality and muscle structure. Animal 9(2), 356-361. doi:10.1017/
S$1751731114002365

Purslow PP, Gagaoua M, Warner RD (2021) Insights on meat quality from
combining traditional studies and proteomics. Meat Science 174,
108423. doi:10.1016/j.meatsci.2020.108423

Rahelic S, Puac S (1981) Fibre types in Longissimus dorsi from wild and
highly selected pig breeds. Meat Science 5(6), 439-450. doi:10.1016/
0309-1740(81)90042-5

Rybarczyk A, Karamucki T, Pietruszka A, Rybak K, Matysiak B (2015) The
effects of blast chilling on pork quality. Meat Science 101, 78-82.
doi:10.1016/j.meatsci.2014.11.006

Ryu YC, Kim BC (2005) The relationship between muscle fiber
characteristics, postmortem metabolic rate, and meat quality of pig
longissimus dorsi muscle. Meat Science 71, 351-357. d0i:10.1016/
j-meatsci.2005.04.015

Ryu YC, Kim BC (2006) Comparison of histochemical characteristics in
various pork groups categorized by postmortem metabolic rate and
pork quality. Journal of Animal Science 84(4), 894-901. doi:10.2527/
2006.844894x

Savell JW, Mueller SL, Baird BE (2005) The chilling of carcasses. Meat
Science 70(3), 449-459. doi:10.1016/j.meatsci.2004.06.027

Scheffler TL, Gerrard DE (2007) Mechanisms controlling pork quality
development: the biochemistry controlling postmortem energy metabolism.
Meat Science 77(1), 7-16. doi:10.1016/j.meatsci.2007.04.024

Scheffler TL, Scheffler JM, Kasten SC, Sosnicki AA, Gerrard DE (2013)
High glycolytic potential does not predict low ultimate pH in pork.
Meat Science 95(1), 85-91. doi:10.1016/j.meatsci.2013.04.013

Scheffler TL, Scheffler JM, Park S, Kasten SC, Wu Y, McMillan RP, Hulver
MW, Frisard MI, Gerrard DE (2014) Fiber hypertrophy and increased
oxidative capacity can occur simultaneously in pig glycolytic skeletal
muscle. American Journal of Physiology — Cell Physiology 306(4),
C354-C363. doi:10.1152/ajpcell.00002.2013

Sellier P (1998) Genetics of meat and carcass traits. In ‘The genetics of the
pig’. (Eds MF Rothschild, A Ruvinsky) pp. 463-510. (CAB International:
Wallingford, UK)

Shackelford SD, King DA, Wheeler TL (2012) Chilling rate effects on pork
loin tenderness in commercial processing plants. Journal of Animal
Science 90(8), 2842-2849. doi:10.2527 /jas.2011-4855

Shen L, Lei H, Zhang S, Li X, Li M, Jiang X, Zhu K, Zhu L (2014) The
comparison of energy metabolism and meat quality among three pig
breeds. Animal Science Journal 85(7), 770-779. doi:10.1111/asj.12207

Stollznow N (2008) Usage and attitudes of consumers to Australian pork.
Final report to Australian Pork Ltd, Canberra, Australia

Suzuki K, Shibata T, Kadowaki H, Abe H, Toyoshima T (2003) Meat
quality comparison of Berkshire, Duroc and crossbred pigs sired by

Berkshire and Duroc. Meat Science 64(1), 35-42. doi:10.1016/
S0309-1740(02)00134-1

Swatland HJ (2002) Optical dispersion through muscle fibers isolated
from pork. Food Research International 35(6), 559-564. doi:10.1016/
50963-9969(01)00156-9

Tang Z, Peng Z, Liu B, Fan B, Zhao S, Li X, Xu S, Li K (2008) Effect of breed,
sex and birth parity on growth, carcass and meat quality in pigs.
Frontiers of Agriculture in China 2, 331-337. doi:10.1007/s11703-
008-0054-y

Vaskoska R, Ha M, Ong L, Chen G, White J, Gras S, Warner R (2021)
Myosin sensitivity to thermal denaturation explains differences in
water loss and shrinkage during cooking in muscles of distinct fibre
types. Meat Science 179, 108521. doi:10.1016/j.meatsci.2021.108521

Wadhwani R, Murdia LK, Cornforth DP (2010) Effect of muscle type and
cooking temperature on liver-like off-flavour of five beef chuck
muscles. International Journal of Food Science & Technology 45,
1277-1283. do0i:10.1111/j.1365-2621.2010.02275.x

Warner RD, Greenwood PL, Pethick DW, Ferguson DM (2010) Genetic and
environmental effects on meat quality. Meat Science 86(1), 171-183.
doi:10.1016/j.meatsci.2010.04.042

Warner RD, Jacob RH, Rosenvold K, Rochfort S, Trenerry C, Plozza T,
McDonagh MB (2015) Altered post-mortem metabolism identified
in very fast chilled lamb M. longissimus thoracis et lumborum using
metabolomic analysis. Meat Science 108, 155-164. doi:10.1016/
j-meatsci.2015.06.006

Weiler U, Appell H-J, Kremser M, Hofécker S, Claus R (1995) Consequences
of selection on muscle composition. a comparative study on gracilis
muscle in wild and domestic pigs. Anatomia, Histologia, Embryologia
24(2), 77-80. doi:10.1111/j.1439-0264.1995.tb00013.x

Wojtysiak D (2012) Pathological changes in the microstructure of
longissimus lumborum muscle from five breeds of pigs. Folia Biologica
60(1-2), 55-60. doi:10.3409/fb60_1-2.55-60

Wood JD, Nute GR, Richardson RI, Whittington FM, Southwood O,
Plastow G, Mansbridge R, Da Costa N, Chang KC (2004) Effects of
breed, diet and muscle on fat deposition and eating quality in pigs.
Meat Science 67(4), 651-667. doi:10.1016/j.meatsci.2004.01.007

Xiong YL (1994) Myofibrillar protein from different muscle fiber types:
implications of biochemical and functional properties in meat
processing. Critical Reviews in Food Science and Nutrition 34(3),
293-320. doi:10.1080,/10408399409527665

Xiong YL, Brekke CJ, Leung HK (1987) Thermal denaturation of muscle
proteins from different species and muscle types as studied by
differential scanning calorimetry. Canadian Institute of Food Science and
Technology Journal 20(5), 357-362. doi:10.1016/S0315-5463(87)
71331-5

Zielbauer BI, Franz J, Viezens B, Vilgis TA (2016) Physical aspects of meat
cooking: time dependent thermal protein denaturation and water loss.
Food Biophysics 11, 34-42. doi:10.1007/s11483-015-9410-7

Zybert A, Tarczyniski K, Sieczkowska H (2019) Meta-analysis of the effect
of chilling on selected attributes of fresh pork. Journal of Food
Processing and Preservation 43(9), e14061. doi:10.1111/jfpp.14061

Data availability. Data are contained within the article.

Conflicts of interest.
Declaration of funding. This research did not receive any specific funding.
Author affiliations

BSunPork Group, Eagle Farm, Qld 4009, Australia.

PFaculty of Biological Sciences, The University of Leeds, Leeds LS2 9JT, UK.
EPresent address: v2food, 10-20 Gwynne Street, Cremorne, Vic 3121, Australia.

Robyn Warner, Frank Dunshea and Surinder Chauhan are Associate Editors for Animal Production Science. To mitigate this potential conflict
of interest they had no editor-level access to this manuscript during peer review. The author(s) have no further conflicts of interest to declare.

ASchool of Agriculture, Food, and Ecosystem Sciences, Faculty of Science, The University of Melbourne, Parkville, Vic 3010, Australia.

“National Livestock Solutions, 49 Emungalen Road, Katherine, NT 0850, Australia.



https://doi.org/10.1016/j.meatsci.2004.06.025
https://doi.org/10.1017/S1751731114002365
https://doi.org/10.1017/S1751731114002365
https://doi.org/10.1016/j.meatsci.2020.108423
https://doi.org/10.1016/0309-1740(81)90042-5
https://doi.org/10.1016/0309-1740(81)90042-5
https://doi.org/10.1016/j.meatsci.2014.11.006
https://doi.org/10.1016/j.meatsci.2005.04.015
https://doi.org/10.1016/j.meatsci.2005.04.015
https://doi.org/10.2527/2006.844894x
https://doi.org/10.2527/2006.844894x
https://doi.org/10.1016/j.meatsci.2004.06.027
https://doi.org/10.1016/j.meatsci.2007.04.024
https://doi.org/10.1016/j.meatsci.2013.04.013
https://doi.org/10.1152/ajpcell.00002.2013
https://doi.org/10.2527/jas.2011-4855
https://doi.org/10.1111/asj.12207
https://doi.org/10.1016/S0309-1740(02)00134-1
https://doi.org/10.1016/S0309-1740(02)00134-1
https://doi.org/10.1016/S0963-9969(01)00156-9
https://doi.org/10.1016/S0963-9969(01)00156-9
https://doi.org/10.1007/s11703-008-0054-y
https://doi.org/10.1007/s11703-008-0054-y
https://doi.org/10.1016/j.meatsci.2021.108521
https://doi.org/10.1111/j.1365-2621.2010.02275.x
https://doi.org/10.1016/j.meatsci.2010.04.042
https://doi.org/10.1016/j.meatsci.2015.06.006
https://doi.org/10.1016/j.meatsci.2015.06.006
https://doi.org/10.1111/j.1439-0264.1995.tb00013.x
https://doi.org/10.3409/fb60_1-2.55-60
https://doi.org/10.1016/j.meatsci.2004.01.007
https://doi.org/10.1080/10408399409527665
https://doi.org/10.1016/S0315-5463(87)71331-5
https://doi.org/10.1016/S0315-5463(87)71331-5
https://doi.org/10.1007/s11483-015-9410-7
https://doi.org/10.1111/jfpp.14061
www.publish.csiro.au/an

	Longissimus from Berkshire pigs in a small-scale supply chain have increased oxidative metabolism, tenderness and water-holding capacity, compared with Large White &times; Landrace pigs in a modern commercial supply chain
	Introduction
	Materials and methods
	Sample collection
	Muscle tissue pH
	Postmortem metabolites and enzyme activity
	Glycolytic metabolites
	Lactate dehydrogenase
	Mitochondrial metabolites

	Muscle colour measurement
	Purge loss
	Cooking procedure and cook loss
	Warner-Bratzler peak shear force (WBSF)
	Differential scanning calorimetry (DSC)
	Histological staining and analysis
	Myoglobin content analysis
	Statistical analyses

	Results
	Carcass data
	Changes in muscle pH, metabolites and enzymes postmortem
	Muscle pH
	Glycolytic metabolites
	Enzyme activity and myoglobin content

	Quality traits
	Muscle fibre-type proportion (%) and muscle fibre diameter (&mu;m)
	Differential scanning calorimetry

	Discussion
	Conclusions
	References





Accessibility Report





		Filename: 

		AN-24132_online.pdf









		Report created by: 

		



		Organization: 

		







[Enter personal and organization information through the Preferences > Identity dialog.]



Summary



The checker found problems which may prevent the document from being fully accessible.





		Needs manual check: 3



		Passed manually: 0



		Failed manually: 0



		Skipped: 0



		Passed: 28



		Failed: 1







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Needs manual check		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Needs manual check		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Passed		All page content is tagged



		Tagged annotations		Passed		All annotations are tagged



		Tab order		Passed		Tab order is consistent with structure order



		Character encoding		Passed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Needs manual check		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Passed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Passed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Passed		Tables should have headers



		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Failed		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top



