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Abstract: Pale Soft Exudative (PSE) and Dark Firm Dry (DFD) meats are two of the major quality defects
facing the meat industry. These defects reduce consumer acceptability, shelf life and yield of meat thus affecting
profits tremendously. Breed, sex, species, pre-slaughter and post-slaughter handling of animals are among the
main predisposing factors contributing to PSE and DFD in meats. Nowadays, strenuous efforts are being made
by farmers, researchers and all stakeholders in the meat industry to reduce the incidence of PSE and DFD
meats. Modern technologies to reduce these incidences in meats have included careful design of vehicles for
transporting live animals to the abattoir, the design of abattoirs, stunning methods, and chilling processes.
Various additives and/or ingredients have also been introduced to improve upon the processing qualities of PSE
and DFD in processed meat products. In this review, PSE and DFD meats, the causes and measures to reduce

these incidences are described.
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Introduction

Profitability in any venture has model the meat
industry to aim towards producing animals that are
efficient feed converters, fast growing and have high
lean meat content with minimum production cost.
These have been achieved through manipulation of
genetic made up of animals and careful selection of
breeds. These have also resulted in the production
of animals that are much more susceptible to stress
and consequently the development of meat quality
defects such as Pale Soft Exudative (PSE) and Dark
Firm Dry (DFD) meats. Other quality defects such as
bloodspalsh bruising, skin blemish, poultry cyanosis,
two-toning, spoilage of meat, broken bones and
death (Calkins et al., 1980; Forrest, 2010) have been
identified. Earlier on, PSE was associated with pigs
and DFD in all species. However, PSE characteristic
meat has been reported in turkey (Owens et al., 2000),
chickens (Swatland, 2008), ostriches (Van Schalkwyk
et al., 2000) and cattle (Aalhus et al., 1998) in recent
times. This explains the degree to which PSE and
DFD in meats are evolving.

Quantity and quality determine the price
consumers are prepared to pay for meat and meat
products. As the live animal is converted to meat, and
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the meat moves along the line of distribution (from
slaughter, processors, retailers and finally to the
consumer), quality becomes increasingly important
and the quality characteristics change (O’Neill et al.,
2003). PSE and DFD meats look unattractive and
discriminated against by consumers (Viljoena et al.,
2002). They have poor processing characteristics,
reduce yield and high potential of spoilage (Newton
and Gill, 1981) compared to normal meat. There
can also be the danger that consumers will begin
to associate poor quality meat to food safety issues
(Cassens, 2000).

The conditions of PSE and DFD meats are
significant causes of financial loss. Cassell et al.
(1991) showed that PSE and DFD meat cost the
Australian food industry $20 million. In UK, Guise
(1987) reported that, an annual cost of $20 million
was incurred by the pig industry due to PSE and DFD
meats. The normal rate of incidence for PSE and DFD
meats is reported to range from 10 to 30 % but in some
isolated cases may be up to 60 % (McKeith et al.,
1994, Santos et al., 1994). In the USA, the estimated
percentage of PSE and DFD in meat was reported
to be 16 % and 10 %, respectively (Cassens et al.,
1992). In Canada, Fortin (1989) reported an estimated
prevalence of PSE to be between 20 — 90 %. Santos
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et al. (1994) showed an estimated prevalence of 30 %
and 10 % for PSE and DFD respectively, in Portugal.
Surveys have suggested that there is an increasing
incidence of PSE and DFD in meat (Warriss, 2000).
This work aimed at explaining PSE and DFD meats,
the phenomenon that leads to PSE and DFD, and
possible suggestions to reduce these incidences.

What is PSE and DFD meat?

PSE and DFD meat conditions are described
in relation to the characteristics of normal meat.
Nowadays, it can be suggested that both conditions
occur in all species depending on how animals are
handled pre-slaughter. They are defined in connection
with the pH of meat at a specific time after slaughter.
PSE is said to have occurred when the pH of meat is
< 6 at 45 minutes after slaughter. DFD (also known
as dark cutting in beef) is when the ultimate pH post
mortem measured after 12 — 48 hours is > 6. Table 1
shows typical PSE, normal and DFD meats. Table 2
summarizes typical pH value limits for PSE, normal
and DFD. In practice, allowances can be allowed
for these pH ranges. For example in countries where
the incidence of PSE is high a stricter pH value of <
5.8 post mortem at 45 minutes can be used (Warriss,
2000). Similarly, an ultimate pH value of 6.2 can be
allowed for DFD meat depending on the species. The
above definitions do not also take into account the
variation in different muscles of the carcass, therefore
minor considerations have to be made in judging
meat as being PSE or DFD. Warriss (2000) said that
for redder muscles especially those found around the
neck and shoulder regions, a much higher pH value
of < 6.3 can be considered normal. Red, oxidative
muscle fibres have relatively low concentration of
glycogen which can easily be depleted post mortem.
This makes them prone to DFD. Example is the
muscles in the ham region. Conversely, white muscle
fibres have relatively high glycogen and are prone to
PSE. Example is the muscles in the loin region.

The determination of PSE, normal or DFD is also
achieved subjectively or objectively by measuring
meat color, pH and drip loss. Table 3 shows the color
and drip loss values for various categories of PSE and
DFD meats.

Causes of PSE and DFD

The most common factor leading to both PSE and
DFD in meat is stress ante-mortem. Exposing animals
to acute stress just before slaughtering leads to PSE.
Acute or short term stress that can lead to PSE include
the use of electric goads, fighting among animal just
before sticking, beating of animals prior to slaughter
and overcrowding in the lairage. Acidification occurs

in muscles post-mortem due to the breakdown of
glycogen to lactic acid. In PSE meats, the rate of
acidification after slaughter is stimulated faster than
normal and lower pH values are reached in the muscle
when the temperature of the carcass is still high. The
combination of low pH and high temperature in PSE
meat causes the denaturation of some muscle proteins
leading to reduction in their water holding capacity.
This happens because the myofibrillar components
(the myofilament lattice) expel the resulting fluid into
the extracellular space which increases in volume
(Warriss 2000). When such meat is cut the fluid is
released resulting in the exudates. A large amount
of exudates reflects poor water holding capacity as
found in PSE meats. Warriss (2000) explained that,
light scattering from meat surface is probably due to
differences in refractive indices of the sarcoplasm
and myofibrils. The larger the difference, the higher
the scattering and the paler the meat appears. The
shrinkage of the myofilament lattice increases the
amount of light reflected from the meat. At high
scattering the amount of absorbed light is low and
the haem pigments selectively absorbed green light,
thus reducing the normal red color. This makes PSE
meat less red and more yellow. The low pH in PSE
also promotes the oxidation of haem pigments from
purple or red myoglobin (Mb) and oxymyoglobin
(MbO,) to brown metmyoglobin (met Mb).

When animals are exposed to chronic or long
term stress before slaughtering DFD meats can occur.
Examples of chronic stress are transportation animals
over long distances, long hours of food deprivation,
and overcrowding of animals in the lairage over a
long period of time. Chronic stress prior to slaughter
leads to the depletion of stored glycogen, thus less
glycogen is available post-mortem affecting the
normal process of acidification and leaving the pH of
meat high. A condition referred to as DFD. In DFD,
Warriss (2000) explained that, the high pH results
in relatively little denaturation of proteins, water is
tightly bound and little or no exudates is formed.
This is because there is little or no shrinkage of the
myofilament lattice and the differences in refractive
index of the myofibrils and sarcoplasm are reduced.
The muscles absorbed light making the meat appear
darker. Oxygen penetration is reduced by the closed
structure and any oxygen reaching the interior is used
up by the high cytochrome activity encouraged by
the high pH. This results in a thin surface layer of
bright red oxygenated myoglobin (MbO,) allowing
the purple color of the underlying reduced myoglobin
(Mb) to show through. Table 4 and 5 summarize the
events leading to PSE and DFD in meats.
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Table 1. Actual condition of different typical meats

13

Typical

Actual Condition

o

PSE meats

Normal meats

DFD meats
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Table 2. Typical limits of pH values for PSE, normal and DFD meat.

No. Condition

Main conditions describing them

References

1. PSE
2. Normal
3. DFD

Meats with pH at 45 minutes being

lower than 6.0

Meats with pH ultimate value of 5.3

Meats with pH at 45 min being 6.4

Meats with pH ultimate value of 5.5

Meats with pH at 45 minutes being 6.4

Meats with pH ultimate value higher

than 6.0

Warriss (2000), Barbut et al. (2005), Swatland
(2008)

Warriss (2000), Barbut et al. (2005) Swatland
(2008)

Warriss (2000), Viljoena et al. (2002)

Warriss (2000), O’Neill et al. (2003), Gua'rdia
et al. (2005)

Warriss (2000), Viljoena et al. (2002)

Bartos et al. (1993), Kreikemeier et al. (1998),
Mounier et al. (2006)

Table 3. Color and drip loss values in meat of different quality

No. Meat DFD Normal PSE Reference
type
1. Lightness (L*) Pork 42 - 48 54 60 - 66 Warriss and Brown (1993)
Beef 37-40.4 - - Muchenje et al. (2009)
Turkey - 47.31-48.99 54.72 -56.85  Owens et al. (2000)
Pork 45.6 - - O’Neill et al. (2003)
2. Hue (°) Pork 1-22 38 48 -53 Warriss and Brown (1993)
Pork 7.8 - - O’Neill et al. (2003)
3. Saturation Pork 3-5 7 9-12 Warriss and Brown (1993)
(chroma) Pork 6 - - O’Neill et al. (2003)
4, Reflectance Pork 20 -32 44 56 - 67 Warriss and Brown (1993)
(EEL)
5. Drip loss (%) Pork 0-5 10 13-15 Warriss and Brown (1993)
Turkey - 0.72 2.52 Owens ef al. (2000)
6. Colour Beef 48 +1.6 6.1 £1.9 - Viljoena et al. (2002)
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Table 4. Summary of events leading to PSE in meats

No. PSE-Meat References
1. Short term stress prior to slaughter Warriss (2000)
) Accelerated rate of post-mortem glyclolysis Bowker et al. (2000)
' resulting in low pH while carcass is still high
Santos et al. (1994),
3. Pale, lean and soft texture Bowker et al. (2000)
4 Elevated muscle glycogen content and an extended duration of post- Bowker et al. (2000)
' mortem glycolysis
Santos et al. (1994), Bowker et
5. Protein denatures al. (2000)
6. Large extracellular space Warriss (2000)
Santos et al. (1994), Bowker et
7. Low water binding capacity al. (2000)
Swatland (1993), Swatland
8. It scatters more light back to the observer (2008)
9. Reduction in absorption of green light by Mb Warriss (2000)
10. Meat looks less red Warriss (2000)
Table S. Summary of events leading to DFD in meats
No. DFD-Meat Reference
1. Long term stress prior to slaughter Warriss (2000)
) Pre-slaughter glycogen depletion in muscle \iﬂ]loe(r; g(t);)l (2002), Kannan
’ resulting in meat with a higher ultimate pH et s
3. Small extracellular space Warriss (2000)
Zhang et al. (2005),
4. High water holding capacity Apple et al. (2006)
Amino acids are utilised due to glucose depletion and spoilage becomes Newton and Gill (1981),
5. . ... . Gardner et al. (2000)
evident at lower cell densities than in normal meat
Newton and Gill (1981),
6. Spoilage odour is produced at an early age Gallo et al. (2003)
7. High variation in tenderness Silva et al. (1999)
8. Meats transmit more light into its depth Swatland (2008)
9. Dark in colour Mounier et al. (2006)
10. O, used up by high cytochrome activity Warriss (2000)
11.  Meat looks less red Warriss (2000)
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Preventive measures to reduce the incidence of PSE
and DFD in meats

The prevention of PSE and DFD in meats will
rely mainly on measures to avoid stress in animals
prior to slaughter. These stresses include removal
from their home environment, loading and unloading
onto vehicles, feed and water deprivation during
transportation, holding in unfamiliar surroundings,
mixing with strange animals, lousy odour, high
temperature and noise produced by moving vehicles
(Warriss, 2000).

First of all there is the need to develop breeds that
are resistance to stress. This is because the incidence
of PSE and DFD has been found to be high in stress
susceptible animals by many authors (Warriss, 2000).
Barton-Gade (1988) reported that the occurrence of
PSE meat is undoubtedly related to certain genotypes
that are stress susceptible (Halothane positive) and
have lean meat. Muchenje et al. (2009) found that
Bonsmara steers suffered the most pre-slaughter
stress compared to Angus and Nguni breeds when
they were all exposed to the same condition of pre-
slaughter handling. Inversely, Koch (2004) found
that Bonsmara breeds had the lowest levels of stress
hormones in a study comparing several Bos taurus
and Bos indicus breeds. Animals’ reactions to stress
are governed by a complex interaction of genetic
factors and previous experiences (Morméde et al.,
2002; Mounier et al., 2006). Nevertheless, tropical
breeds in particular are resistance to stress but have
poor growth rate. Temperate breeds on the other hand
are more susceptible to stress but have good growth
rate. A combination of genotypes from both temperate
and tropical regions could be useful in reducing the
incidence of PSE and DFD meats.

It has also been showed that females and
castrates have higher probability of producing DFD
compared to entire males (Gua'rdia et al., 2005).
On the contrarily (Warriss, 1996) reported that
entire males are more aggressive than castrates or
gilts and this behavior in boars cause a high level
of hostile confrontations and fights among them,
and subsequently prone to producing PSE and DFD
meats. Van der Wal et al. (1999) observed that in the
absence of additional stress there were no differences
between sexes but as soon as stress stimuli were
introduced males were more resistant. Entire males
show a faster rate of recuperation from stress due to
their more aggressive sexual behaviour, making them
more used to chronic stress. This probably suggests
that if males are handled well prior to slaughter they
will produce less DFD and PSE meats, and therefore
more males could be bred for meat purposes.

Loading of animals onto trucks for transportation

to the abattoir has to be done with minimum stress.
As much as possible loading should be done in a
quiet atmosphere, avoiding the use of sticks and
other forms of force. Avoid chasing and running
after animals to direct them into their transporting
vehicles. Climbing ramps that slope gently should be
used for loading animals unto trucks for transport. In
chickens, the use of mechanical harvesters (instead of
manual harvesting by a team of farm hands) equipped
with rotating rubber fingers have been suggested
by Berry et al. (1990). The rotating rubber fingers
collects and encourage the birds to move onto a
moving conveyer thus reducing stress. When manual
harvesting is being practiced, the team should be
trained on proper ways of handling animals. Animals
should be unloaded immediately when they arrive
at the slaughter house. Unloading of animals at the
abattoir should also be done in a quiet and gentle
manner. Unloading platforms should be lowered to
the ground level to facilitate descending. Wide gaps
should not be created between the vehicle and the
landing ground to prevent the animals from jumping.
The use of hydraulic lifts in some vehicles for some
animals is helpful to reduce stress.

Animals are transported to the market for sale
or directly from the farm to the abattoir. In either
cases stress must be reduced to the minimum. Keep
transportation and marketing times short. This
implies that farms, markets and abattoirs should be
situated close to each other. Vehicles for transporting
animals must provide them with enough ventilation
and should be well maintained. Provide shade, water
and feed for the animals (especially if the animals
will keep long in the market). In general it is accepted
that on farm feed withdrawal from 12 to 18 h before
transport is a good practice for preparing pigs for
transportation (Guise, 1990). To avoid long marketing
times, Warriss (2000) suggested a computer auction
marketing system where the characteristics of the
animals are display on the internet for interested
buyers to make orders. Such a system will reduce
marketing time and the stress involved in holding
animals for long hours in the market. Keep animals in
their rearing group as mixing of unfamiliar animals
will trigger fight. Overcrowding should be avoided as
it increases the incidence of PSE and DFD in meats
due to stress (Gua'rdia et al., 2005).

Animals waiting for slaughter can be stressed by
factors such as restraint, handling, novelty of the pre-
slaughter environment, adverse weather conditions,
hunger, thirst and fatigue (Muchenje et al., 2009).
At the abattoir animals should be rested enough
to recover from stress before slaughtering. Sugar
or molassed feeding has been shown to replenish
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muscle glycogen levels thus helping to prevent DFD
(Warriss, 2000). Provide animals with food and water
if they will spend more time in the lairage although
this must be avoided. Provide beddings or straw on
the floor if the animals will keep longer than expected
in the lairage. Animals can be sprayed with mist water
to cool them down especially when the weather is
hot. Lairage time should also be kept short. Malmfors
(1982) showed that both long journeys and long
lairage periods cause a significant increase in the risk
of PSE and DFD meats. Nanni Costa et al. (2002)
also found that lairage time was the most important
pre-slaughter factor contributing to DFD meats
among the factors they investigated. Grandin (1998)
recommended a resting period of between 2 — 4 hour
in the lairage prior to stunning and/or sticking.

The slaughtering process is a critical point that can
lead to PSE meat if any stress is introduce at this level.
Abattoirs must be well designed to ensure that the
animals are exposed to the least stress priorto slaughter.
Stunning methods such as the use of mechanical
instruments (captive bolt pistol, percussion stunner
or free bullet), electrical stunning and anesthetic gas
(CO2) render animals unconscious prior to sticking.
This has the potential of reducing pain, distress and
struggling after sticking if well done and thus can
help reduce the incidence of PSE. Animals must be
well restrained before stunning and/or sticking to
reduce distress. Schaefer et al. (1992) showed that
pre-slaughter administration of electrolytes in cattle
and the use of sodium bicarbononate in pigs partially
alleviate metabolic acidosis and reduce the rate of
post-mortem glycolysis in muscles.

Carcasses are normally chilled after dressing.
Different cooling rates can affect the rate of pH fall
through lactic acid production, and the onset of rigor
mortis. This can have negative effect on the carcass
and meat quality. Modern chilling practice has focus
on speeding up the process of chilling by utilizing
refrigerated air in order to reduce microbial growth
and evaporative weight loss. There is evidence
that rapid chilling can reduce weight loss, the
manifestation of PSE, improve the water holding
and lean meat color (Warriss, 2000). Rapid chilling
can be achieved by reducing the size of carcasses,
covering of fats and effective circulation of cold air
over the meat surface.

Conclusion

PSE and DFD meats are discriminated against
by consumers. They have poor processing qualities
and cause huge financial loss to the meat industry.
Stress is a major contributing factor to PSE and

DFD in meats. Stress arises from poor pre-slaughter
handling such as striking animals with sticks, kicking
them with the feet, forcing animals to move into the
transporting vehicle, starving, overstocking during
transport, and pushing animals to move in races at the
lairage. When handling animals prior to slaughter,
consideration should be made in terms of the kind
of species, breed, and age. In addition slaughtering
procedures and processing techniques should be
closely monitored to help reduce the incidence of
PSE and DFD in meats.
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