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Abstract. Dietary betaine supplementation improves water retention in steers and may influence lean-tissue deposition,
while also acting as an osmolyte to help regulate cellular osmotic balance. This study investigated the interactions between
shade and dietary betaine on carcass characteristics, tissue enzyme activity and gene expression in 48 feedlot steers during
summer. Steers were randomly allocated to a 4 · 2 factorial design with the factors being dietary betaine (0, 10, 20 or 40 g)
and shade (with and without shade) for 120 days. Tissue samples were obtained at slaughter and analysed for gene
expression of heat shock proteins 70 and 90 (HSP70/90) and expression of heat shock factor 1 (HSF1), and enzyme activity
of fatty acid synthase (FAS) and glycerol-6-phosphate dehydrogenase (G6PDH). Carcasses were evaluated for quality.
Carcass weight at slaughter was not altered by shade (P = 0.18) but tended to be increased by dietary betaine (306 v. 314 kg,
P=0.09). TheP8backfatwas not altered by shade (P=0.43) or dietary betaine (P=0.32), although therewas awithin dietary
betaine effect whereby P8 backfat tended to be greater in steers fed 10 g compared with 40 g betaine/day (17.4 v. 14.5 mm,
P = 0.06). Muscle pH at 1 h (5.97 v. 6.03, P = 0.01) and 2 h (5.73 v. 5.80, P = 0.04) post-slaughter was higher in shaded
steers, andmuscle pH at 1 h post-slaughter was higher in steers fed 10 or 20 g than those fed 40 g betaine/day (6.03 v. 6.03 v.
5.95,P= 0.005). Gene expressionwas not altered by betaine, while adipose tissues expressedmore of each gene thanmuscle
(P < 0.001). The mRNA expression of HSF1 and HSP90 was influenced by a shade · betaine interaction, although the
direction of this interaction was irregular (P = 0.03 and 0.03, respectively). Adipose tissue FAS and G6PDH enzyme
activity was unaffected by shade and betaine. The results of this study indicate that betaine supplementation may be a
successful carcass modifier in growing feedlot steers during summer. Provision of shade during summer may reduce the
rate of pH decline in the first 2 h after slaughter and reduce the risk of high rigor temperature.
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Introduction

Animals in intensive feedlot systems often experience high heat
loads that can lead to heat stress. Heat stress can be a major cause
of illness and production losses resulting in economic losses and
welfare issues for the beef industry (Sackett et al. 2006), and
managing cattle to reduce the impact of heat stress remains a
challenge (Hahn 1999; Mader 2003). Solar radiation is often a
major contributor to heat stress, particularly in feedlot cattle,
whicharemore susceptible toheat stress as theyaremoreconfined
than if at pasture and they often consume a high-energy diet
(BlackshawandBlackshaw1994). Thus, the provision of shade is
an important factor that can reduce the radiant heat load on the
animal and decrease heat loads (Ittner et al. 1951; Blackshaw and
Blackshaw 1994). However, the provision of shade is costly and
accounts for nearly AU$10million of the estimated annual losses
of approximately $16.5 million in feedlot systems in northern
Australia alone (Sackett et al. 2006). Furthermore, there are
inconsistencies between studies (Clarke and Kelly 1996;
Gaughan et al. 2004; Brown-Brandl et al. 2005) in the

effectiveness of shade for improving cattle performance, and
therefore the efficiency of this management practice remains
contentious (Sullivan et al. 2011). As the number of cattle
being raised in feedlots increases and the effects of climate
variability are set to increase environmental temperatures, the
need to ameliorate the effects of heat stress in cattle becomes
increasingly important tomaintain animalwelfare andproduction
levels.

The provision of nutritional supplements to ameliorate the
effects of heat stress in production animals is an attractive
method and is potentially the fastest and easiest option for
producers, particularly for animals in feedlot situations. One
such supplement that has recently been utilised to prevent
thermal stress in cattle, poultry and pigs is the organic amino
acid derivative, dietary betaine. Physiologically, mammals
utilise betaine as a methyl donor able to participate in protein
and lipid metabolism, or when not catabolised, betaine can be
used as an organic cellular osmoprotectant (Fernández et al.
1998; Huang et al. 2007). In steers, acute (7 days) dietary
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betaine supplementation did not alter bodyweight, backfat, hot
carcass weight or marbling score (Bock et al. 2002), while longer
term dietary betaine supplementation in feedlot steers improved
final fat thickness, hot carcass weight and backfat thickness and
decreased longissimus muscle area (Loest et al. 2002). In pigs,
dietary betaine supplementation reduced the mRNA expression
and activity of fatty acid synthase (FAS) (Huang et al. 2008), a
key lipogenic enzyme; however, in cattle the effects of betaine
supplementation on enzymatic gene expression and activities has
not been explored. This is important as an animal with a reduced
ability to produce fatty acids may have an increased capacity for
protein deposition. However, as dietary betaine supplementation
increases fat thickness in feedlot steers, it is expected that the
expression of lipogenic enzyme mRNA and their activity will
increase in supplemented animals.

Cattle that are grain-fed have a higher core body temperature
(Jacob et al. 2014) and are more susceptible to exhibiting the
quality condition called ‘high rigor temperature’ or ‘heat-
toughening’, which is caused by rapid pH fall at high muscle
temperatures, and the meat exhibits failure to tenderise, softness
and excessive weep (Warner et al. 2014). Thus, any remedies
for reducing the core body temperature of grain-fed cattle will
potentially reduce the levels of heat-toughening and improve
product quality.

Heat shock proteins (HSPs) are a set of protective proteins
involved in cellular stress responses, of which the HSP70 family
is the most readily induced by stress and is the most abundantly
studied. This family is expressed under most physiological
conditions, although expression is tightly regulated by heat
shock factors (HSF) (Pockley 2003). Heat shock proteins are
present in the circulation of rats (Fleshner et al. 2004), humans
(Campisi et al. 2003; Lancaster and Febbraio 2005; Pshennikova
et al. 2006; Ruell et al. 2007) and cattle (Kristensen et al. 2004).
The presence of HSPs in circulation is yet to be fully understood,
but it appears they play a role in the innate immune system and
inflammation (Terry et al. 2006) and are released intra- and extra-
cellularly in response to stress (Hightower and Guidon 1989).
Thus, the aim of the present experiment was to explore the effects
of long-term dietary betaine supplementation with and without
shade on carcass yield and quality, HSP (HSF1, HSP70 and
HSP90) gene expression, and enzyme (FAS and G6PDH)
activity in feedlot steers exposed to heat. It was hypothesised
that long-term supplementation of dietary betaine with and
without shade would increase fat depth in steers exposed to a
high heat load.

Materials and methods

Experimental design—animals and housing
All procedures involving animals were approved by the
University of Queensland Animal Ethics Committee. The
study was undertaken from November to March during the
Australian summer. The summer climate in this region is
characterised by high temperature, a high solar load and high
humidity. An on-site automated weather station (as described by
Gaughan et al. 2010) located 15 m behind the feedlot collected
climatic data every 30 min, which was used to calculate the heat
load index (HLI). This experiment was part of a larger trial of
164 Black Angus steers as described by Gaughan et al. (2010).

The experiment involved 48 Black Angus steers 12–15 months
old that were randomly allocated to a 4 · 2 factorial design with
the respective factors being dietary betaine (96% betaine;
Feedworks, Romsey, Vic.) supplement (0, 10, 20 or 40 g
head/day) and shade (with and without shade). These doses
were chosen to explore any possible dose responses present
based on the results of previous studies (Bock et al. 2002,
2004; Loest et al. 2002) and equated to ~0.1, 0.2 and 0.4% of
the diet. Steers were housed in treatment groups within feedlot
pens at a stocking rate of one steer per 18–19 m2 (8–9 steers per
pen) in the feedlot at The Queensland Department of Primary
Industries and Fisheries Brigalow Research Station, Theodore,
Queensland, Australia, as previously described in Gaughan et al.
(2010). Shade was provided by shade cloth (80% solar block)
with ~3.2 m2 of shade available per steer. Supplemented and
control steers were fed the same basal diet that included amineral
supplement formulated by Integrated Animal Production
(Toowoomba, Qld) (Table 1). Starter diets were fed for 4 days,
followed by the intermediate diet 1 for 7 days and intermediate
diet 2 for 6 days. Steers were then fed the finisher diet for the rest
of the experiment (120 days). Dietary betaine supplements were
incorporated into daily rations. Water was available ad libitum
in each pen.

Sample collection and analysis
After 120 days of the finisher diet treatment, the steers were
transported to the abattoir and remained in covered lairage
overnight before being slaughtered at random over 2 h in two
groups at a commercial abattoir. After placement in the chiller,
pH/temperature and time measurements were recorded in the
m. longissimus lumborum in the region of the second to fifth
lumbar vertebrae on individual carcasses at 1, 2 and 3 h post-
slaughter. At grading (approximately 24 h post-slaughter), the
pH and temperature were measured in the exposed surface of
the longissimus thoracis (LT) at the 12th/13th rib. For each
measurement, care was taken to place the pH meter into a
fresh incision rather than using the site where the previous
measurement had been recorded. A pH meter (Jenco 6009;
Jenco Instruments Inc., San Diego, CA, USA) with a
polypropylene spear-type gel electrode (IJ44; Ionode Pty Ltd,

Table 1. Ingredients and composition of steer diets (expressed in kg of a
total 1000 kg)

Starter Intermediate 1 Intermediate 2 Finisher

Wheat, dry rolled 450 540 625 700
Molasses, cane 125 100 60 30
Cottonseed meal, solvent 55 55 25 –

Cottonseed, high lint 70 80 80 90
Wheat straw 85 85 50 25
Sorghum silage 70 110 110 90
Lucerne hay 120 – – –

Vegetable oil – – 10 20
Mineral supplementA 25 30 40 45

AContained on a DM basis: 42.6% crude protein; 77423.3 IU/kg of
vitamin A; 193.6 IU/kg of vitamin E; 14.4% Ca; 0.40% P; 3.91% NaCl;
0.72% K; 1.85% S; 0.81%Mg; 618.67 mg/kg of Zn; 1361.91 mg/kg of Fe;
139.92 mg/kg of Cu.
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Brisbane, Qld) and temperature probe allowing temperature
compensation was used to measure pH and temperature. The
pH meter and electrode were calibrated at ambient temperature
using buffers of 4.00 and 7.00.

Within 5–10 min after slaughter, samples (20–30 g) were
taken from the trapeziusmuscle and adipose tissue was collected
from the subcutaneous (above the trapezius muscle) and
omental regions. On removal, the tissue samples were trimmed
and immediately frozen in liquid nitrogen and stored at �80�C
before analysis. AUS-MEAT (Authority for Uniform
Specifications for Meat and Livestock) carcass measurements,
including hot standard carcass weight (HSCW) and P8 fat depth,
were also recorded. After splitting, the sides were identified and
chilled overnight. At about 22 h post-mortem, after quartering of
the carcass between the 12th and 13th rib, MSA (Meat Standards
Australia) graders made the following measurements: AUS-
MEAT texture score (1, fine; 7, coarse) and AUS-MEAT
firmness score (1, firm; 7, soft) (Aus-Meat 1996). Muscle
colour was measured using a HunterLab Miniscan (Model
45/0-L; aperture size 25 mm, illuminant D65, standard
observer 10, calibrated with black and white tiles) (HunterLab
Inc., Reston, VA, USA), after a 30-min bloom, to measure the
colour parameters Hunter L, which is the muscle lightness value
(0 is black and 100 is white), Hunter a, which is a measure of
muscle redness–greenness (higher values are more red, lower
values are less red), and Hunter b, which is a measure of muscle
yellowness–blueness (higher values are more yellow, lower
values less yellow).

Tissue RNAwas extracted from samples from the control and
treatments of 40 g betaine/day with or without shade, using an
Invitrogen PureLink� RNA micro to midi kit and TriZol
reagent (Invitrogen, Mulgrave, Vic.) as per the manufacturer’s
instructions. Isolated RNA was evaluated for quality using the
Bio-Rad Experion automated electrophoresis station (Bio-Rad
Laboratories Inc., Hercules, CA, USA) to examine the ratio of
28S to 18S, and samples with two clear peaks and a ratio close to
1.7 were accepted. Tissue RNA was converted to cDNA using
the SuperScriptIII first-strand synthesis system for RT–PCR
(Invitrogen) as per the manufacturer’s instructions. The reverse
transcription PCRwas performed in triplicate in a 25-mL volume
using SYBR green (Bio-Rad) as fluorescein and an iQ5 system
(Bio-Rad). The gene expression of HSP70 (forward 50AACATG
AAG AGC GCC GTG GAGG, reverse 50GTT ACA CAC CTG
CTC CAG CTCC), HSP90 (forward 50GAC TCC CAG GCA
TAC TGC TC, reverse 50GGC GCT GAT ATC TCC ATG AT),
HSF1 (forward 50ACC TCT GGA GGC AGA GAA AAG,
reverse 50TCT CCC TCG GAG AAG TAG GAG) and b-actin
(forward 50CATCGAGCACGGCATCGTCA, reverse 50TAG
CAC AGC CTG GAT AGC AAC) was examined. For each
assay, 40 PCR cycles were run and a dissociation curve was
produced. The RT–PCR data were analysed as the threshold
cycle (Ct) relative to that of b-actin. A DCt of –1.0 is associated
with a doubling (200%) and +1.0 a halving (50%) of expression.

Adipose tissue samples were analysed for the activity of
FAS and G6PDH using a Thermo Multiskan Spectrum
Microplate Spectrophotometer (accuracy � 0.005) (Thermo
Fisher Scientific Inc., Waltham, MA, USA) at 37�C and
340 nm wavelength. The concentration of protein in each
homogenate was measured using a Bradford assay and all

assays were conducted using BD Falcon clear 69-well flat
bottom micro-well plates (BD, Franklin Lakes, NJ, USA).
Each method was optimised to find the correct concentration
of sample required to achieve a change of absorbance of 0.1
absorbance unit every 3 min. All co-factors were obtained from
Sigma-Aldrich (Castle Hill, NSW). The FAS (E.C. 2.3.1.85)
activity was measured using the method of Martin et al.
(1961), with modifications by Ingle et al. (1972). The average
enzymatic rate was calculated by determining the linear decrease
in absorbance over a minimum 3-min period, and FAS activity
was expressed as nmol NADP reduced/min.mg cytosolic
protein. The G6PDH (E.C. 1.1.1.49) activity was measured
according to the adapted methods of Deutsch (1983), which
uses the increase of absorbance at 340 nm due to NADPH to
determine the rate of increase. The average enzymatic rate was
calculated by determining the linear increase in absorbance over
a minimum 3-min period. Total enzyme activity was expressed
as nmol NADP reduced/min.mg cytosolic protein.

Statistical analyses
All analyseswere undertakenusing residualmaximum likelihood
(REML) in GENSTAT (11th edition, VSN International, Hemel
Hempstead, UK). Analysis included the responses of betaine
dose, shade and,where applicable, tissue. In addition, comparisons
were made between diets containing no betaine or added
betaine (i.e. regardless of betaine dose), in which case the
model included betaine, shade and, where appropriate, tissue.
Gene expression was analysed Ct relative to that of b-actin (DCt).
All analyses were undertaken using individual animal as the
random effect.

Results

The climatic conditions experienced in the study have been
described previously (Gaughan et al. 2010). Briefly, the
average maximum ambient temperature for the duration of the
study was 36.3�C and the temperature humidity index ranged
from 57.7 to 84.5 units over the duration of the study. There was
a 21-day period of increased heat load from day 71 to day 91,
during which cattle were exposed to >30.0�C temperatures for
8–10 h/day.

Carcass and meat quality responses measured are presented
in Table 2. Carcass weight at slaughter was not significantly
altered by shade (309 v. 315 kg, P = 0.18) but tended towards
being increased by dietary betaine (306 v. 314 kg, P = 0.09).
Backfat depth at the P8 site was not altered by shade (15.1 v.
15.8mm,P= 0.43) or dietary betaine (14.7 v. 15.7mm,P= 0.32).
However, there was a within dietary betaine effect such that P8
backfat tended to be greater in steers fed 10 g betaine/day
compared with 40 g betaine/day (17.4 v. 14.5 mm, P = 0.06).
There were no main effects of shade or dietary betaine on
temperature at 1 h after slaughter. However, there was a
shade · within betaine interaction (P = 0.06) such that muscle
temperature increased with increasing dose of betaine in steers
maintained in shade but was highest in steers supplemented 10 g
betaine/day and kept out of shade (Table 2). Muscle pH at 1 h
(5.97 v. 6.03, P = 0.014) and 2 h (5.97 v. 6.03, P = 0.014) post-
slaughter was lower in steers that had been maintained in shade
(5.73 v. 5.80, P = 0.043). While there was no main effect of
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betaine on muscle pH at 1 h (5.99 v. 6.00, P = 0.74), there was a
within dietary betaine effect such that muscle pH was higher in
steers fed 10 or 20 g betaine/day than those fed 40 g betaine/day
(6.03 v. 6.03 v. 5.95, P = 0.005) at 1 h. There was no effect of
dietary betaine on pH at 2 h or 22 h, but muscle pH at 3 h was
lower in steers fed dietary betaine (5.63 v. 5.57, P = 0.026).
Firmness, texture and drip loss were not altered by betaine or
shade.

The expression ofHSP70,HSP90 andHSF1was significantly
different between tissue types (P<0.001) such that the expression
in muscle tissue was much lower than in adipose tissues (Fig. 1).
The expression of HSP70, HSP90 and HSF1 mRNA in omental
and subcutaneous adipose tissue are presented in Table 3. For
clarity, data are also presented as a percentage of expression at 0 g
betaine/day from unshaded steers in subcutaneous tissue. When
analysing adipose tissue responses, HSF1 was unaffected by
dietary betaine, shade or tissue type, whereas there was a
dietary betaine · shade interaction such that expression was
slightly greater in unshaded tissue without betaine
supplementation but greater in shaded animals supplemented
with 40 g betaine/day: –5.76 (no shade, no betaine), –5.31 (no
shade, betaine) and –5.40 (shade, no betaine), –5.98 (shade,
betaine); s.e.d. 0.293, P = 0.03. The expression of HSP70
tended to be greater in subcutaneous adipose tissue from
unsupplemented animals but greater in the omental adipose
tissue from those supplemented with 40 g betaine/day: –2.93
(subcutaneous, no betaine), –1.65 (subcutaneous, betaine) and
–1.92 (omental, no betaine), –2.05 (omental, betaine); s.e.d.
0.557, P = 0.06.

The expression of HSP90 was greater in subcutaneous than
omental adipose tissue (–1.92 v. –1.58 for subcutaneous and
omental adipose tissue, respectively; s.e.d. 0.207, P = 0.03).

There was a dietary betaine · shade interaction such that
HSP90 expression in adipose tissue was greater in unshaded,
unsupplemented animals compared with those with access to
shade and supplemented with 40 g betaine/day: –2.08 (no shade,
no betaine), –1.47 (no shade, betaine) and –1.60 (shade, no
betaine), –1.83 (shade, betaine); s.e.d. 0.218, P = 0.03. In
skeletal muscle tissue, the expression of HSF1 was not
affected by dietary betaine or shade. The expression of HSP70
in muscle was greater in unshaded than shaded animals (0.43 v.

Table 2. Mean effects of shade and dietary betaine supplementation on meat quality parameters in feedlot beef steers at slaughter
Values inboldare significant (P<0.05).For eachbetainedose· shadecell,n=6steers.HSCW,Hot standardcarcassweight;P8, fat depthmeasuredat theP8site; s.
e.d., standarderrorof thedifference for effectsof shade·withinbetaine.For s.e.d. for effectsof shade,betaine, shade·betaine, andwithinbetainemultiplyby0.48,

0.57, 0.78 and 0.70, respectively

Betaine (g/day) + no shade Betaine (g/day) + shade s.e.d. Significance
0 10 20 40 0 10 20 40 Shade Betaine Shade ·

betaine
Within
betaine

S · within
betaine

HCSW (kg) 303 316 308 310 309 319 324 310 8.5 0.18 0.09 0.96 0.45 0.38
P8 (mm) 14.3 17.0 14.8 14.4 15.1 17.7 15.8 14.6 1.71 0.43 0.32 0.94 0.06 0.92
Temp. at 1 h (�C)A 38.5 39.2 38.1 38.5 38.4 38.7 39.2 39.2 0.45 0.22 0.15 0.34 0.60 0.028
Temp. at 2 h (�C)A 34.1 35.5 34.3 34.1 33.6 34.8 35.3 34.3 1.07 0.84 0.17 0.59 0.45 0.52
Temp. at 3 h (�C)A 28.7 28.9 29.4 29.1 28.5 30.0 28.2 29.0 0.64 0.75 0.14 0.96 0.37 0.06
Temp. at pH 6.0B 38.6 39.1 38.1 38.7 38.3 38.5 39.0 39.2 0.45 0.57 0.21 0.31 0.48 0.06
pH at 1 hA 5.96 6.02 6.00 5.90 6.02 6.04 6.05 5.99 0.040 0.014 0.74 0.92 0.005 0.51
pH at 2 hA 5.70 5.77 5.73 5.72 5.82 5.80 5.85 5.74 0.070 0.043 0.86 0.47 0.44 0.54
pH at 3 hA 5.61 5.54 5.54 5.57 5.65 5.59 5.60 5.51 0.054 0.33 0.026 0.64 0.82 0.21
pH at 22 h 5.45 5.45 5.45 5.44 5.44 5.46 5.45 5.45 0.013 0.56 0.21 0.16 0.67 0.85
Firmness score 2.7 2.6 2.5 2.6 2.8 2.8 3.0 2.4 0.23 0.24 0.40 0.72 0.16 0.08
Filter paper wetness (%) 53.1 56.7 51.3 53.1 45.0 52.8 55.0 55.9 9.66 0.77 0.36 0.42 0.97 0.82
Texture score 3.0 2.7 2.8 2.8 2.9 3.1 3.2 2.7 0.20 0.18 0.49 0.19 0.16 0.33
Hunter L 33.0 34.1 33.5 34.1 33.7 33.9 34.2 35.3 1.07 0.27 0.20 0.91 0.44 0.65
Hunter a 27.6 27.3 26.9 26.8 26.8 27.8 27.2 27.5 0.83 0.65 0.95 0.19 0.70 0.95
Hunter b 25.1 25.4 24.9 25.1 24.9 25.5 25.2 26.1 0.83 0.54 0.46 0.45 0.59 0.75

AHCSW used as a covariate.
BEstimated from the relationship between muscle temperature and pH.
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Fig. 1. Pooledmean percentage gene expression (relative to skeletal muscle
tissue expression set at 100%) in muscle, subcutaneous adipose and omental
adipose tissues from feedlot steers. The mRNA expression differed
significantly (P < 0.001) with tissue type.
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1.11 for unshaded and shaded animals, respectively; s.e.d.
0.297, P = 0.04). The expression of HSP90 in muscle tended
to be greater in unshaded than shaded animals (0.53 v. 1.14 for
unshaded and shaded animals, respectively; s.e.d. 0.321,
P = 0.09).

When analysed incorporating all three tissue types into the
model, dietary betaine supplementation did not alter the
expression of HSP70 (–1.3 v. –1.0; s.e.d. 0.372, P = 0.70),
HSP90 (–0.89 v. –0.87; s.e.d. 0.169, P = 0.75) or HSF1 (–4.4
v. –4.5; s.e.d. 0.224, P = 0.29) for control and 40 g betaine/day,
respectively. The expression of HSP90 mRNA was decreased
by shade (–1.0 v. –0.77 for unshaded and shaded respectively;
s.e.d. 0.169, P = 0.03). The HSF1 mRNA expression was not
altered by shade. There was a shade · tissue interaction such that
omental adipose tissue from steers kept out of shade expressed
more HSF1 than omental adipose tissue from shaded steers,
while the converse was true for subcutaneous adipose tissue.
The expression of HSF1 in muscle was not affected by dietary
betaine or shade. The expression of HSP70 in muscle was
greater in unshaded than shaded animals (0.43 v. 1.11 for
unshaded and shaded animals, respectively; s.e.d. 0.297,
P = 0.04). The expression of HSP90 in muscle tended to be
greater in unshaded than shaded animals (0.53 v. 1.14 for
unshaded and shaded animals, respectively; s.e.d. 0.321,
P = 0.09). All genes were expressed more in adipose than
muscle tissue.

The enzyme activity of FAS and G6PDH are presented in
Table 4. The activity of FAS was greater in subcutaneous than
in omental adipose tissue (7.8 v. 5.8 nmol NADPH/min.mg
cytosolic protein; P = 0.009). Shade and betaine treatments
did not alter FAS or G6PDH activity. There was a shade ·
betaine · tissue type interaction on FAS activity (P = 0.05)
such that subcutaneous adipose tissue from unshaded steers
supplemented with 40 g betaine/day had the greatest FAS
activity compared with all other treatments, while omental
adipose tissue from shaded control steers had the least activity.

Discussion

Shade can provide immediate relief from the effects of solar
radiation, which is a large contributor to heat stress in cattle
housed outdoors. This project aimed to explore what effects, if
any, the provisionof shadehadon somephysiological and carcass
characteristics in feedlot steers housed in central Queensland.
This locationwas selected based on climate, which is sufficient to
induce a heat-stress response during summer. As discussed by
Gaughan et al. (2010) the weather conditions were milder
than expected but sufficient to observe heat-stress responses
(increased respiration rate) in the cattle. In the results
presented from this aspect of the larger study, the provision of
shade did not have any conclusive effects on the cattle, although
there were some interactions of shade and dietary betaine.

Table3. Meaneffects of shade,dietarybetaine (0, 40g/day) andadipose tissue typeonheat shockprotein (HSP70,HSP90)andheat shock factor (HSF1)
gene expression in adipose tissue from feedlot beef steers

Values are DCt (threshold cycle relative to that of b-actin), and in parentheses expression relative to the expression of subcutaneous adipose from steers without
shade

Gene Treatment Subcutaneous fat Omental fat s.e.d. Significance
0 g

betaine/
day

40 g
betaine/
day

0 g
betaine/
day

40 g
betaine/
day

Tissue Shade Betaine Tissue ·
shade

Shade ·
betaine

Tissue ·
betaine

Tissue ·
shade ·
betaine

HSP70 No shade –2.78 (100) –1.76 (49) –2.15 (65) –2.32 (73) 0.8249 0.270 0.372 0.495 0.386 0.757 0.057 0.730
Shade –3.07 (122) –1.53 (42) –1.68 (47) –1.78 (50)

HSP90 No shade –2.38 (100) –1.16 (43) –1.79 (66) –1.78 (66) 0.3692 0.027 0.171 0.438 0.107 0.031 0.077 0.454
Shade –2.10 (83) –2.04 (79) –1.11 (41) –1.63 (59)

HSF1 No shade –5.56 (100) –4.85 (61) –5.96 (133) –5.77 (116) 0.4783 0.785 0.883 0.420 0.095 0.029 0.819 0.712
Shade –5.56 (101) –6.09 (145) –5.23 (80) –5.88 (125)

Table 4. Effects of betaine supplementation with/without shade on fatty acid synthase (FAS) and glycerol-6-phosphate dehydrogenase (G6PDH)
activity (nmol NADP reduced/min.mg cytosolic protein) from feedlot steers in summer

Treatment Fat tissue Betaine (g/day) s.e.d. Significance
0 10 20 40 Betaine Shade Tissue Shade · betaine

· tissue

FAS Shade Omental 3.3 6.1 5.0 6.0 1.96 0.18 0.36 0.009 0.05
Subcutaneous 7.6 6.3 5.8 9.9

No shade Omental 7.3 6.8 7.0 5.2
Subcutaneous 6.6 5.6 6.3 14.3

G6PDH Shade Omental 496 688 635 712 147.9 0.48 0.58 0.10 0.86
Subcutaneous 510 459 645 697

No shade Omental 792 733 509 687
Subcutaneous 644 496 518 720
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The data from the present experiment indicate some
interesting carcass and meat quality responses to dietary
betaine and shade, some of which were moderated by the dose
of dietary betaine. The P8 backfat increased with the 10 g dietary
betaine dose, which supports our initial hypothesis that betaine
supplementation would increase fat depth in feedlot steers.
Furthermore, carcass weight tended to be increased by dietary
betaine, although this occurred in response to overall betaine
and there were no within betaine dose responses (Table 2). This
supports the findings of Bock et al. (2004), who demonstrated
that 40 g head/day of betaine supplemented to beef steers
consuming pasture for 7 days pre-slaughter improved carcass
weight, although this was not the case for steers supplemented
with dietary betaine while in the feedlot. Betaine can reduce
maintenance energy requirements (Schrama et al. 2003) by
reducing ion pumping associated with maintaining cellular
osmolarity (Nakanishi et al. 1990; Lohr et al. 1991; Peterson
et al. 1992), and in cattle betaine is lipotropic and may increase
fat thickness (Bock et al. 2004; Loest et al. 2002), as somewhat
supported by the results of the present experiment in the P8
backfat responses to the 10 g dose. Thus, the trend for carcass
weight to be increased in steers supplemented with betaine may
be the result of increased fat thickness. There is no evidence to
support betaine directly influencing lipid metabolism; instead,
betaine is thought to reduce maintenance energy requirements
by maintaining cellular osmolarity without requiring ion pumps
in cells exposed to hyperosmotic conditions (Moeckel et al.
2002), which allows more energy to be directed towards fat
accretion (Campbell et al. 1995; Suster et al. 2004). In
chickens, betaine is able to maintain gut cellular osmolarity
and improve and stabilise the structure of gut mucosa
(Kettunen et al. 2001), although in meat lambs, betaine
supplementation did not alter the hydration status of the
animals at slaughter (Pearce et al. 2008).

It is also suggested that betaine is able to increase cell
proliferation within gut tissues, which increases the available
surface for nutrient absorption and, hence, can improve the
efficiency of feed utilisation (Eklund et al. 2005). While we
observed some effects of betaine on carcass quality, these
responses were not entirely clear. Furthermore, measurements
of gut mucosa and overall gut weights were not made; thus,
inferences about potential differences in gut physiology and
size due to betaine and/or shade treatments are not possible
in the present study. While most studies examining betaine
supplementation have been with poultry and pigs, its effects
are equivocal in other species where the responses are less
obvious (Bock et al. 2002; Fernández et al. 1998; Loest et al.
2002). In pigs, the varied responses to betaine are thought to
be due to the protein and energy content of the diet (Matthews
et al. 1998) and this may also be the case in cattle. There is
little uniformity between studies, deeming the interpretation of
pooled responses to betaine in cattle impractical; however, the
effect of betaine on lipid metabolism is a recurring theme.

Pre-slaughter environmental conditions, alongside animal
factors such as stress and physiology, affect meat quality.
Post-mortem, muscle ATP ceases to be produced via
mitochondria due to lack of oxygen, and thus muscle
metabolism is driven by anaerobic glycolysis, which leads to
lactic acid production. The rate of pH decline is influenced by

the rate of glycolysis, the rate of temperature decline post-
slaughter and the temperature at which the pH is obtained, all
of which can be influenced by fat depth (Tornberg et al. 2000).
In the present experiment there appeared to be a small effect of
shade and betaine dose on the muscle temperature at 1 and 3 h
post-slaughter, although there was no clear pattern to these
responses. Although ultimate pH was not influenced by
betaine, the first pH measurement was increased in steers
supplemented with 10 and 20 g betaine, whereas 40 g betaine
decreased the first pH measure. The temperature and pH of the
carcass at slaughter is important for lasting effects on meat
quality, and increased temperatures pre-slaughter combined
with a rapid temperature decline post-slaughter can lead to
heat-toughening. Warmer post-mortem temperatures will result
in a more rapid pH decline and high pre-slaughter glycogen
levels, which are increased by pre-slaughter stress responses.
Heat-toughening leads to paler meat (Hughes et al. 2014),
increased drip loss, and tough, less juicy meat (Warner et al.
2014), although in the present experiment drip loss and colour
were not altered by shade or betaine. A pH between 5.9 and 6.2
at 1.5 h post-slaughter is suggested as optimum for tenderness
(Hwang and Thompson 2001), and our data show that these
animals were in this range at 1–2 h post-slaughter. However, it is
also suggested that a pH <5.6 at 3 h post-mortem results in
significantly tougher meat (Pike et al. 1993), and carcasses with
a pH �6.25 at 1 h post-slaughter are said to have ‘faster rigor’
onset, resulting in less tender meat (Khan and Ballantyne 1973).
Under the conditions in the present study, the meat from these
steers is likely to be tough regardless of shade or dietary
treatments, as all treatments had a temperature >35�C at pH 6,
which is classed as high rigor temperature (as discussed by
Warner et al. 2014). Shaded animals also exhibited increased
muscle temperature when supplemented with 10 g betaine,
whereas unshaded animals demonstrated the opposite effect.
Thus, betaine was not effective in reducing the occurrence of
heat-toughening post-slaughter in grain-fed beef carcasses.
Feeding betaine for a shorter time might have more effect in
reducing the core body temperature of the cattle and thus post-
slaughter temperature and metabolism.

The effects of betaine supplementation on lipid metabolism
were further examined through enzyme activity measures. Fatty
acid synthase, which catalyses the final step in the lipogenic
(fatty acid synthesis) pathway and is hence a key determinant
of the maximal capacity of a tissue to synthesise fatty acids, was
altered by adipose tissue type. Furthermore, there was a shade ·
tissue · betaine treatment interaction for FAS activity.
Subcutaneous adipose tissue had improved FAS activity over
that of omental, indicating that this type of fat was better able to
synthesise fatty acids. In addition, subcutaneous adipose tissue
from unshaded animals supplemented with 40 g betaine
displayed more FAS activity than control animals, whereas all
other betaine doses had decreased subcutaneous FAS activity.
Huang et al. (2006) demonstrated reduced FAS mRNA in
subcutaneous adipose tissue from pigs fed 0.125% betaine
compared with control animals, whereas the increased FAS
activity noted here is novel. Contrasting with these results, P8
backfat, which is a measure of subcutaneous fat depth, was
increased the most by the lower (10 g) dose of betaine.
However, the enzyme expression analysis was undertaken on
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adipose tissue sampled at a different site from the P8 depth
measure, and this may explain the discordance between actual
fat depth and enzyme activity. On the other hand, the activity of
G6PDH was not affected by either shade or betaine, although
there tended to be a shade · tissue · betaine supplementation
interaction. Unlike FAS activity, there tended to be more
G6PDH activity in omental compared with subcutaneous
adipose tissues. G6PDH is required for fatty acid synthesis as
it is the main enzyme available to supply NADPH, the coenzyme
required to synthesise fatty acids (Huang et al. 2006).

In addition to the effects of shade and dietary betaine
supplementation on carcass measures, there were some
interesting HSP gene and protein expression responses. HSP/
HSF mRNA was present in both types of adipose as well as
muscle tissue, supporting the findings of Chung et al. (2008),
who demonstrated HSP70 expression in adipose tissue and
skeletal muscle of mice. However, there were no effects of the
highest dose of betaine (40 g) on the expression of HSPs or
HSF in fat or muscle tissues. It was initially hypothesised that
the highest dose of betaine would elicit the greatest effects on the
animals, which is why this treatment was examined; however,
the 10 g dose appears to have the greatest influence carcass
composition, which may have also been reflected by gene
expression. Perhaps supplementation with the 10 g dose of
betaine was the ideal dose rate, with the 20 and 40 g doses
ineffective for reasons that cannot be deduced from the present
experiment.

Tissue type significantly altered the expression of HSPs and
HSF1, with adipose tissues expressing more than muscle tissue.
Furthermore, there appeared to be differences between the
two types of adipose measured, although neither type was
consistently more expressive than the other. Metabolically,
subcutaneous fat is less lipolytic than omental fat due to the
presence of fewer insulin and catecholamine receptors, but this
was not reflected in the enzyme activities measured here (Pérez-
Pérez et al. 2009). Perhaps, then, the metabolic activity of the
tissue is not responsible for the induction of HSPs, and it is the
location of the subcutaneous fat (close to the skin surface) that
induces more HSP70, as the tissue may be under more thermal
stress due to solar radiation. However, there were no apparent
differences in expression of HSPs between shaded and unshaded
animals, although the unshaded animals would be expected to be
under a greater heat load. As the tissue used in this experiment
was collected at slaughter after all steers were at lairage under
shade for >8 h, any effects of the shade treatment may have been
eliminated by then, which is supported by the measurement of
body temperature obtained at lairage showing no differences
between shaded and unshaded steers (P = 0.7; J. B. Gaughan,
unpubl. data). Nevertheless, the effectiveness of shade in
reducing the thermal load and improving production responses
in feedlot cattle is contentious, as discussed by Blackshaw and
Blackshaw (1994) and Sullivan et al. (2011). Steers (n = 164)
involved in the larger overall studyofwhich this experimentwas a
part, as presented by Gaughan et al. (2010), demonstrated that
steers with access to shade had higher HSCW, average daily gain
and grain : feed compared with unshaded steers. The unshaded
steers also had a greater mean panting score over the duration of
the study than shaded steers, although this did not translate into
differences in body temperature (Gaughan et al. 2010).

Expression of HSF1 tended to be the greatest of the three
measured genes. There was a tissue · shade interaction whereby
subcutaneous adipose tissue had increased expression in control
steers, andomental fat fromsteers supplementedwith40gbetaine
had decreased HSF1 expression in shaded animals. In the shaded
animals, this interaction appears to follow results seen forHSP90,
whereby greater expression was seen in subcutaneous adipose
tissue, and as HSF1 regulates HSP expression, this makes sense,
although this is not supportedbyHSP70 responses.The reason for
this interaction is not immediately clear and it is even counter-
intuitive, aswewould predict that shaded animalswould be under
a lesser thermal load. In vitro studies using canine kidney cells
show that betaine can inhibitHSP70mRNAat high temperatures,
likely by stabilising cellular proteins and protecting them from
heat (stress) induced denaturisation (Sheikh-Hamad et al. 1994).
Thus, the lack of tissue HSP70 expression in the present study
may be, at least in part, due to supplementary betaine stabilising
cellular proteins. Tissue variations in HSF1 expression have
been noted in pigs (Yue et al. 2010), although muscle and fat
tissue was not measured, and as demonstrated here it appears that
HSF gene expression is tissue-specific. Finally, it is possible that
the stress gene expression and interactions presentedwere caused
by the transportation and slaughter processes that the animals
experienced before the sample collection; however, they could
not be avoided in this experiment.

Therewere no differences inmean body temperaturewhen the
steers were in lairage pre-slaughter, although the shaded steers
had significantly (P < 0.05) lower temperatures from
approximately 12 : 00 to 17 : 00, during their final 24 h at the
feedlot (J. B. Gaughan, unpubl. data.). Because this study was
undertaken over the summer, and both animals were under the
same thermal environment (shaded) for ~8 h at lairage, the
presence of HSP mRNA in the tissue of both shaded and
unshaded animals is logical. This is particularly true for
HSP90, which is able to form long-term associations with
cellular proteins. Furthermore, a constant concentration of
HSPs under ‘normal’, non-stress situations is thought to exist
due to their roles in immune and chaperoning processes. The
expression profiles of HSP have been shown elsewhere to return
to basal levels within hours of a stress event (Collier et al. 2006),
although acclimation would deem that these animals, after
120 days in the feedlot, had acclimatised to their thermal
environment. In rats however, acclimated animals had an
increased concentration of HSP70 mRNA compared with non-
acclimated animals (Maloyan et al. 1999). This was further
demonstrated by Horowitz (2002), who showed that long-term
acclimated rats have drastically increased HSP70 mRNA,
although this is in the heart and brain tissue. On the other
hand, HSP protein in the quadriceps muscle in rats is not
influenced by short-term increases in environmental
temperature (Flanagan et al. 1995). Unfortunately, baseline
(pre thermal stress) samples were not obtained, and it would
have been interesting to compare the tissue HSP expression
pre- and post-heat, as this may provide a link to animals that
are more sensitive to elevated temperatures and are thus more
likely to exhibit high rigor temperature and other meat quality
defects, and vice versa. This has been demonstrated in pigs, in
which polymorphisms in the HSP70 gene have been shown to
alter meat quality measures such as backfat thickness (Huang
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et al. 2004). Together, the findings from this experiment and
other literature indicate that there are differences in tissue,
species and individual animal HSP gene expression for
reasons that are not clear. This may be explained by different
tissues having different baseline temperatures and different
thermogenic capacity, which would therefore influence their
heat shock responses and hence HSP expression.

Conclusion

Dietary betaine tended to increase HSCW and there was a within
betaine dose response such that P8 backfat depth was greater in
steers supplemented with 10 compared with 40 g betaine/day,
supporting our hypothesis that dietary betaine supplementation
can increase fat depth in feedlot steers. Muscle pH at 1 and 2 h
post-slaughter was lower in shaded compared with unshaded
steers and pH tended to be higher in steers fed 10 or 20 g betaine/
day compared with those fed 40 g betaine/day. Provision of
shade during summer may therefore reduce the rate of pH
decline in the first 2 h after slaughter and reduce the risk of
high rigor temperature. Furthermore, in feedlot steers, dietary
betaine may be eliciting some energy-sparing responses that are
manifested in carcass fat depth and measures of pH, and betaine
supplementation may be a useful carcass modifier in growing
feedlot steers during summer. The mRNA of HSP70/90 and
HSF1 was expressed in muscle, omental and subcutaneous
adipose tissues, which is a novel finding. Dietary betaine
supplementation did not directly alter the expression of HSP/
HSF mRNA in either muscle or adipose tissue, although there
were some interactions between betaine and presence of shade.
All genes were expressed more in adipose than muscle tissues.
The reasons for the differences in tissue HSP/HSF mRNA
expression are unknown but may reflect the different
thermogenic capacities of the tissue types.
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