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ARTICLE INFO ABSTRACT

Keywords: We evaluated maternal undernutrition effects induced by a lower natural pasture allowance (gestation days

Fetal programming 30-143) on histological-biochemical and meat traits in muscles Semitendinosus, cranial Gluteobiceps and Supra-

IS:I.lbeep spinatus from 200-day old male and female lambs. Maternal undernutrition increased oxidative and reduced
iber types

glycolytic fibers in all muscles (P < 0.01). Maternal undernutrition reduced the diameter of glycolytic fibers in
the cranial Gluteobiceps of exclusively female lambs (P = 0.05) and reduced the diameter of oxidative fibers in the
Supraspinatus of exclusively male lambs (P = 0.02). Maternal undernutrition increased lipid content in the
Supraspinatus of females (P = 0.001), reduced lactate content (P = 0.03) and WB shear force (P = 0.02) in the
Semitendinosus of females, and increased cooking losses in the Semitendinosus of males (P = 0.0069). In
conclusion, gestational nutrient restriction induced fetal programming effects on muscle characteristics of lambs.
Moreover, our study demonstrates that maternal undernutrition influences muscle and meat characteristics in a
sex and muscle-dependent way.

Meat quality

1. Introduction

In temperate countries where ruminants are managed under exten-
sive conditions, the seasonal variation in pasture quality and quantity
can be an important limiting factor for meat production. Natural forage
deficiency can be a common occurrence especially during winter,
leading gestating sheep to nutrient restriction thus compromising
offspring performance (Du, Wang, Fu, Yang, & Zhu, 2015). Skeletal
muscle is especially labile to maternal undernutrition because of its low
priority in nutrient partitioning (Close & Pettigrew, 1990). Furthermore,
the fetal stage is crucial for meat quality since this is a key stage for the
development of both muscle and non muscle tissues comprising meat
pieces (Du et al., 2015; Picard, Lefaucheur, Berri, & Duclos, 2002).

Previous studies regarding maternal undernutrition effects on heavy
lamb muscle characteristics have reported inconsistent results. Accord-
ing to both Zhu et al. (2006) and Daniel, Brameld, Craigon, Scollan, and
Buttery (2007) maternal undernutrition increases fast-glycolytic fibers
in lamb muscles, although these effects could be muscle-dependent. On
the contrary, both Tygesen, Harrison, and Therkildsen (2007) and
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Piaggio et al. (2018) reported an increase in slow-oxidative fibers in
muscles from intrauterine restricted lambs. Furthermore, both Reed,
Raja, Hoffman, Zinn, and Govoni (2014) and Sen et al. (2016) found no
effect of maternal undernutrition on muscle fiber types in lambs.
Regarding meat quality, although most previous studies have re-
ported few effects of maternal undernutrition on lamb meat quality
(Luzardo, de Souza, Quintans, & Banchero, 2019; Piaggio et al., 2018;
Sen et al., 2016; Tygesen et al., 2007) some others have reported sig-
nificant but inconsistent effects of maternal undernutrition on ruminant
meat quality (Krausgrill, Tulloh, Shorthose, & Sharpe, 1999; Maresca
et al., 2019; Mohrhauser et al., 2015; Ramirez et al., 2020; Webb et al.,
2019). Anyway, it is important to highlight that most studies evaluating
maternal undernutrition effects on muscle traits show important dif-
ferences regarding the timing, severity and type of undernourishment.
Specifically in sheep, works evaluating exclusively energetic restriction
during mid-late gestation (days 45-115) showed no effects on meat
quality (Luzardo et al., 2019; Piaggio et al., 2018). Additionally, global
maternal nutrient restriction exclusively during early-mid (days 30-80)
(Sen et al., 2016) or late (last 6 weeks) (Tygesen et al., 2007) gestation
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does not affect meat quality in lambs. Nevertheless, in an experiment in
which, unlike the aforementioned, the focus was on inducing early
gestational undernutrition (25-35% of maternal body weight reduction
during the first 70 days of gestation), it was reported that maternal
undernutrition improves meat tenderness in lambs (Krausgrill et al.,
1999). Otherwise, in cattle, most studies have focused on evaluating the
effects of mid-late maternal undernutrition on meat characteristics.
According to Maresca et al. (2019) improved protein maternal nutrition
during late gestation improves bovine meat tenderness. Also, Ramirez
et al. (2020) reported that tenderness was decreased in moderate in-
trauterine energetic restricted calves compared to both severe restricted
and unrestricted calves. On the contrary, Mohrhauser et al. (2015) re-
ported that mid gestation energetic restriction improves bovine meat
tenderness, while Webb et al. (2019) demonstrated that mid but not late
intrauterine protein restricted steers showed less tender meat.

Moreover, although previous works indicate the existence of sex-
dependent effects regarding the fetal onset of several developmental
alterations (Grigore, Ojeda, & Alexander, 2008; Moritz et al., 2010),
studies reporting sex-dependent effects of maternal undernutrition on
muscle and meat traits in livestock are scarce. We recently demonstrated
that a reduced forage allowance offered to ewes from early to late
gestation (days 30-143) affects offspring growth rates, carcass compo-
sition and muscle weights, mostly in a sex-dependent manner (Ithur-
ralde et al., 2019). Therefore, the aim of the present study was to
evaluate whether such observed changes can also imply differences in
muscle characteristics (fiber types, sarcomere length, lipid, glycogen
and lactate content) and meat quality traits (instrumental meat
tenderness and cooking losses) in muscles from 200-day old male and
female lambs.

2. Materials and methods

Experimental procedures were approved by the Comisién de Etica en
el Uso de Animales (CEUA, Facultad de Agronomia, Universidad de la
Reptblica). The experiment included two phases. The first phase
included the experimental treatments applied to pregnant ewes, as well
as lambs’ breeding until weaning, and was performed at Estacion
Experimental Bernardo Rosengurtt, Facultad de Agronomia (Cerro
Largo, Uruguay; 32.3769° S, 54.1654° W). The second phase included
lambs’ fattening until slaughter and was performed at the Animal House,
Facultad de Agronomia (Montevideo, Uruguay).

2.1. Animals

Animal management was previously published (Freitas de Melo
et al., 2018; Ithurralde et al., 2019), and only a brief description is
presented here. Multiparous Corriedale ewes were estrus synchronized,
inseminated with fresh semen from two Corriedale rams and randomly
assigned to two different natural pasture allowances from day 30 to day
143 of gestation. A completely randomized block design study was
conducted in three blocks, where two pasture allowance treatments
were applied. Sixteen (eight carrying male and eight carrying female
lambs) and seventeen (seven carrying male and ten carrying female
lambs) single bearing ewes grazed on high and low pasture allowance
(HPA and LPA), respectively. Pasture allowances offered to HPA ewes
were 14, 15 and 20 kg of dry matter/100 kg of body weight/day on days
30-60, 61-110 and 111-143 of gestation, respectively. Pasture allow-
ances offered to LPA ewes were 6, 5 and 10 kg of dry matter/100 kg of
body weight/day on days 30-60, 61-110 and 111-143 of gestation,
respectively. Each experimental group had three replications (random-
ized block design with three replicates) within which ewes grazed. From
day 100 of gestation until lambing ewes were daily supplemented with
300 g/animal of rice bran and from day 143 of gestation until weaning
(90-day old lambs) all animals were kept in the same paddock grazing on
non-restrictive natural pasture allowances and continued to be daily
supplemented with the same amount of rice bran. Pasture availability
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was determined monthly via the comparative yield method (Haydock &
Shaw, 1975) and forage allowance was adjusted by including or
removing “put-and-take” ewes from each paddock according to the body
weight of all ewes (Freitas de Melo et al., 2015). Pasture consumption
and estimated energy and protein balance of HPA and LPA ewes during
gestation were previously reported (Freitas de Melo et al., 2018). Food
intake was estimated as the difference between pasture availability and
pasture remnant, which was the available amount for the following
month. Pasture growth rate was calculated using mobile cages and
added to the month value. Pastures samples were taken for each period,
and from each sample, crude protein, ashes and neutral detergent fiber
were determined in the Laboratory of Animal Nutrition (Facultad de
Agronomia, Montevideo, Uruguay). Pasture energy content was esti-
mated as metabolizable energy (NRC, 2007). The protein and energy
requirements were based on the 1985 (NRC, 1985) and 2007 NRC ta-
bles, respectively. Estimated energy balance remained over 100% in
HPA ewes (175, 134 and 165%, on days 50, 100 and 143 of gestation,
respectively), but not in LPA ewes (122, 69 and 156% on days 50, 100
and 143 of gestation, respectively). Estimated protein balance on HPA
ewes was 117, 78 and 92% on days 50, 100 and 143 of gestation,
respectively, while LPA ewes had an estimated protein balance of 76, 41
and 88% for the same periods (Freitas de Melo et al., 2018). Treatment
effects on ewes and lambs body weights were previously reported
(Ithurralde et al., 2019). Ewes from the HPA group showed greater mean
gestational body weight (P < 0.01; Ithurralde et al., 2019).

Lambs were weaned at 90 days old and fattened until slaughtering at
200 days old. No differences were detected between HPA and LPA lambs
in birth weight. However, male HPA lambs were heavier (P < 0.01) at day
90 than LPA male lambs, while no differences were detected between
HPA and LPA female lambs (Ithurralde et al., 2019). After weaning,
lambs were housed in individual pens, ad libitum fed with a mixed diet
(alfalfa hay and commercial mixed ration) and maintained with free
access to water. During the fattening period male HPA lambs were
heavier (P < 0.01) than male LPA lambs, while no differences were
detected between HPA and LPA female lambs (Ithurralde et al., 2019).
At 200 days old, all lambs were slaughtered following standard pro-
cedures in a mobile slaughterhouse (Unidad de Faena Mévil, Instituto
Nacional de Carnes, Uruguay). Carcass conformation and meat yield
were affected by maternal undernutrition mostly in a sex-dependent
manner. Sex-dependent muscle weight reduction was found for mus-
cles Gluteobiceps, Supraspinatus and Semitendinosus (P = 0.02, sex-by-
treatment interaction), with males but not females being affected
(Ithurralde et al., 2019). After weighing, samples from each muscle
(Gluteobiceps, Supraspinatus and Semitendinosus) were vacuum- packaged
and stored at —20 °C until determinations of total lipids, glycogen,
lactate content, and meat quality traits.

2.2. Histological determinations

After slaughter samples were taken from the central superficial part
of the Semitendinosus, cranial Gluteobiceps, and Supraspinatus muscles.
Samples were frozen in liquid nitrogen and stored (—80 °C) until pro-
cessing. Sample fixation never exceeded 40 min after animal death.
Samples were included in cryostat embedding medium (Cryomatrix,
Thermo Shandon Limited, USA), and 24 pm-thick sections were cut in a
cryostat. The nicotinic adenine dinucleotide (reduced) tetrazolium
reductase (NADH-TR) technique was used (Dubowitz & Brooke, 1973)
to classify fibers as oxidative (highly stained), intermediate (less
intensely stained) or glycolytic (negatively stained) (Ithurralde et al.,
2015). Also, sections were stained with PAS according to the standard
procedure (Schaart et al., 2004). Briefly, sections were pretreated with
1% periodic acid followed by a washing step. Then, slides were treated
with Schiff’s reagent for 15 min and washed. PAS staining allowed the
identification of three different levels of positive stains: strongly, inter-
mediately and weakly PAS-stained fibers (Fig. 1). Morphometric ana-
lyses were performed using an image analysis system (Infinity analyze®,
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Fig. 1. Histological transverse sections of muscles cranial Gluteobiceps (GB) and Supraspinatus (SS) from high (HPA) and low (LPA) pasture allowance lambs treated
with the NADH-TZ (upper images) and PAS (lower images) histochemical techniques. Black-filled arrows show glycolytic and PAS weakly stained fibers in NADH-TZ
and PAS images, respectively. White-filled arrows show oxidative and PAS strongly stained fibers in NADH-TZ and PAS images, respectively.

Toronto, Canada). The percentages of different metabolic and PAS
positive fibers were calculated by counting at least 500 fibers from
random microscopic fields. The fiber diameter was measured at its
minimum value in order to avoid possible errors due to tilted sections
(Dubowitz & Brooke, 1973) in at least 50 fibers of each type and was
expressed as their mean value. A referenced grid containing 120 points
was overlain on eight pictures/animal and muscle. The number of points
hitting each fiber type was used to calculate the percentage volume (%
V) of metabolic and different PAS positive fiber types (Ithurralde et al.,
2015). The muscle oxidative (OA) and PAS positive (PPA) activity were
estimated through oxidative and PAS positive scores, as follows: OA =
(1 x percentage volume occupied by intermediate fibers) + (2 x per-
centage volume occupied by oxidative fibers); PPA = (1 x percentage
volume occupied by PAS intermediately stained fibers) + (2 x per-
centage volume occupied by PAS strongly stained fibers) (Ithurralde
et al., 2015). Intramuscular adipocyte diameter was measured in PAS
stained slides by averaging multiple (>50) individual adipocyte diam-
eter measurements.

2.3. Total lipids, glycogen and lactate content in meat samples

Total lipids were extracted for each muscle in a chloroform:methanol
(2:1) mixture as described by Folch, Lees, and Stanley (1957) using a
Virtis homogenizer and quantified gravimetrically after evaporation
with a Rotavapor. Glycogen and lactate content were measured 24 h

after slaughter. Meat samples from each muscle were frozen after 24 h of
slaughter and stored until lactate and glycogen determinations. There-
fore glycogen and lactate content were determined in frozen meat after
24 h of carcass chilling. For both determinations, an 8 g meat sample was
homogenized and extracted with 8 ml of HCl (4 N) for 2 h at 100 °C,
filtered and neutralized by adding NaOH (4 N) until pH reached 6.5-7.
Glycogen was determined as glucose total equivalents following Berg-
meyer and Bernt (1974) using colorimetric diagnostic kits (1,001,201,
Spinreact, Spain) and expressed as g glucose/100 g fresh meat. Lactate
was assayed in the same hydrolysed slurry using commercially available
enzymatic colorimetric diagnostic kits (LO-POD; 1,001,330; Spinreact,
Spain) and expressed as g lactate/kg fresh meat.

2.4. Sarcomere length

Sarcomere length was measured histologically. Meat samples were
immersion-fixed in 2.5% glutaraldehyde and an image analysis system
(Infinity analyze®, Toronto, Canada) was used to measure sarcomere
length by counting the number of A-bands along an arbitrary distance
(70-140 mm) in each of 30 myofibrils within the muscle sample.
Therefore, sarcomere length was calculated by dividing the measured
distance for the number of A-bands included in the measured segment
(Ithurralde et al., 2018).
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2.5. Warner-Bratzler shear force and cooking losses

Tenderness was determined in cooked meat through Warner Bratzler
(WB) shear force. Meat samples (weighing approximately 80 g) from
each muscle were obtained after 24 h of carcass chilling, vacuum
packed, frozen, and stored until meat quality determinations. Therefore,
both WB shear force and cooking losses were determined in frozen
samples collected after 24 h of carcass aging. Cores, 1.27 cm in cross-
section, were cut with muscle fibers parallel to the longitudinal axis of
the sample. Samples were tested with a Warner—Bratzler shear device
mounted on an Instron series 3342 after cooking in a thermostatic water
bath at 75 °C until the internal temperature reached 71 °C. After cooking
in plastic bags, samples were dried with paper towel and re-weighed to
determine cooking losses.

2.6. Statistical analyses

All data were analyzed in a randomized block design using the SAS
Systems software (SAS 9.0 V; SAS Institute, Cary, NC,USA). Muscle and
meat traits were analyzed using a mixed model (PROCMIXED).The
adjusted models included the treatment (HPA vs. LPA), the sex, and their
interactions as fixed effects and the block and ram as random effects. The
interaction between treatment and block was included in the models as
random effect but it was removed from them when the estimate of the
covariance parameter was zero or near zero. Individual muscle weight
was included as a covariate for the analysis of muscle histological traits
when the effect of treatment was significant to determine if differences
in muscle characteristics were independent of muscle weight. The
experimental unit for all animal traits was the ewe-lamb pair within
each treatment and repetition (Adams, Nielsen, Schacht, & Clark, 2000).
Post-hoc comparisons were carried out with the Tukey-Kramer test.
Statistical differences were considered when P < 0.05, and tendencies
when 0.05 < P < 0.10. Data are expressed as least square means + SEM.
Selected Pearson correlation coefficients between muscle histological-
biochemical traits and meat-quality traits were generated within each
muscle by using the statistical software package Statistica® (Statsoft,
Tulsa, OK, USA).

Table 1
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3. Results
3.1. Histological characteristics

The effects of a reduced maternal forage allowance on the histolog-
ical characteristics of muscles cranial Gluteobiceps, Supraspinatus and
Semitendinosus, are shown in Tables 1, 3 and 5, respectively. Treatment
effects on fiber type characteristics are exemplified in Fig. 1. Maternal
undernutrition increased the proportion of oxidative fibers in all muscles
(P < 0.0022), increased the oxidative score in muscle Semitendinosus (P <
0.0001) and tended to increase it in muscles Supraspinatus and cranial
Gluteobiceps (P = 0.06). Furthermore, the proportion of glycolytic fibers
was reduced in all muscles from LPA lambs (P < 0.010). Also, LPA lambs
showed reduced mean diameters of glycolytic fibers (P < 0.0318) and
increased PPA (P < 0.06) in muscles Supraspinatus and Semitendinosus.

Additionally, some interactions between lamb-sex and maternal
forage allowance were detected (Tables 1, 3 and 5). Maternal under-
nutrition reduced the mean diameter of glycolytic fibers in the cranial
Gluteobiceps of female but not male lambs, while it increased sarcomere
length in the cranial Gluteobiceps of male but not female lambs (Table 1).
Moreover, maternal undernutrition reduced the mean diameter of
oxidative fibers in both the Supraspinatus and Semitendinosus of male but
not female lambs (Tables 3 and 5).

3.2. Biochemical and meat quality characteristics

The effects of a reduced maternal forage allowance on biochemical
and meat quality characteristics of muscles cranial Gluteobiceps, Supra-
spinatus and Semitendinosus, are shown in Tables 2, 4 and 6, respectively.
Maternal undernutrition tended to increase total glycogen content in
both the cranial Gluteobiceps and the Supraspinatus muscles (Tables 2 and
4). Also, maternal undernutrition tended to reduce WB shear force in
muscle cranial Gluteobiceps (Table 2).

Additionally, some interactions between lamb-sex and maternal
forage allowance were detected for biochemical and meat quality traits
(Tables 2, 4 and 6). Total lipid content was increased in the Supraspinatus
from female but not male LPA lambs (Table 4). Furthermore, maternal
undernutrition reduced total lactate content and WB shear force in the
Semitendinosus from female but not male lambs, while it increased
cooking losses in the Semitendinosus of male but not female lambs
(Table 6).

Histological characteristics (means = SEM) of HPA and LPA male, female and both pooled sexes lambs in muscle Cranial Gluteobiceps: Proportion of oxidative (%Oxi)
and glycolitic (%Gly) fibers, Diameters of oxidative (OD) and glycolitic (GD) fibers, Oxidative activity (OA), Proportion of PAS strongly (%PS) and weakly (%PW)
stained fibers, Diameters of PAS strongly (PSD) and weakly (PWD) stained fibers, PAS positive activity (PPA), Sarcomere length (SL), and Perimisial adipocyte diameter

(AD).

HPA' LPA? P value treatment P value Sex *treatment

Males & Females Males Females Males & Females Males Females
%O0xi 28.98 + 2.50° 27.47 £2.71 28.87 +£2.73 35.17 + 2.55% 37.34 +£ 2.85 34.96 + 2.70 0.0223 0.9910
% Gly 40.19 + 2.88* 36.23 + 3.54 44.14 + 3.32 33.29 + 2.93" 31.72 + 3.43 34.87 + 3.27 0.0101 0.3574
OD (pm) 35.00 + 2.15 33.89 + 2.69 36.13 + 2.52 34.99 +2.21 34.69 + 2.61 35.28 + 2.49 0.9930 0.6817
GD (pm) 51.34 + 2.03* 45.74 £ 3.13 54.42 + 2.94% 46.76 + 2.10Y 49.37 + 3.03 49.04 + 2.89Y 0.0616 0.0520
OA 158.76 + 5.36" 164.89 + 6.88 152.63 + 6.38 168.88 + 5.4 173.36 + 6.61 164.41 + 6.23 0.0595 0.7576
%PS 24.92 + 2.87 23.62 + 4.19 26.22 + 3.92 28.65 + 2.73 26.67 + 4.19 30.63 + 3.51 0.3567 0.8649
%PW 40.84 + 3.34 39.63 + 4.88 42.05 + 4.56 39.13 £ 3.18 40.77 + 4.88 37.49 + 4.08 0.7144 0.5424
PSD (pm) 42.35 + 2.19 41.69 + 3.21 42.99 + 3.01 40.65 + 2.09 40.61 + 3.21 40.69 + 2.68 0.5815 0.8441
PWD (pm) 44.17 + 1.56 44.06 + 2.24 44.28 + 1.93 45.84 + 1.49 46.64 + 2.01 45.05 + 1.75 0.3582 0.6203
PPA 197.06 + 6.12 193.04 £ 8.94 201.09 + 8.36 192.70 £+ 5.83 186.73 + 8.94 198.67 + 7.48 0.6102 0.8204
SL (pm) 1.63 + 0.08 1.57 + 0.10° 1.69 £ 0.11 1.76 + 0.07 1.96 + 0.11? 1.55 £+ 0.09 0.2489 0.0221
AD (pm) 44.99 + 2.44 42.68 + 3.34 47.32 + 3.18 43.08 + 2.35 39.48 + 3.34 46.68 + 2.86 0.5239 0.6717

Within the same row and sex, those means followed by different superscripts differed (a vs b; P < 0.05) or tended to differ (x vs y; P < 0.10).
! HPA: High pasture allowance lambs born to ewes which grazed on natural pastures at: 14, 15 and 20 kg of dry matter/100 kg of body weight/day on days 30-60,

61-110 and 111-143 of gestation, respectively. n = 16 (8 males and 8 females).

2 LPA: Low pasture allowance lambs born to ewes which grazed on natural pastures at: 6, 5 and 10 kg of dry matter/100 kg of body weight/day on days 30-60,

61-110 and 111-143 of gestation, respectively. n = 17 (7 males and 10 females).
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Table 2
Biochemical and meat quality traits (means + SEM) of HPA and LPA male, female and both pooled sexes lambs in muscle Cranial Gluteobiceps: Glycogen content (GL),
Lactate content (LT), Percentage of lipids (%LP), Warner Bratzler shear force (WB) and Cooking losses (CL).

HPA' LPA” P value treatment P value Sex *treatment
Males & Females Males Females Males & Females Males Females

GL (g/100 &) 0.269 + 0.06" 0.229 + 0.08 0.309 + 0.08 0.404 + 0.05* 0.312 + 0.08 0.496 + 0.07 0.0904 0.4967

LT (g/kg) 1.17 £ 0.06 1.17 £+ 0.07 1.16 + 0.07 1.21 + 0.05 1.13 + 0.07 1.28 + 0.06 0.4747 0.1784

%LP 4.81 £+ 0.35 5.01 £+ 0.49 4.62 + 0.49 4.76 + 0.35 4.34 + 0.53 5.18 £ 0.44 0.9133 0.2269

WB (N) 46.18 + 2.75" 39.51 + 3.82 52.84 + 3.82 39.50 + 2.747 31.67 + 4.21 47.45 + 3.63 0.1018 0.7642

CL (%) 22.05 + 1.02 21.05 + 1.31 23.05 +1.32 21.29 +1.01 21.99 +1.34 20.60 + 1.19 0.5158 0.1527

Within the same row and sex, those means followed by different superscripts differed (a vs b; P < 0.05) or tended to differ (x vs y; P < 0.10).

! HPA: High pasture allowance lambs born to ewes which grazed on natural pastures at: 14, 15 and 20 kg of dry matter,/100 kg of body weight/day on days 30-60, 61-110
and 111-143 of gestation, respectively. n = 16 (8 males and 8 females).

2 LPA: Low pasture allowance lambs born to ewes which grazed on natural pastures at: 6, 5 and 10 kg of dry matter/100 kg of body weight/day on days 30-60,
61-110 and 111-143 of gestation, respectively. n = 17 (7 males and 10 females).

Table 3

Histological characteristics (means + SEM) of HPA and LPA male, female and both pooled sexes lambs in muscle Supraspinatus: Proportion of oxidative (%0Oxi) and
glycolitic (%Gly) fibers, Diameters of oxidative (OD) and glycolitic (GD) fibers, Oxidative activity (OA), Proportion of PAS strongly (%PS) and weakly (%PW) stained
fibers, Diameters of PAS strongly (PSD) and weakly (PWD) stained fibers, PAS positive activity (PPA), Sarcomere length (SL), and Perimisial adipocyte diameter (AD).

HPA' LPA? P value treatment P value Sex *treatment

Males & Females  Males Females Males & Females = Males Females
%0xi 25.84 + 1.68" 25.51 + 2.38 26.17 + 2.38 37.85 + 1.66% 37.93 + 2.55 37.78 £ 2.13 <0.0001 0.8631
% Gly 41.69 + 1.45% 42.11 + 2.00 41.27 £+ 2.00 30.50 + 1.43" 29.74 + 2.12 31.26 £ 1.78 <0.0001 0.5464
OD (pm) 49.05 + 1.69% 52.52 + 2.30 45.58 + 2.31 44.04 + 1.67° 41.91 + 2.43° 46.16 + 2.07 0.0302 0.0171
GD (pm) 49.25 + 1.50% 50.05 + 1.89 48.44 +£1.92 44.65 + 1.49° 45.94 + 1.99 43.65 + 1.74 0.0078 0.9069
OA 171.66 + 3.40% 169.73 + 4.81 173.59 + 4.81 181.07 + 3.35 180.17 £ 5.14 181.95 + 4.30 0.0586 0.8296
%PS 8.93 + 3.17° 11.63 + 3.89 6.23 £+ 3.80 20.81 + 3.14% 24.14 + 4.11 17.48 £+ 3.35 0.0031 0.5535
%PW 75.34 + 6.26° 69.13 +£7.71 81.56 + 7.49 50.62 + 6.21° 45.21 + 8.11 56.03 + 6.61 0.0019 0.4227
PSD (pm) 38.51 +1.87 40.91 + 2.74 36.12 + 2.53" 41.29 + 1.84 38.97 + 3.00 43.63 + 2.12% 0.3008 0.0872
PWD (um) 51.68 + 2.04 53.09 + 2.69 50.27 + 2.59 49.36 + 2.01 48.55 + 2.89 50.16 + 2.21 0.3237 0.3482
PPA 134.80 + 10.17° 141.45 +£11.95 128.14 +£ 11.64 168.47 £ 10.11* 175.42 £ 12.40 161.52 +£10.53 0.0024 0.3816
SL (pm) 1.64 + 0.07 1.68 + 0.09 1.61 £0.10 1.61 + 0.07 1.60 + 0.10 1.61 + 0.08 0.6937 0.6710
AD (pm) 43.75 £ 1.53 43.13 + 2.23 44.36 + 2.07 43.35 + 1.51 41.18 + 2.43 45.53 + 1.73 0.8525 0.4673

Within the same row and sex, those means followed by different superscripts differed (a vs b; P < 0.05) or tended to differ (x vs y; P < 0.10).

! HPA: High pasture allowance lambs born to ewes which grazed on natural pastures at: 14, 15 and 20 kg of dry matter/100 kg of body weight/day on days 30-60,
61-110 and 111-143 of gestation, respectively. n = 16 (8 males and 8 females).

2 LPA: Low pasture allowance lambs born to ewes which grazed on natural pastures at: 6, 5 and 10 kg of dry matter/100 kg of body weight/day on days 30-60,
61-110 and 111-143 of gestation, respectively. n = 17 (7 males and 10 females).

Table 4
Biochemical and meat quality traits (means + SEM) of HPA and LPA male, female and both pooled sexes lambs in muscle Supraspinatus: Glycogen content (GL), Lactate
content (LT), Percentage of lipids (%LP), Warner Bratzler shear force (WB) and Cooking losses (CL).

HPA' LPA” P value treatment P value Sex *treatment
Males & Females Males Females Males & Females Males Females

GL (g/100 &) 0.231 + 0.02Y 0.231 + 0.03 0.231 + 0.03 0.281 + 0.02* 0.319 + 0.03 0.244 + 0.02 0.0653 0.1658

LT (g/kg) 0.75 + 0.04 0.77 + 0.06 0.73 + 0.06 0.84 + 0.04 0.82 + 0.06 0.86 + 0.05 0.1487 0.5048

%LP 5.76 + 0.82 6.34 + 0.89% 5.17 + 0.90Y 5.99 + 0.82 4.79 + 0.91Y 7.19 + 0.87* 0.6329 0.0013

WB (N) 29.41 +11.47 32.65 + 2.35 26.27 + 2.35 32.06 + 11.47 34.80 +5.19 29.31 + 2.05 0.2646 0.8451

CL (%) 33.43 £1.09 32.71 +£1.37 34.16 + 1.56 33.86 + 1.02 35.26 + 1.45 32.47 +£1.24 0.7478 0.1254

Within the same row and sex, those means followed by different superscripts differed (a vs b; P < 0.05) or tended to differ (x vs y; P < 0.10).

! HPA: High pasture allowance lambs born to ewes which grazed on natural pastures at: 14, 15 and 20 kg of dry matter/100 kg of body weight/day on days 30-60,
61-110 and 111-143 of gestation, respectively. n = 16 (8 males and 8 females).

2 LPA: Low pasture allowance lambs born to ewes which grazed on natural pastures at: 6, 5 and 10 kg of dry matter/100 kg of body weight/day on days 30-60,
61-110 and 111-143 of gestation, respectively. n = 17 (7 males and 10 females).

3.3. Correlations between histological-biochemical and meat quality traits

Correlations between histological-biochemical and meat quality
traits varied slightly among the three studied muscles (Table 7). Shear
force was positively correlated with lactate content in both the Supra-
spinatus and cranial Gluteobiceps, while it was positively correlated with
the diameter of glycolytic fibers in the Semitendinosus muscle. Cooking
losses tended to be negatively correlated with the diameter of oxidative
fibers in the Semitendinosus muscle while they showed a negative cor-
relation with lactate content in the cranial Gluteobiceps muscle.

4. Discussion

The present study demonstrates that a reduced maternal forage
allowance of natural grasslands under extensive grazing conditions in-
duces fetal programming effects on muscle characteristics in 200-day
old lambs. As mentioned earlier, previous reports evaluating maternal
undernutrition effects on ruminant muscle and meat traits have pre-
sented scarce and inconsistent results, probably due to differences in the
experimental approaches. In the present study, unlike most previous
experiments, we focused on evaluating possible fetal programming
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Table 5
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Histological characteristics (means + SEM) of HPA and LPA male, female and both pooled sexes lambs in muscle Semitendinosus: Proportion of oxidative (%0Oxi) and
glycolitic (%Gly) fibers, Diameters of oxidative (OD) and glycolitic (GD) fibers, Oxidative activity (OA), Proportion of PAS strongly (%PS) and weakly (%PW) stained
fibers, Diameters of PAS strongly (PSD) and weakly (PWD) stained fibers, PAS positive activity (PPA), Sarcomere length (SL), and Perimisial adipocyte diameter (AD).

HPA' LPA” P value treatment P value Sex *treatment

Males & Females Males Females Males & Females Males Females
%O0xi 19.23 + 1.48° 20.74 + 2.32 17.72 + 2.11 26.80 + 1.46% 28.91 + 2.15 24.69 + 1.87 0.0022 0.7849
% Gly 53.90 + 1.46% 51.14 + 2.28 56.67 + 2.08 42.94 + 1.44° 41.16 £+ 2.11 44.71 £ 1.84 <0.0001 0.6523
OD (pm) 31.82 + 1.70* 32.67 + 2.01% 30.91 + 2.10 28.92 + 1.69Y 26.90 + 2.09" 30.94 +£1.94 0.0800 0.0889
GD (pm) 47.87 + 1.84°7 45.91 + 2.41 49.84 +2.28 43.44 +1.88° 42.94 + 2.34 43.94 £ 2.14 0.0318 0.4544
OA 139.14 + 2.49° 145.15 + 3.26 133.13 + 3.47 160.65 + 2.45% 161.52 + 3.45 159.79 + 3.59 <0.0001 0.1165
%PS 23.13 + 2.87 28.06 + 3.92 18.21 + 4.19 28.93 + 2.79 30.83 + 4.19 27.04 + 3.69 0.1611 0.4559
%PW 48.02 + 3.87* 39.98 + 5.29 56.06 + 5.66 37.85 + 3.777 34.75 + 5.66 40.94 + 4.99 0.0730 0.3700
PSD (pm) 37.59 + 2.22 37.92 + 2.93 37.27 £ 3.11 35.15 + 2.19 34.02 + 3.12 36.27 + 2.79 0.3933 0.6147
PWD (pm) 47.43 £ 2.172 46.69 + 2.58 48.17 + 2.68 42,71 +2.17° 42.48 + 2.69 42.94 + 2.50 0.0275 0.8050
PPA 175.07 + 6.36Y 186.56 + 8.69 163.57 + 9.29 192.52 + 6.19” 198.93 + 9.29 186.11 + 8.19 0.0622 0.5727
SL (pm) 2.10 + 0.07 2.09 +0.10 2.12 +0.10 2.20 + 0.07 2.15+0.11 2.25 + 0.09 0.3445 0.7173
AD (pm) 45.58 + 1.83% 43.52 + 2.21 47.63 + 2.31 42.01 +1.83Y 40.13 + 2.32 43.88 + 2.14 0.0603 0.9218

Within the same row and sex, those means followed by different superscripts differed (a vs b; P < 0.05) or tended to differ (x vs y; P < 0.10).
! HPA: High pasture allowance lambs born to ewes which grazed on natural pastures at: 14, 15 and 20 kg of dry matter/100 kg of body weight/day on days 30-60,

61-110 and 111-143 of gestation, respectively. n = 16 (8 males and 8 females).

2 LPA: Low pasture allowance lambs born to ewes which grazed on natural pastures at: 6, 5 and 10 kg of dry matter/100 kg of body weight/day on days 30-60,

61-110 and 111-143 of gestation, respectively. n = 17 (7 males and 10 females).

Table 6

Biochemical and meat quality traits (means = SEM) of HPA and LPA male, female and both pooled sexes lambs in muscle Semitendinosus: Glycogen content (GL),
Lactate content (LT), Percentage of lipids (%LP), Warner Bratzler shear force (WB) and Cooking losses (CL).

HPA' LPA” P value treatment P value Sex *treatment
Males & Females Males Females Males & Females Males Females

GL (g/100 g) 0.343 £ 0.04 0.402 + 0.06 0.285 + 0.05 0.378 £+ 0.04 0.433 £ 0.06 0.325 + 0.05 0.5193 0.9347

LT (g/kg) 1.22 + 0.07 1.09 + 0.09 1.34 4+ 0.09* 1.19 + 0.07 1.23 £+ 0.09 1.16 + 0.09" 0.7643 0.0313

%LP 5.32 £ 0.63 4.99 £ 0.70 5.65 £ 0.71 4.79 £ 0.63 3.93 £0.72 5.66 £+ 0.68 0.2545 0.2605

WB (N) 33.82 + 1.47 32.25+1.76 35.29 + 1.76" 39.51 £ 2.75 34.51 £ 1.86 31.18 + 1.67° 0.4495 0.0211

CL (%) 26.48 + 1.03 25.29 + 1.22° 27.67 + 1.23" 27.02 + 1.02 28.56 + 1.27% 25.47 + 1.147 0.5608 0.0069

Within the same row and sex, those means followed by different superscripts differed (a vs b; P < 0.05) or tended to differ (x vs y; P < 0.10).
1 HPA: High pasture allowance lambs born to ewes which grazed on natural pastures at: 14, 15 and 20 kg of dry matter/100 kg of body weight/day on days 30-60,

61-110 and 111-143 of gestation, respectively. n = 16 (8 males and 8 females).

2 LPA: Low pasture allowance lambs born to ewes which grazed on natural pastures at: 6, 5 and 10 kg of dry matter/100 kg of body weight/day on days 30-60,

61-110 and 111-143 of gestation, respectively. n = 17 (7 males and 10 females).

Table 7

Selected Pearson correlation coefficients between histological-biochemical traits and meat-quality traits within each of the three studied muscles: GB (cranial Glu-

teobiceps); SS (Supraspinatus); ST (Semitendinosus).

Meat-quality ~ Muscle  Histological-biochemical traits
traits
Oxidative PAS positive Oxidative Glycolytic Adipocyte Glycogen Lactate Lipid Sarcomere
activity activity diameter diameter diameter content content content length
WB shear GB —0.33* 0.37** 0.05 0.19 0.33* 0.12 0.39%* 0.06 —-0.19
force
SS -0.24 0.19 -0.19 0.04 0.02 0.17 0.34%* —0.03 —0.05
ST -0.27 0.07 —0.04 0.47%** 0.11 -0.17 0.16 —0.30* -0.27
Cooking GB -0.27 0.05 0.02 0.27 0.33* —-0.01 —0.43%** —0.24 0.19
losses
SS -0.27 0.27 —0.28 —0.03 0.01 0.12 0.04 —-0.09 —-0.14
ST 0.06 0.19 —0.33* 0.09 —-0.22 0.18 —-0.07 —-0.18 —-0.08

,P<0.05 % P<0.l.

effects on natural grazing conditions throughout sheep gestation, and
demonstrated that nutrient restriction induced by a lower pasture
allowance from early to late gestation induces long term effects on heavy
lamb muscle traits. Generally, our results indicate that maternal un-
dernutrition resulted in muscles with higher oxidative activity, fewer
and smaller glycolytic fibers. Although controversy exists regarding
maternal undernutrition effects on muscle characteristics in lambs
(Daniel et al., 2007; Piaggio et al., 2018; Reed et al., 2014; Sen et al.,
2016; Tygesen et al., 2007; Zhu et al., 2006) our results are generally

consistent with previous reports carried out in different species. Ac-
cording to Tygesen et al. (2007) 5-month old lambs born to late gesta-
tion nutrient restricted ewes show increased type I fiber area in the
Longissimus muscle. More recently, Piaggio et al. (2018) reported that
the percentage of oxidative fibers is higher in 6-month old lambs born to
ewes submitted to mid-gestation energy restriction. Similarly, Dalle
Zotte, Rémignon, and Chiericato (2005) reported that maternal feed
rationing reduces the percentage of alpha white fibers in rabbits at
weaning, while Mallinson et al. (2007) reported that maternal low-



J. Ithurralde et al.

protein diet during mid-gestation reduces fast fibers in rats. Similarly,
Mohrhauser et al. (2015) reported that MHC-IIA expression was up-
regulated in the Semitendinosus from steers born to cows submitted to
a negative energy status during mid-gestation, while Toscano, Manhaes-
de-Castro, and Canon (2008) found that a low protein diet during mid-
gestation increases type IIA fibers in the Soleus of 25 and 90-day old rats.
The generally increased oxidative activity found in muscles from LPA
lambs in the present study might be associated with secondary myo-
genesis impairment induced by maternal undernutrition. Fetal second-
ary fibers are generally thought to differentiate mainly to fast-glycolytic
fibers (Picard et al., 2002) and are known to be fewer due to maternal
undernutrition (Dwyer, Stickland, & Fletcher, 1994; Zhu, Ford, Natha-
nielsz, & Du, 2004). Moreover, in sheep secondary fibers are formed
approximately between days 30 and 80 of gestation (Picard et al., 2002;
Wilson, McEwan, Sheard, & Harris, 1992), what matches with the main
undernutrition period experienced by LPA ewes in the present study. In
fact, we have recently reported that maternal undernutrition induced by
a reduced pasture allowance from 23 days before conception affects
secondary myogenesis in 70-day old sheep fetuses (Ithurralde et al.,
2020). Another possible explanation to the higher oxidative activity
found in muscles from LPA lambs might be related to differences in the
relative degree of development between LPA and HPA lambs at
slaughter, since muscle metabolism becomes more glycolytic with
increasing development and growth (Lefaucheur & Gerrard, 2000).
Additionally, in our present study maternal undernutrition also tended
to increase total 24 h postmortem glycogen content in muscles cranial
Gluteobiceps and Supraspinatus. This is consistent with our found changes
in muscle fiber types and PPA since oxidative fibers have reduced
glycolytic ability and therefore exhibit reduced glycogen breakdown.
Furthermore, our found effects regarding muscle fiber diameters indi-
cate that gestational undernutrition affected muscle fiber hypertrophic
ability, which is consistent with Daniel et al. (2007) reporting that lambs
born to undernourished ewes show reduced fiber diameters. Therefore,
our results demonstrate that a reduced forage allowance of natural
grasslands offered to pregnant ewes between days 30 and 143 of
gestation can affect both the metabolic properties of muscle fibers as
well as their morphometric characteristics in muscles from 200-day old
lambs.

Furthermore, in the present study, to determine if our previously
found sex-dependent fetal programming effects over growth and carcass
composition (Ithurralde et al., 2019) could also imply sex-dependent
effects in muscle characteristics, we studied the interaction between
maternal undernutrition and sex for all traits. As we had hypothesized,
maternal undernutrition affected some muscle and meat traits in a sex-
dependent manner. Our found sex-dependent fetal programming effects
on muscle and meat traits are somewhat consistent with previous reports
(Daniel et al., 2007; Mallinson et al., 2007). According to Daniel et al.
(2007), maternal undernutrition reduces the diameter of all fibers in the
Longissimus muscle from male but not female lambs, while it increases
the proportion of IIA fibers in the Semitendinosus of female but not male
lambs. Also, Mallinson et al. (2007) reported that fiber diameters were
reduced by maternal low protein diet in the Gastrocnemius of male but
not female rats. Our present findings demonstrate the hypothesis that
maternal undernutrition induces both sex and muscle dependent effects
on muscle characteristics and suggest that these effects are mainly evi-
denced by specific differences in fiber sizes. Apparently, in female
lambs, maternal undernutrition mostly reduces the diameter of glyco-
lytic fibers, while in male lambs maternal undernutrition mainly reduces
the diameter of oxidative fibers. Thus, our present novel findings
emphasize the importance of considering sex differences when exploring
fetal programming effects on muscle characteristics in meat animals.

Moreover, the aforementioned findings can also be generally asso-
ciated with some of our results regarding other muscle and meat traits
such us WB shear force or lactate content. Although in the present study
maternal undernutrition effects on meat quality traits were slight, we
found sex-dependent treatment effects on both cooking losses and WB
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shear force. Maternal undernutrition reduced WB shear force in the
Semitendinosus from female but not male lambs, which can be related to
the higher lipid content, reduced glycolytic fiber diameter and lower
lactate content found in some muscles from LPA female but not male
lambs in the present study. Meat tenderness has been negatively related
to fast-glycolytic fibers in sheep (Ithurralde et al., 2018; Solomon &
Lynch, 1988) and cattle (Maltin et al., 1998). Moreover, according to
Maltin, Balcerzak, Tilley, and Delday (2003) larger fast-glycolytic fibers
are correlated with poorer eating quality due to a greater accumulation
of lactate. Therefore, the reduced WB shear force found in the Semite-
ndinosus from LPA female lambs could be associated with reduced
glycolytic fiber diameter and lactate accumulation. In fact, in the present
study we found positive correlations between shear force with both
lactate content and the diameter of glycolytic fibers. Otherwise, our
found effects regarding meat tenderness might not only be associated
with fiber characteristics, but also with differences in other factors
affecting meat tenderness such as collagen or lipid content. According to
Mohrhauser et al. (2015) a negative energy status during mid gestation
can be associated with improved meat tenderness in cattle due to
reduced collagen content. Moreover, our found trend for a negative
correlation between shear force and muscle lipid content may also
partially contribute to understanding our found sex-dependent effects of
maternal undernutrition on shear force, since maternal undernutrition
induced an increase in lipid content in the Supraspinatus from female but
not male lambs. On the other hand, in the present study cooking losses
were also affected by maternal undernutrition in a sex-dependent
manner. Additionally, we found a negative correlation between cook-
ing losses and lactate content in the cranial Gluteobiceps. This negative
association between cooking loss and muscle glycolytic potential might
be related to the higher ability of oxidative muscles to hold water during
postmortem evolution, frozen storage and thawing. As a matter of fact,
previous research has associated greater water exudates with reduced
cooking losses (Kim et al., 2013). On the other hand, we also found a
trend for a negative correlation between the diameter of oxidative fibers
and cooking losses in the Semitendinosus muscle. This is consistent with
Ithurralde et al. (2018) who negatively associated the diameter of type I
fibers with expressed juice in sheep meat. Again, this found correlation
might contribute to explain our found effect of maternal undernutrition
on meat cooking losses, since maternal undernutrition increased cook-
ing losses and reduced the diameter of oxidative fibers in the Semite-
ndinosus of male but not female lambs.

In summary, although further studies are required, our results
generally demonstrate that maternal undernutrition effects on meat
quality are less intense or clear as compared with maternal undernu-
trition effects on muscle histological traits. However, in light of our
results, maternal undernutrition affects meat quality mostly in a sex and
muscle dependent way. This is probably due to the complexity that
characterizes meat quality traits such as tenderness, which depend on
multiple interacting biological and environmental factors.

5. Conclusions

In conclusion, our present results indicate that gestational nutrient
restriction under extensive grazing conditions induces fetal program-
ming effects on metabolic fiber types in 200-day old lambs. Lambs born
to undernourished sheep showed muscles with higher oxidative activ-
ities and reduced fiber diameters independently from muscle size.

Moreover, our study also suggests that maternal undernutrition
might influence muscle and meat characteristics in a sex and muscle-
dependent way. Therefore, the present study contributes to under-
standing the influence of maternal undernutrition on muscle charac-
teristics suggesting that fetal programming effects on muscle
composition and meat quality might be highly complex depending on
different factors such as the muscle or the sex of the animal.
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