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Immunocastration, a technique consisting of two vaccinations against gonadotropin-releasing hormone
(GnRH), can be used as alternative to surgical castration of piglets. It reduces boar taint and allows higher
economic and ecological efficiency compared to barrows. The feeding strategy of immunocastrates, how-
ever, can still be improved. After second vaccination, when immunisation becomes fully effective, feed
intake of immunocastrates increases sharply. This study aimed to investigate whether energy intake of
immunocastrates after second vaccination could be reduced by lowering the dietary energy level of
the finishing phase, without negatively affecting animal performance and quality of pork production.
We hypothesised that immunocastrates already reach their limits in voluntary feed intake after second
vaccination, and therefore would not be able to compensate the lower dietary energy level, in contrast
to barrows. Therefore, this study aimed to assess the effect of high-energy diet (HE, net energy (NE) =
10.2 MJ/kg) compared to low-energy diet (LE, NE = 8.8 MJ/kg) in barrows and immunocastrates and as
a reference, gilts and entire male pigs on a standard high-energy diet were included. CP and standardised
ileal digestible amino acid levels were similar in both diets. For each treatment, eight pen replicates of six
pigs per pen were evaluated on performance, carcass quality, meat and fat quality, digestibility, economic
and ecological sustainability, behaviour and effectiveness of immune response. No difference in feed in
take of immunocastrates between LE and HE could be demonstrated. As a result, daily energy intake of
immunocastrates was higher on HE compared to LE, which resulted in a higher daily gain on HE. Feed
conversion ratio (FCR) of immunocastrates on HE did not differ significantly with FCR of entire males.
Barrows did not show higher average daily gain on HE compared to LE. Nitrogen efficiency was better
in HE compared to LE, without negative effects on digestibility, carcass quality, economic parameters,
behaviour or immune response. Small positive effects on the palatability of the meat of immunocastrates
on HE were observed, although consumers did not prefer one of both feeds. Immunocastration was suc
cessful in reducing sexual and aggressive behaviour as well as in lowering the prevalence of boar taint
from 15% in EM to 0% in immunocastrates. However, in two out of 96 immunocastrates (one on HE an
d one on LE), the immunocastration was not fully effective. In conclusion, this study did not show advan
tages of feeding immunocastrates or barrows a low-energy diet.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

This study addresses the important issue of knowing the limits
of feeding intake of immunocastrates and whether a low-energy
diet has any advantage in comparison with the standard high-
energy finishing diet. Feeding the high-energy diet instead of a
low-energy diet resulted in a positive effect on feed conversion
and growth of immunocastrates, which is economically advanta-
geous for pig farmers, and almost no effect on meat quality and
generally positive ecological benefits. This study showed that there
is no reason to change the standard energy concentration of finish-
ing diets of immunocastrates.
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Introduction

To prevent sexual and aggressive behaviour and the occurrence
of boar taint in pork, male pigs have been surgically castrated with-
out any pain relief for centuries (Bonneau and Weiler, 2019). Dur-
ing the last decades, alternatives for this traditional practice were
searched to ensure better animal welfare and maintain societal
acceptance of pork production. One of the possible alternatives is
the production of immunocastrates (ICs), a technique whereby
the pig itself produces antibodies that suppress testicular function,
induced by two vaccinations. After the second vaccination, the
male pigs exhibit less sexual and aggressive behaviour and the
development of boar taint is reduced (Rydhmer et al., 2010). At
the same time, feed intake increases sharply (Van den Broeke
et al., 2016), leading to extra fat deposition, which may be good
for meat quality, but less for feed efficiency compared to that of
entire male pigs (EM). Scientific knowledge on optimal manage-
ment of IC is limited. In this study, we focused on the feeding strat-
egy of IC, namely the energy concentration of the feed after the
second vaccination. It is well studied in gilts (GI) and barrows
(BA) that within the usual range of dietary energy concentration,
a decrease in energy density of the feed leads to a compensatory
increase in feed intake, although the compensation is not com-
plete, resulting in a slightly lower energy intake (Henry, 1985).
With the already very high feed intake in IC, the question rises
whether they too can react to a decreasing energy level with
increased feed intake or whether they already reached their max-
imal feed intake capacity. If the latter is the case, this could be a
strategy to improve energetic efficiency, if it does not affect other
quality parameters. In particular, a dietary shift and an alteration
of the fat metabolism may affect the palatability of the meat
(Škrlep et al., 2020b). In most studies, meat of GI and BA is more
tender and scores highest on several palatability parameters, while
meat of EM is least tender and has the lowest palatability, with IC
being intermediate (Van den Broeke et al., 2016; Poulsen Nautrup
et al., 2018). Pork of EM is often too lean and the fat contains a too
high proportion of unsaturated fatty acids to produce high-quality
meat products like dried hams (Tomažin et al., 2020), so a reduc-
tion in the energy intake of IC may lead to the same quality prob-
lems as pork of EM, which is not desirable. We therefore designed
an experiment to study the effect of dietary energy concentration
on performance and meat quality in BA and IC. As a reference, GI
and EM on a standard high-energy diet were included.
Material and methods

Experimental design

The experiment was performed at the Institute for Agricultural
and Fisheries Research (ILVO) research farm (Varkenscampus,
Melle, Belgium). The trial ran from 14/05/2018 until 16/10/2018
and was part of the project SuSI (ERA-NET SusAn). Animals were
studied between 10 weeks of age and slaughter. The four sexes
BA, IC, GI and EMwere raised and BA and IC were each divided into
two treatment groups: standard high-energy diet (HE) versus low-
energy diet (LE) in the finishing phase. The GI and EM all received
HE as they have already a lower voluntary feed intake. This
resulted in six treatment groups in total: BA on HE, BA on LE, IC
on HE, IC on LE, EM on HE and GI on HE. Pigs were allocated into
pens of six animals per pen of the same sex and diet treatment.
Each of the six treatment groups had eight pen replicates or 48 ani-
mals in total. The eight pens of each of the six treatment groups
were distributed in a balanced way over eight identical rooms of
eight pens per room and over three successive rounds. The remain-
ing pens per roomwere filled with pens of GI on HE, resulting in 12
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extra GI on HE pen replicates or 72 extra GI. In total, 360 animals
were studied.

Animals and management

The piglets used in the trial were born at ILVO and a crossing of
a Piétrain sire and a hybrid sow (partly TOPIGS 20, partly Ra-Se
genetics). All Piétrain sires used in this study were homozygous
stress positive for the RYR1 locus, whereas both dam breeds were
homozygous stress negative. As a result, all piglets were heterozy-
gous for the RYR1 locus. All treatment groups and pens were bal-
anced for sow line. Piglets of the same litter were divided into
the different sexes and treatment groups. Per litter, 1/3 of the male
piglets were castrated at birth and received 0.2 mL Metacam�

(Meloxicam, 5 mg/mL) as pain relief. Pigs were moved to the fat-
tening barn at 9 weeks of age, while the experiment started the
next week (10 weeks of age). The fattening barn consisted of eight
equal rooms with ground channel ventilation, within each room
eight pens measuring 2.0 m � 2.5 m with half slatted floors.

Immunocastrates received the first vaccination (Improvac�,
Zoetis Belgium, Louvain-la-Neuve, Belgium) at 13 weeks of age
and the second vaccination at 20 weeks of age. All pens of the same
round were vaccinated at the same time. According to manufac-
tures’ recommendation, the interval between second vaccination
and slaughter was 4–6 weeks. Pigs were slaughtered per pen (at
an average pen weight of 115 kg) in a commercial slaughterhouse
using carbon dioxide anaesthesia followed by exsanguination after
minimum 1 h of lairage. There were three slaughter sessions per
round. Not all treatments were represented at each slaughter ses-
sion, but there were always four out of six treatment groups repre-
sented at each slaughter occasion. Three animals did not complete
the trial and had to be euthanised due to disease of the animals.

Diets

During the grower-finisher period, all pigs received the same
starter diet between 9 and 15 weeks of age and grower diet
between 15 and 20 weeks of age. In the finishing phase, between
20 weeks of age and slaughter, two different diets were used to
study the effect of dietary energy concentration. Feed was provided
ad libitum via one feeding through fixed in front of the pen. Drink-
ing water was supplied ad libitum by a drinking nipple attached to
the wall in the back of the pen. Acid insoluble ash (silicium dioxide,
10 g/kg) was added as digestibility marker.

In the finishing phase, a HE of 10.2 MJ NE/kg and a LE of 8.8 MJ
NE/kg were used (Table 1). In the HE, the crude fat percentage was
higher and the crude fibre percentage was lower compared to the
low-energy diet while CP levels were identical. This was obtained
by a higher amount of corn, soybean meal and animal fat in HE
and a higher amount of sunflower meal, palm kernel expeller,
sugar beet pulp and rapeseed meal in the LE. The CP and standard-
ised ileal digestible amino acid concentrations were the same in
both diets, causing a higher amino acid: energy ratio in the LE diet.

Description of critical methods

Not all measurements were conducted on all animals in the
trial. An overview of the number of animals used per measurement
is given in Table 2.

Evaluation of performance
Pigs were weighed individually at the start of the trial, at

15 weeks of age, at 20 weeks of age and weekly from then on. Pigs
were also weighed just before fastening (16 h of fasting) and before
transport to the slaughterhouse. Feed intake was measured manu-
ally by weighing each given feed, and feed leftovers were weighed
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at the moment of pig weighing. Feed conversion ratio (FCR) was
calculated per pen and per period. Energy conversion ratio was cal-
culated as feed conversion ratio multiplied with the energy con-
centration of the diet. Average daily lean meat gain was
calculated as (lean meat at slaughter � lean meat at the beginning
of the grower phase)/(number of days between the beginning of
the grower phase and slaughter). Lean meat at slaughter was
defined as lean meat percentage � cold carcass weight. Lean meat
at the beginning of grower phase was assumed to be 45% BW
(Susenbeth and Keitel, 1988). Lean meat percentage was based
on AutoFOM III measurements in the slaughterhouse as described
later in this paper.
Evaluation of digestibility
At 12 weeks (during phase 1), 19 weeks (during phase 2),

22 weeks (during phase 3) and at slaughter, each time during four
Table 1
Ingredient and calculated* and analysed nutrient composition of the diets distributed
to pigs during their finishing period, expressed on fed basis.

Diet

Item HE LE

Ingredients
Barley (%) 20 20
Wheat (%) 33 34
Corn (%) 15 5
Soybean meal (%) 15 8
Wheat middlings (%) 0 5
Sunflower meal (%) 3 5
Sugar beet molasses (%) 4 4
Mixed fat (%) 3 0
Palm kernel expeller (%) 1 2
Sugar beet pulp (%) 1 6
Rapeseed meal (%) 1 6
SiO2 (%) 1 1
Premix (%) 1 1
Limestone (%) 1 1
Salt (%) 0.4 0.4
Phytase (%) 0.01 0.01
Methionine (%) 0.03 0.02
Valine (%) 0.02 0.01
Lysine (%) 0.26 0.34
Threonine (%) 0.06 0.08

Nutrient (g/kg unless otherwise mentioned)
DM 89.3 89.7
CP 15.9 15.9
Crude fat 5.1 2.0
Crude ash 5.2 5.7
Crude fibre 4.2 6.1
Starch 38.97 32.92
Sugars 5.7 6.3
ADF 5.12 7.87
ADL 0.93 1.71
NDF 10.42 15.11
Na* 1.85 1.85
K* 8.79 8.76
Cl* 4.13 4.25
Ca* 6.68 7.10
P* 3.67 4.50
Digestible P* 2.23 2.35
LYS* 8.71 9.01
SID LYS* 7.70 7.70
SID M + C/LYS* 0.62 0.62
SID THR/LYS* 0.65 0.65
SID TRP/LYS* 0.20 0.19
SID ILE/LYS* 0.56 0.55
SID LEU/LYS* 1.05 1.00
SID VAL/LYS* 0.67 0.67
SID HIS/LYS* 0.39 0.38
NEv* (MJ/kg) 10.2 8.8
Gross energy (kcal/kg) 4 001 3 868

HE = high-energy diet; LE = low-energy diet; SID = standardised ileal digestible;
LYS = lysine; M + C = methionine + cysteine; THR = threonine; TRP = tryptophan;
ILE = isoleucine; LEU = leucine, VAL = valine, HIS = histidine; NEv = net energy value.
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consecutive days, faecal samples were collected directly from the
rectum from at least two animals per pen. Samples from the 4 days
were pooled per pen. The samples were immediately homoge-
nised, frozen and stored at �20 �C and analysed after freeze-
drying by ILVO’s ANIMALAB (Melle, Belgium). The feeds and the
freeze-dried faecal samples were ground through a 1 mm screen
and analysed using accredited chemical analysis (ISO 17025) as
described in Paternostre et al. (2021).

Evaluation of carcass quality
Dressing percentage was calculated as the pig’s cold carcass

weight divided by their individual BW immediately before they
were transported to the slaughterhouse. The AutoFOM III system
(Carometec Food Technology, Herlev, Denmark) was used to mea-
sure muscle and fat thickness at the slaughter line as described by
Brøndum et al. (1998). The values were converted into lean meat
percentage using the equation approved by Regulation 2012/416/
EU (Commission of the European Communities, 2012). For each
carcass, the weight of the primal cuts was calculated based on
the AutoFom III data, according to the prediction formulas of the
Flemish government (Cel Begeleiding Karkasclassificatie, 2020).
These prediction formulas were generated by regression, based
on the commercial cut of the slaughterhouse, as previously
described by Van den Broeke et al. (2020).

Evaluation of meat and fat quality
pH was measured 35 min postmortem by puncturing the mus-

culus longissimus thoracis et lumborum around the 13th rib (3th or
4th last rib) of the left carcass side with a pH sensor (Type
HI98163 pH meter, Hannah Instruments, electrode FC2323),
directly at the slaughter line. In addition, two samples of
2 � 2 � 2 cm of subcutaneous neckfat were taken from all IC
and EM. The loin (musculus longissimus thoracis et lumborum) of
30 animals per treatment was collected 24 h postmortem. Per
pen, the pigs with the highest and lowest weight were not sam-
pled. The loin was trimmed of visible fat and the 15 cm in the mid-
dle of the loin was sliced into slices of 2.5 cm thickness. Slices were
then sorted per measurement in the same order for each animal, so
that each measurement was carried out at the same level of the
loin.

Instrumental quality
On one slice, the ultimate pH was measured 24 h postmortem. A

second slice was used to assess drip loss by the EZ-DripLoss
method as described by Christensen (2003). Cooking loss and
Warner-Bratzler shear force were measured according to Boccard
et al., (1981). Colour was determined on a third slice in duplicate
after 30 min blooming time with a reflection spectrophotometer
(HunterLab Miniscan, Reston, VA), giving the colour coordinates
L* (lightness), a* (redness), and b* (yellowness). Marbling score
and Japanese colour score were assessed by three experts of ILVO.
The Japanese Colour Standard comprises six tiles ranging from 1
(pale colour) to 6 (dark colour), with values of 3–5 considered
favourable, whereas values of 1 and 2 are associated with pale, soft
and exudative meat, and a value of 6 with dark, firm and dry meat.
Chemical composition of the loin, like protein, moisture, and intra-
muscular fat content was assessed using near-infrared spec-
troscopy by the Agricultural Institute of Slovenia as described by
Škrlep et al. (2020a). The fatty acid composition of the subcuta-
neous fat was determined with gas chromatography following lipid
transesterification as described by Škrlep et al. (2020a).

Sensory quality was evaluated by a trained panel and a con-
sumer panel. The meat sensory attributes of IC (2 diets), BA (2
diets) and EM (1 diet) were evaluated at ILVO by a panel of six
trained panellists as described by Van den Broeke et al. (2016). In
brief, fried odour, piggy odour, boar taint odour, manure odour,



Table 2
Overview of number of pigs or number of pens used per measurement.

Sex

Barrows Immunocastrates Entire male pigs Gilts

Item HE LE HE LE HE HE

Pens (n)
Pig performance 8 8 8 8 8 20
Digestibility 8 8 8 8 8 20

Pigs (n)
Behaviour 48 pigs 48 pigs 48 pigs 47 pigs 48 pigs NA
Carcass quality 48 pigs 48 pigs 46 pigs 47 pigs 48 pigs 120 pigs
Meat quality 30 pigs 30 pigs 30 pigs 30 pigs 30 pigs NA
Fat quality NA NA 46 pigs 47 pigs 48 pigs NA
Boar taint NA NA 46 pigs 47 pigs 48 pigs NA
Testes characteristics NA NA 46 pigs 47 pigs 48 pigs NA
Effectiveness of immunocastration NA NA 46 pigs 47 pigs NA NA

HE = high-energy diet (10.2 MJ net energy/kg); LE = low-energy diet (8.8 MJ net energy/kg); NA = not applicable.
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sweat odour, acid flavour, fried flavour, piggy flavour, boar taint
flavour, manure flavour, sweat flavour, toughness, juiciness, and
overall tastiness were evaluated on visual analogue scale from 0
(low, absent) to 100 (high). Samples were evaluated in 13 sessions
of 12 samples each, resulting in the evaluation of 30 samples per
treatment.

In addition, a preference test was carried out among consumers
to evaluate the effect of dietary energy on palatability within IC
and BA. Per session, two pairs of meat samples were offered to
three consumers, one pair of IC meat (HE and LE) and one pair of
BA meat (HE and LE). This was repeated 30 times, so 90 consumers
carried out the preference test. The uninformed consumers indi-
cated their preference in appearance and taste for one of the two
pieces (high- or low-energy feed) and then also assigned an overall
liking score on a scale from 1 to 7 for each piece of meat.
Sensory and chemical analysis of boar taint
The subcutaneous fat samples of IC and EMwere scored for boar

taint by a panel at ILVO using the hot iron method as described by
Aluwé et al. (2017). The panellists were trained as described by
Heyrman et al. (2018). In brief, each sample was scored on a 5-
point scale by at least two trained panellists on two consecutive
days. The average of the scores was considered as final score and
a final score above 1 was considered as boar taint. Chemical anal-
ysis of the subcutaneous fat samples of IC and EM to determine
androstenone, skatole and indole concentrations was performed
as described by Kress et al. (2020). In brief, androstenone, skatole
and indole concentrations were determined with HPLC (HP 1200,
Agilent Technologies, Waldbronn, Germany) equipped with a fluo-
rescence detector according to the procedures described in Pauly
et al. (2008).
Evaluation of behaviour and testicular function
At 22 weeks of age, 2 weeks after the second vaccination, each

pen of IC was observed for 50 minutes (three times 10 minutes
between 0900 h and 1100 h and two times 10 minutes between
1400 h and 1600 h) and each pen of BA and EM for 30 minutes
(three times 10 minutes between 0900 h and 1100 h). Continuous
recording of the social behaviour and instantaneous sampling of
the locomotor behaviour was used. The recordings were performed
on individual level. Therefore, per pen, every pig was marked with
a different colour on their back. The ethogram of the University of
Hohenheim (Germany) was used for the observations (Supplemen-
tary Table S1).

At one week before the first vaccination (12 weeks of age), one
week before the second vaccination (19 weeks of age), two weeks
after the second vaccination (22 weeks of age) and at slaughter, a
4

blood sample of all IC pigs was taken through venepuncture of
the jugular vein. The sample was collected in a 9-mL serum tube
with silicone-coated interior (BD Vacutainer� Plus Plastic Serum
Tubes, Becton Dickinson, New Jersey, VS). Sampling was performed
between 0800 h and 1200 h and the sample was maintained refrig-
erated until centrifugation. The serum was obtained by centrifuga-
tion for 10 minutes at 1 500g at 4 �C in the ILVO laboratory within 6
hours after sampling. Serum was divided into three aliquots and
stored at �80 �C until shipment to the laboratory of the University
of Hohenheim. Testosterone levels in plasma and gonadotropin-
releasing hormone (GnRH) binding in plasma were measured at
the laboratory of the University of Hohenheim as described in
Kress et al. (2020). In brief, an in-house assay, based on 125I-
GnRH, was used to determine the GnRH binding in plasma and a
radioimmunoassay was carried out to determine the testosterone
concentrations. Testes of IC and EMwere sampled at the slaughter-
house. Testes weight was registered and colour was assessed in
duplicate with the HunterLab Miniscan (CIE Lab-values L*, a* and
b*). Subsequently, the numerical total colour difference between
the treatments was calculated as described by Kowalski et al.
(2020). The difference in colour is visually detectable when the
numerical total colour difference is higher than 2. A visually
detectable colour difference between testes of IC and EM would
make it possible to discriminate immunocastrated male pigs from
non-immunocastrated pigs at the slaughter line.
Evaluation of economic sustainability
Economic parameters were calculated as described by Van den

Broeke et al. (2020).
In summary, the total feed cost per pig was calculated as the

feed intake per pen � price of the diet divided by the number of
pigs in that pen. Costs and revenues were determined on the basis
of the market situation at the time of the trial. The feed price per
tonne of the three-phase diet was €259 (first phase), €242 (second
phase), €229 (third phase HE) and €211 (third phase LE). The out-
put price per kilogram was calculated as the reference price per
kilogram (€1.5) plus premiums and discounts based on carcass
weight (Supplementary Table S2) and the carcass quality index
as applicable at the slaughterhouse. Entire male pigs with a cold
carcass weight of more than 100 kg receive a larger discount in
comparison to the other sexes. This particular slaughterhouse did
not penalise pig farmers with reductions for carcasses with boar
taint.
Evaluation of ecological sustainability
To define the Carbon footprint (CFP), of the different feeds, the

FeedPrint program (FeedPrint 2015.03, Blonk Milieuadvies and
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Wageningen UR Livestock research, The Netherlands) was used,
based on the sum of the CFP of the ingredients and their share in
the final feed composition (Vellinga et al., 2013). To calculate the
impact of land conversion during the past 20 years, i.e. land use
change, the crop-specific allocation method (PAS2050/1) was used.
The CFP was expressed in g CO2 eq/kg feed. The CFP of the pig’s
feed intake was expressed as g CO2 eq/kg carcass gain and calcu-
lated by multiplying the CFP of the feed by the feed intake (for each
feeding phase) and dividing it by the kg carcass gain over the
experiment. Carcass gain was calculated as cold carcass weight at
slaughter minus 72% of the pig’s BW at start of the experiment
(Wagner et al., 1999).

Nitrogen efficiency was defined as the efficiency with which
nitrogen ingested by the pig is converted into deposited nitrogen
in the body of the pig. It is therefore calculated as the nitrogen
accretion in the pig’s body during the growing-finishing phase
divided by the nitrogen intake by the pig during the growing-
finishing phase. Nitrogen accretion in the carcass was calculated
as [mean BW of the pen at slaughter, multiplied by nitrogen con-
centration of the carcass] minus [mean BW of the pen at start mul-
tiplied by nitrogen concentration of the pigs at start]. In a previous
trial (Van den Broeke et al., 2017), CP concentration of pigs at start
and at slaughter was determined by grinding carcasses of pigs of
25 kg, 105 kg, 117 kg and 130 kg. A subsample of 10 kg of each
grinded carcass was then autoclaved, mixed, lyophilised and anal-
ysed on water, CP, crude fat, crude ash and total phosphorus con-
centration. The CP concentration determined in that trial were
also used in this study: 16.9% for BA, 17.7% for EM, 17.8% for GI
and 17.5% for IC at slaughter and 15.59% for all sexes at start
(Van den Broeke et al., 2017). Nitrogen concentration was calcu-
lated as CP concentration divided by 6.25. Nitrogen intake was cal-
culated as the sum of feed ingested per feeding phase multiplied by
the nitrogen concentration of the particular feed for the three
phases.

Statistical analysis of results

Statistical analysis was performed using R (R Core Team, 2017).
The pen was considered the experimental unit for pig performance
and digestibility, animal was considered the experimental unit for
the other analyses. For the analysis of overall performance and per-
formance in the third phase, linear mixed models were fitted with
treatment group and BW at start as fixed effects and round as ran-
dom effect. For the analysis of carcass quality, linear mixed models
were fitted with treatment group and carcass weight as fixed
effects and round and pen as random effect. For the analysis of
meat quality, linear mixed models were fitted with treatment
group as fixed effects and slaughter date and pen as random effect.
For the analysis of the expert panels, linear mixed models were fit-
ted with treatment group as fixed effects and panel number as ran-
dom effect. For the analysis of the consumer preference test, linear
mixed models were fitted with sex, feed and the interaction term
sex � feed as fixed effects and the consumer as random effect. Data
were considered sufficiently normally distributed based on the
graphical evaluation (histogram and QQ plot) of the residuals. For
the behaviour analysis, as residuals were not normally distributed,
the data were logarithmically transformed and the results were
back transformed from the log scale. A generalised Poisson regres-
sion model was used with treatment group as fixed effects and
round and pen as random effects.

Effect of feed treatment per sex and effect of sex per feed treat-
ment were assessed by a posthoc test. Results were considered as
significant if P < 0.05. Potential outliers were identified by graphi-
cal representation (box plot). If a reason for the presence of an out-
lier was found (e.g. illness), this outlier was not retained in the
dataset.
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Results

Performance and digestibility

In the third feeding phase, when the high- and low-energy diets
were allocated, daily feed intake of the IC did not differ between HE
and LE (P = 1.000), while daily net energy intake (DNEI) (P < 0.001)
and daily gain (P = 0.030) were higher and FCR tended to be lower
(P = 0.077) for HE compared to LE (Table 3). In BA, the DNEI was
also higher for HE (P = 0.006) compared to LE, while other perfor-
mance parameters did not differ significantly. For the total
growing-finishing period, DNEI was higher and FCR was lower for
HE compared to LE in IC (P = 0.046).

When comparing the performance of BA and IC with GI and EM
fed HE, IC and BA demonstrated a higher daily feed intake in the
third phase compared to EM and GI. This led to a higher daily gain
in IC compared to BA, EM and GI. Consequently, EM and IC had a
lower FCR and energy conversion ratio compared to BA, with GI
as intermediates. For the total growing-finishing period, the higher
daily feed intake of IC was no longer observed, while the BA still
had a higher daily feed intake compared to EM, IC and GI. IC had
higher daily gain compared to EM and GI and BA had higher daily
gain compared to GI. No differences in daily lean meat gain were
observed. FCR and energy conversion ratio of IC and EM was lower
compared to BA and GI. No differences in apparent total tract
digestibility of the same feed were observed between sexes, while
apparent total tract digestibility differed between the diets: appar-
ent total tract digestibility of crude fat, CP and organic matter were
lower in the LE compared to HE (P < 0.001) (Table 4).
Carcass quality

BW before fasting and cold carcass weight were comparable
between treatment groups, except for IC of the LE group that was
slightly lower (Table 5). BA lost significantly more weight due to
fasting on LE compared to HE (P < 0.001). Entire male pigs lost
1.6 and 0.6 kg less weight during fastening compared to IC
(P < 0.001) and GI (P = 0.052), respectively, but dressing percentage
was lower for IC and EM compared to BA and GI. No statistically
significant differences were observed in carcass quality between
HE and LE within the same sex. Fat thickness, ham thickness, per-
centage of loin and belly were higher, while lean meat percentage
and percentage of shoulder were lower in BA compared to EM with
IC as intermediates. Gilts differed significantly for all these param-
eters from BA and their carcass quality was mostly comparable to
EM. For ham thickness, loin and shoulder percentage, GI were like-
wise IC, intermediate between BA and EM. Muscle thickness of EM
was lower compared to BA, IC and GI. Ham percentage of GI was
higher compared to BA and EM.
Meat and fat quality

No big differences in instrumental meat quality measurements
were observed (Table 6). Pork of IC had a lower IMF compared to
BA on HE, while IMF did not significantly differ between IC and
BA on LE. Water percentage of pork on the other hand was higher
for IC than BA on LE, but did not significantly differ on HE. Diet had
a small influence on the fat composition in IC. Monounsaturated
fatty acids were higher in IC on HE compared to LE. The fat compo-
sition of EM differed substantially from fat of IC, independently of
the diet. Unsaturated fatty acids (monounsaturated and polyunsat-
urated fatty acids) were higher and saturated fatty acids lower in
EM compared to IC. In the group of the unsaturated fatty acids,
both n-3 and n-6 polyunsaturated fatty acids levels were higher



Table 3
Pig performance results (arithmetic means) of barrows, immunocastrates, entire male pigs and gilts according to dietary energy level in the finishing feeding phase (20 weeks –
slaughter) and the total fattening period (10 weeks – slaughter).

Sex1

Barrows Immunocastrates Entire male pigs Gilts

Item HE LE HE LE HE HE SEM P-value2

Pens (n) 8 8 8 8 8 20
3rd phase
ADFI (kg/day) 2.82b 2.92b 2.97b 3.00b 2.48a 2.48a 0.040 <0.001
DG (kg/day) 0.95a 0.92a 1.17c 1.07b 0.99ab 0.91a 0.015 <0.001
FCR (kg/kg) 2.97cd 3.18d 2.56ab 2.81bc 2.51a 2.73abc 0.036 <0.001
DNEI (MJ/day) 28.7bc 25.8a 30.3c 26.4ab 25.3a 25.3a 0.36 <0.001
ECR (MJ/kg) 30.18c 28.09bc 25.98ab 24.79a 25.48ab 27.72bc 0.320 <0.001

Total period
ADFI (kg/day) 2.20c 2.28c 2.04ab 2.07b 1.91a 1.95ab 0.022 <0.001
DG (kg/day) 0.90bc 0.90bc 0.89c 0.86abc 0.85ab 0.82a 0.008 <0.001
DLMG (kg/day) 0.42 0.42 0.42 0.41 0.42 0.41 0.002 0.484
FCR (kg/kg) 2.45cd 2.55d 2.28a 2.39bc 2.26ab 2.39c 0.016 <0.001
DNEI (MJ/day) 66.7c 64.9bc 61.9b 58.0a 56.8a 57.3a 0.72 <0.001
ECR (MJ/kg) 24.72b 24.24b 23.03a 22.53a 22.82a 24.16b 0.150 <0.001

HE = high-energy diet (10.2 MJ net energy/kg); LE = low-energy diet (8.8 MJ net energy/kg); DG = daily gain; ADFI = average daily feed intake, expressed on fed basis;
FCR = feed conversion ratio; DNEI = daily net energy intake, ECR = energy conversion ratio; DLMG = daily lean meat gain.
a–dValues within a row with different superscripts differ significantly at P < 0.05.

1 Between feeds in the same sex, values indicated in bold differ at P < 0.05 and indicated in italics at P < 0.1.
2 P-value of treatment effect (which includes sex and diet within sex for barrows and immunocastrates)

Table 4
Apparent total tract digestibility (%) of barrows, immunocastrates, entire male pigs and gilts according to dietary energy level in the finishing feeding phase (arithmetic means).

Sex1

Barrows Immunocastrates Entire male pigs Gilts

ATTD (%) HE LE HE LE HE HE SEM P-value2

Pens (n) 8 8 8 8 8 20
Crude fat 77b 53a 77b 53a 78b 79b 2.0 <0.001
Crude fibre 31 31 25 31 30 29 0.1 0.375
CP 80c 75ab 79bc 74a 81c 81c 0.5 <0.001
Organic matter 86b 81a 85b 81a 86b 85b 0.4 <0.001
NSP 58 61 58 61 60 56 0.8 0.393
NDF 38 44 38 46 35 42 1.2 0.136
ADF 29 36 31 40 20 33 2.0 0.187

HE = high-energy diet (10.2 MJ net energy/kg); LE = low-energy diet (8.8 MJ net energy/kg); ATTD = apparent total tract digestibility; NSP = non-starch polysaccharides.
a–cValues within a row with different superscripts differ significantly at P < 0.05.

1 Between feeds in the same sex, values indicated in bold differ at P < 0.05 and indicated in italics at P < 0.1.
2 P-value of treatment effect (which includes sex and diet within sex for barrows and immunocastrates).

Table 5
Carcass quality traits of barrows, immunocastrates, entire male pigs and gilts according to dietary energy level of the finishing feeding phase (arithmetic means).

Sex

Barrows Immunocastrates Entire male pigs Gilts

Item HE LE HE LE HE HE SEM P-value1

Animals (n) 48 48 46 47 48 120
BW before fastening (kg) 118 119 118 115 118 117 0.5 0.495
Weight loss fastening (kg) 3.8ab 5.5c 4.7bc 5.3c 3.1a 3.7ab 0.10 <0.001
Cold carcass weight (kg) 91b 90b 88ab 85a 89ab 91b 0.4 <0.001
Dressing percentage (%) 80.0b 79.7b 78.0a 77.5a 77.7a 79.6b 0.08 <0.001
LMP (%) 60a 61ab 63bc 64cd 65e 64de 0.1 <0.001
Ham thickness (mm) 20d 19cd 17bc 14b 12a 15b 0.3 <0.001
Muscle thickness (mm) 66b 66b 63b 62b 60a 66b 0.3 <0.001
Fat thickness (mm) 11d 10cd 9bc 8ab 7a 8a 0.1 <0.001
Loin (kg/100 kg CC) 18.2d 18.1cd 17.9bc 17.7b 17.3a 17.9bc 0.03 <0.001
Shoulder (kg/100 kg CC) 13.6a 13.6ab 13.6bc 13.7cd 13.8d 13.7cd 0.01 <0.001
Belly (kg/100 kg CC) 10.4d 10.3cd 10.1bc 9.9ab 9.8a 9.9a 0.02 <0.001
Ham (kg/100 kg CC) 25.1a 25.1a 25.3ab 25.4ab 25.2a 25.5b 0.03 <0.001

HE = high-energy diet (10.2 MJ net energy/kg); LE = low-energy diet (8.8 MJ net energy/kg); LMP = lean meat percentage; CC = cold carcass weight.
a–eValues within a row with different superscripts differ significantly at P < 0.05.

1 P-value of treatment effect (which includes sex and diet within sex for barrows and immunocastrates).
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Table 6
Meat quality traits of barrows, immunocastrates and entire male pigs according to dietary energy level of the finishing feeding phase (arithmetic means).

Sex1

Barrows Immunocastrates Entire male pigs

Item HE LE HE LE HE SEM P-value2

Animals (n) 30 30 30 30 30
Meat quality
pH45 6.33 6.30 6.39 6.32 6.34 0.02 0.402
pHu 5.41 5.39 5.42 5.37 5.47 0.01 0.521
Marbling score3 1.6 1.8 1.6 1.6 1.5 0.05 0.294
IMF (%) 2.53c 2.27bc 1.99ab 1.85ab 1.63a 0.06 <0.001
Shear force (n) 53 52 57 57 51 0.9 0.200
Japanese colour score4 2.1 2.0 1.9 1.8 2.1 0.05 0.296
Meat Colour L* 54 53 53 54 51 0.3 0.093
Meat Colour a* 8.3 8.1 8.2 8.0 9.6 0.12 0.337
Meat Colour b* 17 17 17 17 17 0.1 0.232
Protein percentage (%) 23.5 23.5 23.1 23.3 23.0 0.1 0.233
Water percentage (%) 74.3ab 73.9a 74.9bc 74.9bc 75.5c 0.1 <0.001
Drip loss (%) 7.4 6.5 7.1 8.3 7.1 0.18 0.259
Cooking loss (%) 30ab 29a 31ab 30b 30b 0.3 0.024
Thawing loss (%) 17 16 16 18 17 0.2 0.335

Fat quality
SFA (g/100 g fat) 38b 38b 35a 0.2 <0.001
MUFA (g/100 g fat) 46b 45a 47c 0.2 <0.001
PUFA (g/100 g fat) 17.5a 17.6a 18.8b 0.12 <0.001
n-3.PUFA (g/100 g fat) 2.1a 2.1a 2.4b 0.03 0.002
n-6.PUFA (g/100 g fat) 16a 16a 17b 0.1 0.001
n-6:n-3 PUFA ratio 7.9b 7.5b 6.9a 0.09 <0.001

HE = high-energy diet (10.2 MJ net energy/kg); LE = low-energy diet (8.8 MJ net energy/kg); IMF = intramuscular fat percentage; pH45 = the pH measured at 45 min
postmortem; pHu = the ultimate pH, measured at 24 h postmortem; Meat colour L* a* b* = CIELAB colour space values; SFAs = saturated fatty acids; MUFAs = monounsat-
urated fatty acids; PUFAs = polyunsaturated fatty acids
a–cValues within a row with different superscripts differ significantly at P < 0.05.

1 Between feeds in the same sex, values indicated in bold differ at P < 0.05 and in italics at P < 0.1.
2 P-value of treatment effect (which includes sex and diet within sex for barrows and immunocastrates).
3 Marbling score (scale 1–7).
4 Japanese colour score (scale 1–6).
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while the n-6:n-3 polyunsaturated fatty acid ratio was lower in EM
compared to IC.

Sensory meat quality parameters assessed by ILVO experts did
not significantly differ between BA and IC on HE (Table 7). How-
ever, meat of IC fed on LE had a lower ‘‘baking flavour”
(P = 0.037) and tended to have a lower ‘‘baking odour”
(P = 0.089), a higher ‘‘piggy flavour ‘‘(P = 0.086) and a lower ‘‘overall
tastiness” (P = 0.057) compared to BA on LE. Sensory quality also
differed between the EM, IC and BA on HE, with a lower ‘‘overall
Table 7
Sensory analysis of meat from barrows, immunocastrates and entire male pigs, scored on a v
dietary energy level of the finishing feeding phase (arithmetic means).

Sex1

Barrows Immunocastrat

Item HE LE HE

Animals (n) 30 30 30
Baking odour 29.8 33.2 29.5
Piggy odour 21.7 21.5 22.9
Boar taint 1.4a 0.7a 2.3a

Toughness 46.4a 49.4ab 52.1ab

Juiciness 45.1 43.8 44.1
Baking flavour 25.0ab 30.1b 25.6ab

Piggy flavour 24.4 22.7 26.3
Boar taint flavour 1.0a 0.9a 1.4a

Acid flavour 11.2 10.4 11.5
Overall tastiness 46.0b 47.8b 44.3b

HE = high-energy diet (10.2 MJ net energy/kg); LE = low-energy diet (8.8 MJ net energy
a,bValues within a row with different superscripts differ significantly at P < 0.05.

1 Between sex on the same feed, values indicated in bold differ at P < 0.05 and indica
2 P-value of treatment effect (which includes sex and diet within sex for barrows and
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tastiness” for EM compared to BA and IC. ‘‘Toughness” of EM was
higher compared to BA and also ‘‘boar taint odour” and ‘‘boar taint
flavour” were higher in EM compared to the BA and IC. The con-
sumer preference test did not indicate significant differences
between dietary treatments within IC or EM. Among the meat from
IC, the taste preference was only slightly but not significantly
higher for the HE (51.1%) compared to the LE (47.8%) (Fig. 1). For
BA, this was 53.3%, compared to 45.6% for HE and LE, respectively,
neither a significant difference. The score for ‘‘general palatability”
isual analogue scale from 0 (low, absent) to 100 (high) by a trained panel according to

es Entire male pigs

LE HE SEM P-value2

30 30
24.3 28.6 1.12 0.163
25.7 25.6 0.81 0.221
2.2a 6.8b 0.43 <0.001
49.5ab 56.0b 0.94 0.016
47.8 42.5 0.80 0.210
20.6a 27.1ab 1.08 0.077
27.8 27.7 0.84 0.088
2.4a 7.0b 0.39 <0.001
12.1 11.5 0.40 0.620
42.8ab 38.0a 0.67 <0.001

/kg).

ted in italics at P < 0.1.
immunocastrates).



Fig. 1. Results of preference test. The overall tastiness score (A) and the percentage of consumers (B) that preferred the meat of pigs fed a high (HE; 10.2 MJ net energy /kg) or
low (LE; 8.8 MJ net energy /kg) energy diet assessed within the same sex: barrows or immunocastrates (ICs).

Table 8
Behaviour indicators of barrows, immunocastrates and entire male pigs according to dietary energy level of the finishing feeding phase at 22 weeks of age (least square means).

Sex

Barrows Immunocastrates Entire male pigs

Item HE LE HE LE HE SEM P-value1

Animals (n) 48 48 46 47 48
Rate (times/h)
Aggressive behaviour 2.6ab 1.7a 2.0a 2.2ab 4.7b 0.24 0.006
Defensive behaviour 0.2 0.1 0.0 0.1 0.0 0.03 0.308
Nosing 3.5 2.0 3.5 3.5 3.8 0.26 0.291
Sexual behaviour 0.3a 0.1a 0.2a 0.2a 4.5b 0.25 <0.001
Play 0.0 0.0 0.0 0.0 0.0 0.02 0.999
Behavioural problems 3.5 3.8 3.3 3.6 5.5 0.43 0.193

Percentage of animals per behaviour
Active behaviour 27ab 23ab 18a 21a 35b 1.50 <0.001
Feeding behaviour 6 4 6 6 5 0.54 0.251
Inactive behaviour 25ab 30b 33b 30b 19a 1.65 <0.001

HE = high-energy diet (10.2 MJ net energy/kg); LE = low-energy diet (8.8 MJ net energy/kg).
a,bValues within a row with different superscripts differ significantly at P < 0.05.

1 P-value of treatment effect (which includes sex and diet within sex for barrows and immunocastrates).
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did also not differ significantly between the sexes (P = 0.428) or
feed treatments (P = 0.751).
Behaviour, testicular function and immune response

Two weeks after the second vaccination and start of different
feed treatments, behavioural observations were done. No differ-
ences in any type of behaviour in the same sex fed a different
energy level were observed (Table 8). Entire male pigs showed a
higher rate of sexual behaviour and active behaviour compared
to IC and BA. Aggressive behaviour of EM was also significantly
higher compared to BA on LE (P = 0.008) and IC on HE
(P = 0.024) and tended to be higher compared to IC on LE
(P = 0.058). No differences in testes weight, testes colour, preva-
lence of boar taint and boar taint compounds between ICs on HE
or LE could be observed (Table 9). Entire male pigs differed on
almost all testicular parameters from IC. In comparison with IC,
they had higher testes weight, testes colour a*, boar taint score
and prevalence, androstenone and skatole level in fat and a lower
testes colour L* and b*. The numerical total colour difference
between EM and IC was 8, far above the threshold of 2, so colour
difference between testes of EM and IC was visually observable.
No differences between ICs on HE or LE on the serum levels of
GnRH and testosterone and the percentage of GnRH binding were
observed at any time point (Fig. 2). Before the first vaccination,
GnRH binding was below 5.5% in all animals and started to
increase after the first vaccination, although there was a large vari-
ation in GnRH binding between the different individuals at that
time point. After the second vaccination, GnRH binding increased
to a maximum and stayed on a similarly high level until slaughter
(Table 9). At two weeks postsecond vaccination, GnRH binding of
all animals except one was above 30%, and at slaughter, all animals
had GnRH binding above 30%.

Serum testosterone levels of IC increased from one week prior
to the first vaccination to one week prior to the first vaccination
(P < 0.001), with large variation between animals on both time
points. After the second vaccination, the serum testosterone levels
decreased significantly (P < 0.001; data not shown) and stayed low
(below 1 ng/ml) until slaughter for all pigs with the exception of
two pigs (one on HE and one on LE, marked in red in Fig. 2). For
both pigs, serum testosterone levels did not decrease after second
vaccination, while GnRH-binding percentage was above 35%
Table 9
Testes characteristics, serum testosterone level and boar taint at slaughter of immunocas
phase (arithmetic means).

Sex

Immunocastrates

Item HE LE

Paired testes weight (g) 273a 245
Testes Colour L* 52b 52b

Testes Colour a* 13b 14b

Testes Colour b* 17b 16b

Serum testosterone level at slaughter (ng/ml) 0.22 0.1
GnRH binding at slaughter (%) 45.1 43.
Boar taint score2 0.02a 0.0
Boar taint prevalence3 (%) 0a 0a

Indole in fat (mg/g fat) 0.30 0.4
Androstenone in fat (mg/g fat) 0.02a 0.0
Skatole in fat (mg/g fat) 0.14a 0.1

HE = high-energy diet (10.2 MJ net energy/kg); LE = low-energy diet (8.8 MJ net energy/k
space values.
a,bValues within a row with different superscripts differ significantly at P < 0.05.

1 P-value of treatment effect (which includes sex and diet within sex for immunocast
2 Scored on a scale from 0 (no taint) to 4 (strong).
3 Prevelance of an average score above 1.
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2 weeks after second vaccination (36 and 38%, respectively), and
above 30% at slaughter (34 and 30%, respectively). At slaughter,
these were the only pigs with serum testosterone levels above
1 ng/ml (3.12 and 6.38 ng/ml, respectively). The testes weight at
slaughter of both pigs was also very high compared to the other
ICs and both pigs were the only IC that had androstenone levels
in fat above the limit of detection (0.67 and 1.31 mg/g fat, respec-
tively). Other parameters like LMP (65.2 and 64.1%, respectively),
aggressive behaviour (1.44 and 0 times/hour, respectively) or sex-
ual behaviour (0 and 1.44 times/hour, respectively) did not differ
notably from the other pigs of the same treatment.

Economic and ecological sustainability

Gilts had a higher output price per kilogram cold carcass weight
compared to BA, IC and EM (Table 10). Output price and feed cost
per kilogram cold carcass weight did not differ between the feed-
ing strategies. Nitrogen efficiency was higher and tended to be
higher on the HE compared to LE in IC (P = 0.010) and BA
(P = 0.058), respectively. Entire male pigs and IC had better nitro-
gen efficiency compared to BA on HE. Gilts had worse nitrogen effi-
ciency compared to EM but did not differ from BA and IC. The CFP
per kg of carcass gain (inclusive land use change) on LE was lower
or tended to be lower compared to HE in IC (P = 0.033) and BA
(P = 0.061), respectively. No differences between the diets were
observed when land use change was excluded from the CFP calcu-
lations. Entire male pigs and IC had a better CFP per kg of carcass
(exclusive and inclusive land use change) compared to BA on the
same HE.
Discussion

Effect of dietary energy concentration on performance and carcass
quality

It is generally assumed that animals compensate for a lower
dietary energy concentration by a higher feed intake to result in
a similar daily energy intake (Henry, 1985; Schinckel et al.,
2012), but whether or not that compensation also occurs in ICs that
already show an increased feed intake after second vaccination,
remained uncertain. In EM, androgens and oestrogens, produced
by the testes, suppress appetite, and once the hypothalamic–pitui
trates and entire male pigs, according to dietary energy level of the finishing feeding

Entire male pigs

HE SEM P-value1

a 713b 22.0 <0.001
45a 0.5 <0.001
16a 0.2 <0.001
15a 0.2 <0.001

9 0.067 0.803
0 0.60 0.886
2a 0.33b 0.026 <0.001

15b 1.6 0.006
5 0.32 0.023 0.245
3a 2.34b 0.152 <0.001
6a 0.31b 0.018 0.003

g); GnRH = gonadotropin-releasing hormone; Testes colour L* a* b* = CIELAB colour

rates).



Fig. 2. Results of gonadotropin-releasing hormone (GnRH) binding (A) and testosterone levels (B) at one week before the first vaccination (V1-1w), one week before the
second vaccination (V2-1w), two weeks after the second vaccination (V2 + 2w) and at slaughter (S) and androstenone levels (C) and paired testes weight (D) of
immunocastrates (ICs) and entire male pigs, according to dietary energy level. Non-responders are marked in red, and the mean is marked as a grey triangle.

Table 10
Evaluation of economic and ecological impacts of barrows, immunocastrates and entire male pigs according to dietary energy level of the finishing feeding phase (arithmetic
means).

Sex1

Barrows Immunocastrates Entire male pigs Gilts

Item HE LE HE LE HE HE SEM P-value2

Animals (n) 48 48 46 47 48 120
Economic results
Output price (€/kg) 1.59a 1.61a 1.61a 1.61a 1.60a 1.64b 0.002 <0.001
Feed cost (€/kg) 0.61ab 0.62b 0.58a 0.60ab 0.58a 0.60ab 0.004 <0.001

Ecological results
N efficiency (%) 43a 40a 48cd 45b 49d 46bc 0.4 <0.001

Carbon Footprint per carcass gain
Excluding land use change (CO2 eq/kg) 2.06bc 2.11c 1.94a 2.00ab 1.91a 1.97a 0.012 0.004
Including land use change (CO2 eq/kg) 3.56c 3.40bc 3.39b 3.22a 3.35ab 3.46bc 0.018 <0.001

HE = high-energy diet (10.2 MJ net energy/kg); LE = low-energy diet (8.8 MJ net energy/kg).
a–dValues within a row with different superscripts differ significantly at P < 0.05.

1 Between feeds in the same sex, values indicated in bold differ at P < 0.05 and indicated in italics at P < 0.1.
2 P-value of treatment effect (which includes sex and diet within sex for barrows and immunocastrates).
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tary–gonadal axis is blocked by the production of sufficient GnRH-
antibodies after the second vaccination in IC, their voluntary feed
intake rises to levels even higher than BA (Van den Broeke et al.,
2016). Usually, energy concentration of the feed is the main driver
to regulate feed intake, but only when the digestive tract has not
yet reached the maximum capacity (Quiniou and Noblet, 2012).
We hypothesised that feed intake in IC increases until maximal
gastrointestinal filling is reached and therefore, that they – in con-
trast to BA– would not be able to respond to lower dietary energy
level with an increased feed intake. The results of this study were
10
mostly in line with this hypothesis (Supplementary Fig. S1). On
both diets, IC had a voluntary feed intake of approximately 3 kg,
which is high for progeny of stress positive Piétrain boars
(Labroue et al., 1999). As a result, the daily energy intake of IC
was higher on HE compared to LE, which resulted in a higher daily
gain and an FCR comparable to EM on HE. With similar daily amino
acid and higher energy intake, HE led to higher fat deposition and
thus faster growth in comparison with LE. Therefore, one could
expect a lower FCR but higher energy conversion ratio in HE vs
LE. No difference between EM and IC in FCR after the second vac-
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cination was already observed in previous studies by Van den
Broeke et al. (2016) but in most other studies, FCR of IC is worse
compared to EM (Millet et al., 2011; Dunshea et al., 2013). Feed
conversion ratio is mainly affected by four factors: (1) the distribu-
tion of energy between maintenance and growth requirements, (2)
the energy cost for fat and muscle deposition (3) gut filling and (4)
activity level (Millet et al., 2011). Immunocastrates have an
increased daily feed intake, daily gain and gut filling compared to
EM which has a positive effect on feed efficiency but this is coun-
teracted by the higher energy cost for fat deposition of IC compared
to EM. In this trial, the daily gain of IC on HE was high enough to tip
the balance to a similar FCR as the EMwhich was not the case for IC
on LE. Surprisingly, in BA, an increased feed intake of animals on LE
could not be demonstrated.
Effect of dietary energy concentration on meat quality

During the total period, energy intake of BA was higher com-
pared to EM with IC as intermediates, as seen in many studies
(Millet et al., 2011; Batorek et al., 2012; Van den Broeke et al.,
2016). Consequently, one can expect that the extra-ingested
energy was used to deposit more fat, both intramuscularly and in
the carcass. This effect is expected because BA lack the anabolic
effect of testosterone which increases muscle accretion and dimin-
ishes fat deposition in EM and IC before the second vaccination
(Millet et al., 2011). In this study, parameters related to fatness like
LMP, IMF, fat thickness, belly percentage are all in line with that
assumption and significant differences between sexes were in
the order of BA > IC > EM. Although no statistical differences
between HE compared to LE were observed for all those meat
and carcass parameters mentioned above, the same order for all
parameters could be observed numerically: BA HE > BA LE > IC
HE > IC LE > EM. Our hypothesis that the carcass and meat palata-
bility of IC on HE would shift more towards BA and IC on LE more
towards EM, and that therefore HE could improve the palatability
of IC, could not be confirmed. There are however several indica-
tions in favour of this hypothesis. The trained expert panel noticed
a difference in ‘‘overall tastiness”. It was lower in IC compared to
BA on LE but not on HE, and even decreased so that IC on LE did
not differ significantly from EM. Factors influencing this ‘‘overall
tastiness” that also differed between IC and BA on LE were the
attributes ‘‘baking odour” and ‘‘baking flavour” that were mostly
related to a higher ‘‘overall tastiness” and ‘‘piggy flavour” which
has mostly a negative impact on ‘‘overall tastiness”.

Not only the amount of fat in the meat and carcass differed
between the sexes and diets but also the composition of the fat.
The fat of EM is more unsaturated and has a lower n-6:n-3 polyun-
saturated fatty acid ratio compared to IC, which is in line with the
results of Pauly et al. (2009) and Škrlep et al. (2020a) who state
that saturated and monounsaturated fatty acids are de novo syn-
thesised in contrast to polyunsaturated fatty acids and therefore,
an increase in carcass fatness leads to an increase in the proportion
of saturated and monounsaturated fatty acids and a decrease in the
proportion of polyunsaturated fatty acids. This can also explain
why monounsaturated fatty acids were higher in IC on HE com-
pared to LE. A higher unsaturated fat concentration and a lower
n-6:n-3 polyunsaturated fatty acid ratio in meat are believed to
be healthier for human consumption as a high consumption of sat-
urated fatty acids is associated with diseases like coronary heart
disease and strokes (Wood et al., 2004). On the other hand, a higher
proportion of saturated fatty acids is beneficial for the production
of high-quality products like dried ham because of the lower inci-
dence of oxidation which causes rancidity and a better tissue cohe-
sion (Škrlep et al., 2020b) making IC more suitable than EM for this
type of products.
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Evaluation of effectiveness of immunocastration

Male pigs are castrated to avoid aggressive behaviour as well as
boar taint in their meat. In this study, immunocastration was effec-
tive in avoiding these undesired male characteristics. EM showed
more sexual, aggressive and active behaviour compared to IC as
demonstrated before (Rydhmer et al., 2006; Zamaratskaia et al.,
2008). Boar taint prevalence dropped from 15% in EM to 0% in IC
and also several testes characteristics that imply testicle atrophy
like a change in testes colour and weight were present in IC. No
effect of diet could be observed on the effectiveness of the
immunocastration. Diets with decreased energy concentration
often have a positive effect on animal welfare because, mostly,
low-energy diets are obtained by inclusion of fibre-rich ingredients
which improve the satiety of the pigs (de Leeuw et al., 2008).
Therefore, behaviour of the pigs was also investigated in this study,
to make sure that a diet with a positive effect on performances
does not counteract to animal welfare. No differences in behaviour
between the diets were observed, so none of the diets is preferable
based on the observed behaviours from an animal welfare point of
view.

Although immunocastration was successful in reducing aggres-
sive behaviour as well as boar taint in the group of IC pigs, in two
out of 96 immunocastrated pigs, the treatment response was not
satisfactory. In these two animals, the vaccination did trigger the
immune response and pigs developed GnRH-antibodies with bind-
ing of GnRH above 35% two weeks after the second vaccination but
nevertheless this immune response failed to effectively suppress
gonadal activity as they kept heavy testes and high serum testos-
terone levels. However, increased sexual or aggressive behaviour,
as seen in some EM, was not observed in these two pigs. Although
non-responders are occasionally mentioned in literature (Bonneau,
2010; Čandek-Potokar et al., 2014), it is not always clear if pigs are
real non-responders or were not well vaccinated appropriately,
especially if vaccination is performed under field conditions. In this
trial, the gonadal parameters of the non-responders are in line with
the well described non-responders in the study of Zeng et al.
(2002) with high testosterone levels and detectable levels of
androstenone in the fat, but in that study, GnRH-antibody titres
were detectable but low in contrast to the titres in this study.
We suppose that a binding of GnRH above 35% is appropriate to
reduce gonadal axis activity in almost all animals, but it may not
be sufficient in all individuals. Probably some animals would
require higher antibody levels for gonadal suppression. Further
research to clarify which threshold of GnRH binding is required
to suppress gonadal activity is needed and therefore we recom-
mend to include the assessment of GnRH binding in future studies
involving immunocastration. Multiple studies state that assessing
testes weight at the slaughter line is not a good discriminator
between IC and EM, because variation in age, weight, genotype
and rearing conditions would result in overlapping of the testes
weights of IC and EM (Bonneau, 2010; Čandek-Potokar et al.,
2014). In this case, however, it is clear that testes weight was an
excellent predictor to identify non-responders within a batch of
IC pigs (Fig. 2).

Effect of dietary energy concentration on economic and ecological
sustainability

Feed cost and output price per produced kg of cold carcass were
calculated for all treatments but for both parameters, no differ-
ences were demonstrated between feeding strategies in the same
sex. Nevertheless, this study has made clear that within this study
design, there is no economic benefit of raising IC on LE compared to
HE, and that the same is true for BA. On ecological level, nitrogen
efficiency of IC and BA on HE was better compared to LE. As the



A. Van den Broeke, M. Aluwé, K. Kress et al. Animal 16 (2022) 100437
protein level of both diets was kept similar (15.9%) and FCR was
better on HE compared to LE, this was to be expected, since we
assumed a similar nitrogen concentration in their carcass. Assum-
ing that energy concentration would not affect the feed intake in
IC, we kept the amino acid levels per kg diet and thus daily amino
acid intake similar, which means a higher amino acid: energy ratio
in the LE diet. The differences in nitrogen efficiency between the
sexes, observed in this study, are also in line with literature and
are mostly a result of the differences in FCR (Millet et al., 2018).
However, not all ecologic parameters in this study were positive
in the case of HE. The CFP per carcass gain inclusive land use
change was lower on LE, which is ecologically beneficial. As within
IC and BA, no diet difference could be demonstrated for CFP per
carcass gain excluding land use change, it is clear that land use
change plays a big role in that difference. For example, land use
change is an important factor in the CFP of soybean, as the cultiva-
tion in Argentina and Brazil is a major cause of tropical deforesta-
tion (Persson et al., 2014). If the extra amount of soybean in the HE
diet would be cultivated in the EU, where it does not cause land use
change, there would probably not be a difference in CFP inclusive
land use change per carcass gain between the diets.
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