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Review 

How to Improve Meat Quality and Welfare in Entire Male Pigs 
by Genetics 
Catherine Larzul 

GenPhySE, Université de Toulouse, French National Institute for Agriculture, Food, and Environment INRAE, 
ENVT, 31326 Castanet-Tolosan, France; catherine.larzul@inrae.fr 

Simple Summary: Successful breeding of entire male pigs needs a better understanding of factors 
driving meat quality and behavior traits as entire male pigs have lower meat quality, including an 
occasional strong defect known as boar taint, and more aggressive and sexual behavior. The review 
provides an update on how genetic factors affecting boar taint compounds and aggressive behavior 
in male pigs with emphasis on application in selection. 

Abstract: Giving up surgical castration is desirable to avoid pain during surgery but breeding entire 
males raises issues on meat quality, particularly on boar taint, and aggression. It has been known 
for decades that boar taint is directly related to sexual development in uncastrated male pigs. The 
proportion of tainted carcasses depends on many factors, including genetics. The selection of lines 
with a low risk of developing boar taint should be considered as the most desirable solution in the 
medium to long term. It has been evidenced that selection against boar taint is feasible, and has been 
set up in a balanced way in some pig populations to counterbalance potential unfavorable effects 
on reproductive performances. Selection against aggressive behaviors, though theoretically feasible, 
faces phenotyping challenges that compromise selection in practice. In the near future, new devel-
opments in modelization, automatic recording, and genomic data will help define breeding objec-
tives to solve entire male meat quality and welfare issues. 
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1. Introduction 
Public pressure to abandon castration has led stakeholders within the European Un-

ion to sign a voluntary declaration to end pig surgical castration. Giving up surgical cas-
tration will improve animal welfare owing to pain reduction during surgery, although 
aggression and mounting behavior may be detrimental to animal welfare in entire males 
during the finishing period. It will be beneficial for pig breeders as castration is an un-
pleasant task and non-castrated male pigs are more feed efficient, grow faster, and are 
leaner than castrates. It will also be beneficial for environment as entire male pigs excrete 
less nitrogen and phosphorus and have a lower contribution to global warming. There-
fore, this change in pig breeding practice could largely improve environmental, social, 
and economic performance but is not without adverse consequences on meat quality. Re-
garding meat quality, this paper focuses on boar taint and will not consider the other meat 
quality traits that differ in entire males compared to castrates (fat quantity, fatty acid com-
position, tenderness, water holding capacity). Androstenone, a testicular steroid with a 
urine-like odor, and skatole, a product of the breakdown of tryptophan in the hind-gut, 
exhibiting a fecal odor, are the main compounds responsible for boar taint. Androstenone 
synthesis increases with sexual development. Fat skatole levels also tend to increase with 
age because its degradation is inhibited by androstenone and other testicular steroids. 
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Recently, in 2019, the EU health and food safety directorate-general published a 
guide establishing best practices for the production of male pigs, as well as the processing 
and the marketing of meat from uncastrated pigs or pigs vaccinated against boar taint [1]. 
This guide was established by a group of scientists on the basis of scientific publications 
and interviews of stakeholders that promote alternatives to piglet surgical castration. One 
part of the guide was dedicated to best practices to be set up at farm level to limit boar 
taint. Two statements from this report should be underlined. The first one is related to the 
importance of slaughter timing, as a mean to manage the risk of boar taint, based on either 
weight or age. The second statement is related to housing, generally associated with im-
proved welfare, however it is not clear to what extent it impacts boar taint prevalence. 

Best practices for boars include flooring and housing, early detection of pigs with 
boar taint, scheduling of slaughter, and transport to the slaughterhouse. Reductions in 
stress are associated with a reduction in boar taint as a consequence of less aggressive 
behavior and fewer fights between animals. Keeping pigs clean with fully or partially 
slatted floor has also been associated with reductions in boar taint. Sex separation is pro-
moted though its effect on boar taint is not fully established. Avoiding mixing events lim-
its stress, wet feeding, and competition avoidance at feeding decrease skatole levels. Age 
is generally considered to be a more effective measure on boar taint risk than weight, but 
weight cut-offs appear to be common industry practice even though maximum weight is 
not clearly specified and might depend on other factors, e.g., genetic type. There is no 
single threshold in age or weight that can guarantee the absence of boar taint. Finally 
keeping pigs clean and comfortable during transport is important for welfare, although it 
remains unclear whether this can also help reduce boar taint [1]. 

Management at the farm level will be efficient to limit skatole levels, especially via 
innovative feeding strategies, whereas genetic selection will decrease both skatole and 
androstenone levels. 

2. Genetics for Better Quality in Entire Males 
2.1. Breed Effect 

Engesser [2] provided a thorough review of differences between pig breeds with 
view to boar taint and androstenone. One of the conclusions of the review pointed out the 
contradictions between studies, and that it would be difficult to classify completely breeds 
according to their boar taint risk. Additionally, no breed could claim an absence of boar 
taint risk. Overall, Hampshire and Duroc breeds present higher levels of androstenone. 
Differences between Landrace and Yorkshire or Large White are inconsistent, as Landrace 
may have lower, similar, or higher androstenone level. A recent study comparing German 
Landrace and Large White, raised under the same conditions, recorded higher average 
levels of androstenone and skatole in the Landrace breed [3]. Part of the difference could 
be attributed to different growth thus different weights at measurement. When compared 
under the same condition, around 100 kg body weight, Duroc pigs have a higher level of 
androstenone and a lower level of skatole than Landrace pigs [4–8]. The same genetic 
crossbreed can have different level of androstenone and skatole when provided by differ-
ent breeding organization, as illustrated by [9]. 

The Figure 1 illustrates the average androstenone and skatole levels in different pure-
bred and crossbred populations. Data were taken as published, even though differences 
were not only due to genetic type. They could have been induced by different origins, 
farming systems, measurement methods, and so on. Pietrain breeds as well as Pietrain 
crossbred have a lower risk of boar taint than other breeds, Landrace breeds have higher 
level of skatole but not related to a higher level of androstenone, and Duroc lines tend to 
have high levels of androstenone with a low level of skatole. In general, sire lines have 
lower boar taint risk than dam lines [10]. The differences are explained by the different 
breeding objectives in these lines. Maternal lines are selected on reproduction characters 
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and numeric productivity and paternal lines are mainly selected on growth rate, feed ef-
ficiency, and leanness. Because of genetic selection process, differences between lines may 
evolve over time. For example, Bonneau et al. [11] observed higher levels of androstenone 
in Pietrain carcasses than in Belgian Landrace carcasses. Following Sellier [12], and par-
tially Frieden et al. [13], Pietrain boars would be less desirable for entire male production. 
Conversely, all recent studies promote the use of Pietrain sire lines to decrease boar taint 
risk. However, there is still a lack of information on a large number of breeds, especially 
local breeds. The level of boar taint risk will remain unknown in these breeds until a sig-
nificant number of androstenone and skatole measurements are performed. 

 
Figure 1. Levels of androstenone and skatole in different breeds and crossbred populations [5,7,10,14,15]. Shape for the 
lines: square = paternal line, diamond = maternal line, circle = crossbred; color for the breed: beige = Pietrain, red = Land-
race, blue = Yorkshire or Large white; purple = Duroc; for crossbred, the color of the paternal line. 

2.2. Heritability and Genetic Correlations for Boar Taint Related Traits 
Genetic determinism of boar taint has been reviewed several times [2,12,16,17]. 
The heritability of boar taint, estimated as an overall trait, has a low (h² = 0.13, [18]) 

to high (h² = 0.91, [19]) value, with a mean heritability of h² = 0.54 [12]. Because of the 
difficulties to collect a large amount of data, only a few studies provide precise heritability 
values for boar taint or boar taint risk, measured by sensory evaluation. 

Windig et al. [10] and Mathur et al. [14] estimated low heritability values (h² = 0.11 to 
0.19, merging different breeds and crossbreeds, h² = 0.14 in Pietrain breed) for boar taint 
assessed by human nose scoring on a large number of carcasses in the slaughterhouse. In 
both studies, human nose was performed by experts selected according to sensitivity to 
boar taint compounds. 

Studies on genetic determinism of boar taint focused on heritability of boar taint com-
pounds, androstenone and skatole, and the genetic relationship between the two com-
pounds. In the bibliographical review from [20], the heritability of androstenone content 
was estimated to 0.54 on average, ranging from 0.25 to 0.88. Heritability of skatole content 
is lower, ranging between 0.19 and 0.54 [16]. Including recent studies, the published her-
itability values for fat androstenone and fat skatole contents, as well as the genetic corre-
lations between the two compounds, are reported in Table 1. Most of the genetic parame-
ters were estimated in Landrace, Large White, Duroc, and Pietrain breeds. Most of the 
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estimates range between 0.4 and 0.6 for androstenone and between 0.3 and 0.6 for skatole. 
Willeke et al. [21] published realized heritabilities from a selection experiment with two 
divergent lines selected for high or low backfat androstenone, with similar heritability 
values in both lines (h² = 0.58 and h² = 0.51, respectively). 

Use of genomic information provided new insights in genetic determinism of boar 
taint compounds. Tusell et al. [22] estimated the part of dominance variance for andros-
tenone and skatole levels in purebred Pietrain and Pietrain × Large White crossbred. In 
their model, the genetic parameters were estimated using genomic information, following 
a modelization where purebred and crossbred performances were considered as two dif-
ferent traits. In the crossbred population only the part of variance from the sire line was 
estimated [22]. When dominance effect is included in the model, heritability values tend 
to be lower [15,23] (Table 1). The dominance part was low in purebred (h²D = 0.06) but was 
significant in crossbred (h²D = 0.13). The heritability values estimated with genomic infor-
mation were in the medium range for androstenone in all studies (h² = 0.17 to 0.40 [24], h² 
= 0.28 to 0.31 [25], h² = 0.46 [26]) but heritability values for skatole tended to be lower (h² 
= 0.14 to 0.38 [24], h² = 0.07 to 0.1 [25], h² = 0.26 [26]). The low genomic heritability values 
for skatole could be due to the genetic architecture of the trait, with the segregation of a 
quantitative trait locus (QTL) having significant effect on the skatole level [25]. The fre-
quency of the different alleles might differ from one population to another, leading to 
different genomic heritability values. Dugué et al. [15] estimated a high genetic correlation 
(rg = 0.74) between fat androstenone measured in Purebred Pietrain and related Pietrain 
× Large White crossbred raised under the same conditions. This correlation tends to 
demonstrate that genetic determinism might differ between two genotypes as the corre-
lation differ from 1. 

The genetic influence on other individuals from the same group was also studied. 
Duijvesteijn et al. [27] estimated the variance due to indirect genetic effects for andros-
tenone level in a Duroc population. Indirect genetic effects can be described as the genetic 
influence of an individual on its pen mates. The model with social effects performed better 
and provided a higher total heritability (T² = 0.75, which includes both additive variance 
and indirect genetic variance) than the basic model (h² = 0.63 which includes only additive 
variance). The positive (rg = 0.24, but not significantly different from 0) correlation be-
tween direct genetic effect and indirect genetic effects tends to support the hypothesis that 
individuals with high androstenone levels induce higher androstenone levels in their pen 
mates [27]. 

The heritability values for androstenone were mostly estimated in backfat but one 
study provided heritability values for androstenone measured either in plasma or in back-
fat in two breeds [7]. For Landrace, the heritability values were very similar (h² = 0.47 ± 
0.08 and h² = 0.49 ± 0.08, respectively) with a very high genetic correlation between both 
traits (rg = 0.98 ± 0.03). For Duroc, the heritability values were quite similar (h² = 0.56 ± 
0.11 and 0.67 ± 0.10, respectively) with also a very high genetic correlation between both 
traits (rg = 0.91 ± 0.05). The genetic correlations between plasma estradiol and backfat an-
drostenone is very high, ranging from 0.8 to nearly 1 [7,15,23], suggesting that estradiol 
can be efficiently used to select against androstenone. 

The genetic correlation between backfat androstenone and skatole contents is posi-
tive (around 0.4) with values ranging between 0.2 and 0.6 (Table 1). Windig et al. [10] 
estimated genetic correlations between human nose score for boar taint and androstenone 
or skatole level. The genetic correlations were higher with skatole (rg = 0.90) than with 
androstenone (rg = 0.65), but in some cases genetic correlations were estimated with large 
standard errors (up to 0.5). It is unclear whether the different correlations are due to higher 
difficulties to detect androstenone or to the characteristics of the populations studied. Ge-
netic correlations were also estimated between androstenone and skatole levels measured 
at two different ages, the first measurement being made on live animals and the second 
one on fat sampled from the carcass at the slaughterhouse. The genetic correlation was 
nearly 1 (rg = 0.97, [28]) between 100 kg and 117 kg whereas the genetic correlation was 
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much lower when the delay between the two measurements was increased (rg = 0.67 be-
tween 110 kg and 160 kg, [29]). In both cases, the heritability value was higher for the 
carcass measurement (h² = 0.49 and 0.55 respectively [28]; h² = 0.39 and 0.58 respectively 
[29]). By the way, in those studies, it remains difficult to disentangle the effect of age or 
weight from sampling conditions. 

Table 1. Genetic parameters for androstenone and skatole levels measured in backfat. 

Breed/Population 
Heritability 

Genetic Correlation Reference 
Androstenone Skatole 

French Large White × Landrace 0.49; 0.55   [28] 
French Pietrain 0.63 0.37 0.61 

[22] 
French Pietrain × Large White 0.70 0.24 0.36 

French Pietrain 0.38 * 0.14 *  [15] 
French Pietrain × Large White 0.54 * 0.27 *   

French Pietrain 0.57   [23] 
French Pietrain × Large White 0.71    
Italian Large White (160 days) 0.39 0.60 0.30 [29] 
Italian Large White (220 days) 0.58 0.60 0.56  

German Landrace 0.56   [20] 
German Landrace 0.50 0.52 0.29 [3] 

German Large White 0.39 0.32 0.41  
Norwegian Landrace 0.54 0.55 0.36 [5] 

Norwegian Duroc 0.56 0.23 0.62  
Norwegian Landrace 0.49 0.41 0.32 [7] 

Norwegian Duroc 0.67 0.37 0.33  
Norwegian Landrace 0.45 0.53 0.32 [8] 

Norwegian Duroc 0.50 0.33 0.42  
Dutch synthetic 0.75 0.53 0.22 From [2] 

Dutch Duroc 0.46 0.26 0.24 [26] 
Dutch Duroc 0.63   [27] 
Multibreed 0.69 0.53  From [2] 
Multibreed 0.64 0.26  From [2] 
Multibreed 0.54 0.41 0.37 [10] 

Dutch Pietrain 0.72 0.69  [14] 
Dutch Landrace and Yorkshire 0.73 0.82   

Swiss Large White 0.45 0.50 0.11 From [2] 
Danish Landrace 0.25; 0.54   [30] 
Danish Landrace 0.47–0.49 0.54–0.56  From [2] 
Danish Landrace 0.59 0.33 0.35 [31] 
Danish Landrace 0.27–0.31 0.06–0.11  [25] 
Danish Landrace 0.52 0.28 0.38 From [2] 

Landrace  0.27  From [2] 
Large White  0.19   

Duroc  0.19   
Hampshire  0.21   

Pietrain 0.61 0.50  From [2] 
* Estimated with a dominance effect in the model. 

2.3. Genetic Relationships between Boar Taint and Traits of Economic Interest 
In their review, Parois et al. [17] reported that a selection against androstenone does 

not induce adverse effect on growth rate and carcass composition but it may indirectly 
alter some maternal traits [22,32]. 

The genetic relationships between boar taint and production or meat quality traits 
are considered as either favorable or very low. In fact, there are few published genetic 
correlations between boar taint traits and production traits in finishers such as growth 
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rate, feed efficiency, carcass composition, or meat quality traits. In their study dedicated 
to elaborate strategies to select against boar taint, Haberland et al. [33] reported no genetic 
correlations between androstenone or skatole and average daily gain, low correlations 
with feed efficiency (rg = 0.13 for androstenone and rg = 0.14 for skatole) and negative 
correlations with leanness traits (around rg = −0.2 for androstenone and rg = −0.15 for skat-
ole). The same authors mentioned a low correlation between androstenone or skatole and 
intramuscular fat (rg = 0.19 and rg = −0.04, respectively). Genetic correlations between an-
drostenone and growth rate, either estimated by average daily gain or body weight at 
fixed age are negative (rg from −0.23 to −0.04 [3,10,15,28,29,31]) or slightly positive (rg = 
0.04, [15,28,29]). Except for the moderate genetic correlations estimated between skatole 
and growth rate (rg = −0.51 at 160 days or age and rg = 0.34 at 220 days of age [29]), the 
correlations between these two traits are low (rg = −0.04 to −0.10 [10,31]). The genetic cor-
relations between carcass leanness, that can be measured by backfat thickness, loin muscle 
area, or carcass meat percentage, are consistently moderately negative with androstenone 
level (rg = −0.10 [10], rg = −0.15 [15], rg = −0.26 [29], rg = −0.22, rg = −0.23 [33] and rg = −0.18 
[31]) and skatole level (rg = −0.10 [10], rg = −0.24 [29], rg = −0.16 rg = −0.12 [33] and rg = 
−0.20 [31]). Dugué et al. [15] estimated a medium genetic correlation between andros-
tenone and feed conversion ratio (rg = 0.47), ultimate pH (rg = −0.20 and rg = −0.40 de-
pending on muscle) and a null correlation between androstenone and intramuscular fat 
(rg = −0.04). Strathe et al. [31] estimated low genetic correlations between feed conversion 
ratio and androstenone rg = (−0.04) or skatole (rg = 0.18). But for few exceptions that can 
be related to population or the age at the time of measurement ([29] for example), the 
genetic correlations between boar taint compounds and finisher production traits should 
be considered as either low or favorable when higher growth rage, better feed efficiency, 
higher carcass leanness, or high ultimate pH are expected. Genetic correlations between 
production traits and human nose score could be considered as null [10]. 

Other meat quality traits might be of interest regarding entire males, such as tender-
ness or fat quality. For example, Mörlein and Tholen [34] observed higher concentrations 
in polyunsaturated fatty acids in pigs with very low concentrations of boar taint com-
pounds compared to those with high levels. Genetic determinism of meat quality traits 
has been largely studied (reviewed in [20]) but to the best of our knowledge, the genetic 
relationships between boar taint and organoleptic traits have not yet been sufficiently 
evaluated. 

Because of the strong relationship between gonadal synthesis of androstenone and 
other steroids [35], selection against boar taint could interfere with reproduction perfor-
mances in both males and females. However, results from selection experiments or genetic 
parameter estimations have been inconsistent. As reported by Engesser [2], Jonsson and 
Wismer-Pedersen [36] found no significant antagonistic effect between sex odor intensity 
with boar’s libido or with litter size at birth. In their selection experiment on androstenone, 
Willeke et al. [21] described a delay for the first heat in gilts associated with low andros-
tenone levels. Sellier and Bonneau [32] also observed a delay in puberty in gilts as a re-
sponse to selection against boar taint. Lervik et al. [37] observed no effect of the estimated 
breeding value for androstenone on the morphology of the testes suggesting that breeding 
against androstenone should not influence the testicular development during the pubertal 
process. 

Genetic correlations estimated between boar taint compounds and male or female 
reproductive traits suggest that that selection against boar taint would have no large ef-
fects on reproductive traits, but authors of the different studies tend to be cautious in their 
conclusion because these parameters are difficult to estimate with high precision. The ge-
netic correlations estimated between androstenone or skatole and bulbo-urethral glands 
development, as a predictor of sexual maturity, were moderate and positive (rg = 0.38 to 
0.57 [5]; rg = 0.34 to 0.68 for androstenone only, [28]). Brinke et al. [3] reported negative 
correlations between sperm volume with androstenone (rg = −0.18 and rg = −0.25), null 
correlations (rg = 0.04 to 0.08) between androstenone and sperm density, skatole, and 
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sperm volume or skatole and sperm density, except for a moderate positive genetic corre-
lation between these two traits in the German Large White population (0.32). Regarding 
sexual development in females, Sellier et al. [28] estimated low or positive genetic corre-
lations between androstenone and age at first estrus (rg = −0.08 and rg = 0.22). According 
to Mathur et al. [14] and Brinke et al. [3], genetic correlations with age at first insemination 
were low value for androstenone (rg = −0.10 to 0.04) and highly contrasted for skatole (rg 
= −0.34 to 0.36, depending on the breed). Genetic correlations between androstenone or 
skatole and litter size tend also to be contrasted depending on the breed (rg = −0.25 to 0.31 
[3,14,31]). Applying a more complex modelization, Strathe et al. [38] estimated favorable 
genetic correlations between boar taint and eight traits indicators of reproductive perfor-
mance for males (sperm characteristics) and females (litter size and piglet survival). As 
underlined by the authors, the correlations were estimated with large standard errors, 
partly because of the lack of common observations on boar taint and fertility traits, which 
is generally the stumbling block of studies reporting genetic correlations between boar 
taint and reproductive traits (especially in females). 
2.4. Selection against Boar Taint 

Considering the genetic determinism of boar taint or boar taint compounds, selection 
for better meat quality has been under consideration for several decades. There is a con-
sensus that selection against boar taint is possible and would be beneficial to the entire 
male pig production. Given the low genetic correlations with growth performance, selec-
tion against boar taint in sire lines should have little impact on genetic progress on growth 
rate and carcass composition. Provided that the low impact of selection against boar taint 
compounds on maternal traits is confirmed, the cost of performing such a selection in dam 
lines should also be bearable. 

The first attempt to prove that selection against boar taint would be efficient was 
experimentally carried out by Jonsson and Andresen [30] in a Landrace population. They 
successfully decreased backfat androstenone and boar taint odor, using a selection that 
combined androstenone level in backfat and a panel evaluation of boar taint. Willeke et 
al. [21] experimentally confirmed that selecting on androstenone level in backfat would 
be efficient, but also pointed out that selection to decrease androstenone level might reach 
a plateau meaning that decreasing androstenone level down to 0 would be impossible. 
This observation still remains to be confirmed. A third selection experiment was carried 
out in Landrace × Large White population by Sellier et al. [28]. The aim of the study was 
to demonstrate the feasibility of a selection against boar taint without affecting sexual 
maturation, the constraint being on the size of the bulbo-urethral glands. They provided 
evidence that selection against boar taint with constraint could be realized and proved 
that the estimation of adequate genetic parameters was of primary importance. Up to 
now, direct selection against skatole has not been experimentally demonstrated. 

Several authors compared the effect of different breeding strategies against boar taint 
based on published genetic parameters. One of the major concerns regarding selection 
against boar taint was potential unfavorable effects on production and reproduction traits. 
Based on very simple assumptions, i.e., ignoring negative changes in reproductive traits, 
Ducro-Steverink [39] estimated that the incidence of boar taint could be reduced from 30% 
to 10% in less than 5 years. Frieden et al. [13] compared two different breeding strategies 
for sire lines and dam lines, assuming that androstenone can be measured on live candi-
dates from backfat biopsy samples. Because sire and dam lines differ considerably on their 
selection objectives, different economic weights were provided for both lines, with more 
emphasis on female reproductive traits in dam lines and more emphasis on growth, feed 
efficiency, and leanness in sire lines. The conclusion of the study was that inclusion of the 
androstenone level to achieve a reduction of boar taint would result in significantly less 
progress in reproductive performances in dam lines, and considerable progress in meati-
ness would be sacrificed in the sire line. Up to six generations would be necessary to re-
duce the frequency of “risky” boars from 20% to 5%. Considering their own parameter 
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estimates, Mathur et al. [14] estimated that a selection on the reproduction traits only 
would increase the percentage of the carcasses with boar taint from 4 % to 7.3% within 
five generations. A long-term balanced selection, combining boar taint and reproduction 
traits, would eventually (19 generations) reduce percentage of tainted carcasses from 4% 
to below 0.1%, with increased economic gain (but only in markets with intact male pigs). 
Haberland et al. [33] simulated different scenarios for selection against boar taint in a sire 
line, considering simultaneously the implementation of genomic selection and economic 
consequences. The authors concluded that the most efficient strategy would be to include 
a direct measurement of androstenone in candidate boars based on a fat biopsy sample 
combined with genomic selection. 

All the scenarios were based on a selection in purebred where it is expected to im-
prove crossbred pigs. It is understood that this selection is efficient when genetic correla-
tion is high between purebred and crossbred performances but it has been evidenced that 
the genetic correlation is around 0.7 [15]. Under those circumstances, using crossbred per-
formances for selection might prove more appropriate. 

Different genomic prediction methodologies were compared by De Campos et al. [26] 
and Azevedo et al. [24] for selection against boar taint. Because the different methods per-
formed differently on all the studied traits, it was difficult to promote one methodology 
over the others. As genomic selection implementation is extending in pig breeding, the 
single-step genomic evaluation [40] tends to predominate and other methodologies are 
not really under consideration for routine evaluation. 
2.5. Selection against Boar Taint in Practice 

Some breeding companies have included boar taint into the breeding objective of sire 
lines. Engessen [2] reported some details on the creation of three “low boar taint” sire 
lines: “db.7711,” “Inodorus 2.0” in Germany and “Nador” from Topigs-Norsvin. There 
was some research in Switzerland by Suisag for selecting against boar taint the Premo® 
line but it was abandoned since then (personal communication). A study reported by 
Engessen [2] compared the “Inodorus” boar and “Nador” boar without detecting signifi-
cantly different levels of boar taint compounds between the two lines. The results con-
firmed that selection was successful in reducing boar taint. Details on the different lines 
selected against boar taint can be found in the best practices guide [1]. Topigs-Norsvin has 
also succeeded in reducing boar taint instance across their various lines (Talent, Tempo 
and Top Pi). For example, in the Talent line, progeny with boar taint decreased from 
nearly 6% down to 2.5% between 2008 and 2017; Topigs-Norsvin estimates a 50% reduc-
tion in odorous carcasses in their populations within 10 years and indicates that the Nador 
line reduces the risk of boar taint to less than 1% in slaughtered pigs. Eventually, they 
implemented selection against boar taint in all their lines to secure the reduction of boar 
taint risk in the final product. In France, the breeding company Nucleus developed the 
“Ino” low boar taint Pietrain line. By generalizing the use of Ino boars, the percentage of 
tainted carcasses measured at slaughterhouse decreased from 4% to 2% between 2017 and 
2018 [1]. Breeding company PIC developed a strategy to provide low-taint sperm but PIC 
has indicated that there have been some issues with pigs bred for low taint. Pigs bred with 
low-taint sperm have bellies of reduced size and quality and low-taint sperm may nega-
tively affect sow productivity [1]. The details of selection strategies established by breed-
ing companies are very partially known. The Nador selection program is based on the 
human nose score, the analysis of boar taint compounds in fat samples and DNA analysis. 
Breeding company Nucleus has implemented selection against boar taint based on a pre-
diction of boar taint risk estimated from a blood sample. 

Selection objectives are generally based on a large number of traits, differing from 
one line to another. As mentioned previously, sire lines emphasize growth rate, feed effi-
ciency, leanness, and meat quality whereas dam lines emphasize reproductive traits such 
as age at puberty, litter size, piglet viability, maternal abilities, and fertility. Thus, it is of 
primal importance to know the genetic relationships between boar-taint-related traits and 
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traits of interest implemented in breeding objectives. On the contrary, not taking into ac-
count boar taint in the selection objectives might lead to an increase of boar taint com-
pounds over time. For example, Andersen-Ranberg et al. [8] estimated a genetic trend 
between 2002 and 2016 for androstenone and skatole levels in a Landrace and a Duroc 
populations. They observed no evolution in the Landrace whereas there was a clear in-
crease but only for androstenone (0.16 µg/g/year) in the Duroc population. The origin of 
these contrasted genetic trends were not unraveled but they could be explained either by 
different genetic correlations with traits under selection or different selection objectives in 
the two lines. 

3. Genetics for Better Entire Male Welfare 
The other issue for entire male production is to overcome aggressive behaviors and 

sexual or mounting behaviors observed in entire males [41]. Behavior traits are known to 
have a genetic basis and heritability values have been estimated for several of behavior 
related traits. However, selecting for, or against, specific behavioral traits is not straight-
forward [42]. For example, agonistic behaviors in pigs are useful to establish the hierarchy 
in the group and in general they are limited when the group is kept unchanged. Then, 
selecting against agonistic behavior should be focused on limiting the damaging conse-
quences of excessive aggressiveness, and not directly against agonistic behavior. The se-
lection against sexual behaviors, or mounting behaviors, should also be carefully evalu-
ated as mounting behavior is part of the pigs’ normal behavioral repertoire [43] primarily 
related to the expression of libido [44]. Selecting against this behavior might eventually 
impair reproductive ability. 

If entire males are expected to show a higher degree of aggressiveness, all sex cate-
gories express agonistic behaviors. These behaviors are exacerbated after mixing events 
(sometimes causing deep injuries) which are common practices in pig breeding from birth 
(with adoption) to adulthood (sows kept in group during pregnancy periods). The entire 
males’ aggressive behaviors are believed to be caused by the changed hormonal status at 
puberty, with an increased level of testicular steroids in entire males [45]. The high genetic 
relationship between number of skin lesions at the end of the finishing period and testos-
terone level (rg = 0.82) largely supports this hypothesis [23]. The skin properties should 
also be taken into account to deepen our understanding of the genetic determinism of skin 
lesions. 

Genetic parameters of aggressive behaviors have been reviewed on numerous occa-
sions (for some recent reviews [42,46–48]) and genetic models to provide useful strategies 
to select against damaging behaviors were recently detailed by Canario et al. [49], but 
previous literature rarely focused on entire male behavior specific issue. 
3.1. Breed Comparison 

There are fewer comparisons between breeds for aggressive behavior but differences 
on aggressive behavior-related traits were observed between breeds. Large White pigs 
seemed to be more aggressive than Berckshire [50]. Duroc pigs are more aggressive than 
Landrace pigs [51] or Yorkshire pigs [52]. No significant differences were observed be-
tween Large White and Landrace pigs [53] or between Yorkshire and Yorkshire x Land-
race pigs [54] for aggressive behavior traits or skin lesions records. These studies were 
performed on females and barrows. Prunier et al. [55] observed a higher number of skin 
lesions on Pietrain × Large White crossbred boars than on Pietrain boars, but differences 
were limited between the two genotypes at the end of the finishing period when observed 
in stable groups. Dugue et al. [15] confirmed these differences on a higher number of in-
dividuals and hypothesized that due to the sensitivity to stress with the occurrence of the 
n allele at the RYR1 gene, Pietrain may have been indirectly selected for lower aggressive-
ness. Desire et al. [56] studied females and castrated from seven different commercial lines 
and mentioned a significant effect of the line on skin lesions recorded after post-weaning 
without detailing the differences between the lines. Chu et al. [57] observed a very low 
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level of aggressive behavior in Meishan females, with nearly no observable skin lesions, 
compared to Large White females pigs, both at a young age and after mixing. 
3.2. Genetic Parameters for Skin Lesions and Aggressive Behavior and Selection Strategies 

Genetic determinism studies of aggressive behaviors or mounting behaviors need a 
large amount of data that are generally difficult to record, costly, and time consuming. As 
repeatedly mentioned [47], several traits have been proposed as easily measured indica-
tors of involvement in aggressive behavior, but the most reliable and practicable approach 
for large sample sizes is the counting of skin lesions resulting from regrouping. 

The heritability for aggressive behavior at mixing recorded on different sex catego-
ries including males, castrates, or females at different physiological stages, varies between 
0 and 0.44 (for review, Canario et al., submitted). In studies with individuals observed on 
a short period where bullying events could be quantified, heritability was estimated very 
low [54] or moderate (h² = 0.37 [58]) and reciprocated fighting and the delivery of non-
reciprocated bullying have moderate heritabilities in pigs (h² = 0.17–0.43 [58]). 

The benefits of reducing aggression at mixing at young age may not be adequate to 
limit skin lesions in stable groups [59]. Though positive, the genetic correlations between 
lesions at mixing and lesions in stabilized group are only moderate (rg = 0.28 to 0.50, [54], 
but up to 0.76, [56]) and might depend on sexual type or environmental factors. In the 
study described by Parois et al. [23], skin lesions were counted on Pietrain and Pietrain × 
Large White entire male piglets at three periods. On live piglets, lesions were counted 48 
h after entering the fattening pen (mixing event), the day before the first departure to 
slaughterhouse (stable group) and on carcasses. The heritability values for the three traits 
were h² = 0.25, h² = 0.14 and h² = 0.30 in purebred and h² = 0.25, h² = 0.20 and h² = 0.36 in 
crossbred. The heritability values were higher when measured on carcass, related to a 
higher skin lesion number. The genetic correlations between the three periods are high in 
purebred (rg = 0.73 to 0.74) but unexpectedly very low in crossbred ((rg = −0.05 to 0.23). 
Skin lesions measured on carcass can be also a trait of interest because when animals fight 
at slaughterhouse, they consume glycogen and meat pH increases. Though skin lesions 
are highly related to sexual maturation in stable groups of entire males [15], the genetic 
correlations between skin lesions and androstenone level is only moderate (around 0.2, 
[15]). 

Skin lesions appear as a quite simple trait to record, either on live animals or on car-
cass, after mixing events or in stable group, but it has not been considered in breeding 
schemes to decrease the entire male aggressiveness assumedly because recording remains 
too time consuming. 

Canario et al. [49] detailed two alternatives that might guide selection against aggres-
sive behaviors in entire males. The first one is to select on social (indirect) genetic effects. 
For example, selecting individual with high social genetic breeding values for growth rate 
would reduce expression of aggression in stable groups [60–62]. The estimation of social 
genetic effects for growth rate might differ between sexes as shown by Nielsen et al. [63], 
and then it would be important to consider the social genetic effects as different traits 
between females and entire males. Entire males showed a higher variance and, contrary 
to entire males, gilts showed genetic effects of competition. Additionally, to assess social 
genetic effects properly, grouping animals cannot be made at random and choosing pen 
mates according to family structure is of primal importance. 

Recently, Angarita et al. [64] developed an alternate model to take into account the 
observational data in estimating social genetic effects on skin lesions recorded on gilts and 
barrows. They concluded that selection incorporating social genetic effects may greatly 
reduce the consequences of damaging aggressive behavior after mixing pigs in new social 
groups but it would be necessary to confirm the relevance of this approach in stable 
groups of entire males. 
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A second option described by Canario et al. [49] is to better understand the relation-
ships between individuals at the group level and not only by pair of individuals as de-
scribed in dyadic recording of aggressions. The position of each individual in the group 
can be described by centrality parameters estimated by social network analysis [65]. An 
example of such an analysis on pig behavior can be found in Foister et al. [66]. The infor-
mation needed to build the edges (i.e., links between two individuals of the network) re-
mains to be developed but it has been suggested to use automatic recorded data. Using 
data from automatic feeding device, Larzul et al. [67] estimated a high genetic correlation 
between skin lesions measured on entire male pig carcass and betweenness centrality (rg 
= −0.81) or closeness centrality (rg = −0.26). These two indirect approaches have the ad-
vantage to use available data recorded on a routine base in some nucleus population. 
Their efficiency in reducing aggressive behavior in entire males need further investiga-
tion. 

Genetic determinism of mounting behaviors in entire male finishers remains to be 
studied. 

4. Perspectives 
One of the major challenges in breeding entire males is access to relevant data. Se-

lecting for better meat quality and adequate behaviors is clearly impaired by the limited 
implementation of cheap and rapid measurement methods, particularly on live animals. 
4.1. New Phenotyping 

Regarding meat quality, new developments are available or will be in the next future 
due to the need to sort tainted carcasses at slaughter plants. The most promising device 
for boar taint is based on LDTD-MS/MS (laser diode thermal desorption-tandem mass 
spectrometry) technology but electrochemical biosensor system or spectroscopy technol-
ogy are also under development. When available, genetic studies can be carried out on 
these new traits to evaluate their potential for selecting better meat quality in entire males. 

Regarding behavior, the development of automated recording is abounding. An ex-
tensive review was recently published for machine vision technology by Wurtz et al. [68] 
or combination of technologies [69]. For example, Nasirahmadi et al. [70] and Li et al. [71] 
developed an approach to detect mounting behaviors in pigs by automated image analy-
sis whereas Oczak et al. [72] developed image analysis to automatically detect fighting. 
Specific developments are also provided to be able to track individuals [68] which is of 
high importance for genetic studies. 

There are also various projects on automated detection of behaviors or harmful social 
interactions based on non-visual technologies that offer new perspectives in animal breed-
ing (UHF RFID, [73]; infrared thermography, [74]; accelerometers [75]). All these technol-
ogies are promising and should be investigated in the near future for genetic behavioral 
studies. 
4.2. Genomic Information 

The use of SNP arrays to carry out genomic evaluation is spreading in pig breeding 
to improve prediction accuracy and increase genetic progress per generation. Several 
studies have provided information either on QTL or candidate genes with an effect on 
boar taint related traits ([76] for a recent review). Up to now, no clear mutations have been 
evidenced that would be of direct interest to select against boar taint, except those result-
ing from genome editing [77] for a recent review). On the contrary, a very large number 
of QTLs or candidate genes have been published for meat quality traits (https://www.an-
imalgenome.org/QTLdb). A meta-analysis performed on this large number of QTL was 
an efficient methodology to consolidate results and propose valid information to assist 
selection [78]. Even though causal mutations are unknown, genomic markers can offer 
useful strategies in local breeds in which boar taint risk is poorly known. It is possible to 
estimate the frequencies of the alleles of genes known to be related to different skatole or 
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androstenone level in local breeds [79] that can provide opportunities to decrease boar 
taint by selecting favorable alleles. 

As far as aggressive behavior is concerned, whole genome studies are scarce in pigs 
[80,81] as well as exploration of candidate genes or genomic markers [82–86]. Wurtz et al. 
[81] evidenced only one region on chromosome 11 for skin lesions that need to be con-
firmed. A better understanding of genetic determinism of aggressive behaviors, but also 
positive behaviors, should be accessible with the development of new phenotyping as ge-
nomic data are more and more affordable. 

5. Conclusions 
To support the transition to the abandonment of castration and the rearing of entire 

males in pig production, the genetic selection brings medium to long-term solutions to 
control the problems of boar taint and aggressive behavior. Some breeds are identified as 
low-taint risk and can be used for crossbred pigs. Because of the knowledge developed 
over many years on the genetic determinism of skatole and especially androstenone, 
breeding organizations have recently developed selection strategies to propose improved 
lines for the breeding of entire males. However, research has mainly focus on conventional 
breeds. Local breeds are still little studied and promoting the abandonment of castration 
in production systems using these breeds is an uncertain step. 

In order to generalize the selection against boar taint and improve the overall quality 
of meat from entire males, further studies are needed to evaluate the genetic relationships 
between boar taint and organoleptic or fat quality traits, as well as relationships with re-
productive traits. As far as aggressive behavior is concerned, though theoretically feasible, 
implementation of selection for more friendly individuals is not under consideration. 
However, in the near future, genetic studies and selection will highly benefit from the 
development of new technologies, especially regarding automatic measurements of boar 
taint compounds at the slaughterhouse or individual behaviors on farm. Combining ge-
nomic information with automatic recording should provide fascinating opportunities to 
develop new breeding strategies and face challenges related to entire male pig production. 

Funding: This review was realized with the contribution of COST IPEMA funding. 

Institutional Review Board Statement: Not applicable. 

Data Availability Statement: The study did not report any data. 

Acknowledgments: The author is grateful to COST IPEMA for all discussions and inputs during 
the duration of the project, as well as COST GroupeHouseNet members for their views on pig be-
havior issues. 

Conflicts of Interest: The author declares no conflict of interest. 

References 
1. Directorate-General for Health and Food Safety; European Union. Establishing Best Practices on the Production, the Processing and 

the Marketing of Meat from Uncastrated Pigs or Pigs Vaccinated Against Boar Taint (Immunocastrated); Publications Office of the 
European Union: Luxembourg, 2019; doi:10.2875/541755. 

2. Engesser, D.J. Alternatives for Boar Taint Reduction and Elimination Besides Surgical Castration and Destroying Testicular 
Tissue. Ph.D. Thesis, University of Leipzig, Leipzig, Germany, 2015. 

3. Brinke, I.; Grosse-Brinkhaus, C.; Roth, K.; Proll-Cornelissen, M.J.; Henne, H.; Schellander, K.; Tholen, E. Genomic background 
and genetic relationships between boar taint and fertility traits in German Landrace and Large White. BMC Genet. 2020, 21, 61, 
doi:10.1186/s12863-020-00865-z. 

4. Xue, J.L.; Dial, G.D.; Holton, E.E.; Vickers, Z.; Squires, E.J.; Loy, Y.P.; Godbout, D.; Morel, N. Breed differences in boar taint: 
Relationship between tissue levels of boar taint compounds and sensory analysis of taint. J. Anim. Sci. 1996, 74, 2170–2177, 
doi:10.2527/1996.7492170x. 

5. Tajet, H.; Andresen, Ø.; Meuwissen, T. Estimation of genetic parameters of boar taint; skatole and androstenone and their cor-
relations with sexual maturation. Acta Vet. Scand. 2006, 48, S9, doi:10.1186/1751-0147-48-S1-S9. 



Animals 2021, 11, 699 13 of 16 
 

6. Oskam, I.C.; Lervik, S.; Tajet, H.; Dahl, E.; Ropstad, E.; Andresen, O. Differences in testosterone, androstenone, and skatole 
levels in plasma and fat between pubertal purebred Duroc and Landrace boars in response to human chorionic gonadotrophin 
stimulation. Theriogenology 2010, 74, 1088–1098, doi:10.1016/j.theriogenology.2010.05.006. 

7. Grindflek, E.; Meuwissen, T.H.E.; Aasmundstad, T.; Hamland, H.; Hansen, M.H.S.; Nome, T.; Kent, M.; Torjesen, P.; Lien, S. 
Revealing genetic relationships between compounds affecting boar taint and reproduction in pigs. J. Anim. Sci. 2011, 89, 680–
692, doi:10.2527/jas.2010-3290. 

8. Andersen-Ranberg, I.; van Son, M.; Grindflek, E. Genetic parameters and genetic trends for boar taint compounds in Landrace 
and Duroc. In Proceedings of the World Congress on Genetics Applied to Livestock Production, Montpellier, France, 7–11 Feb-
ruary 2018; p. 548. 

9. Grosse-Brinkhaus, C.; Storck, L.C.; Frieden, L.; Neuhoff, C.; Schellander, K.; Looft, C.; Tholen, E. Genome-wide association 
analyses for boar taint components and testicular traits revealed regions having pleiotropic effects. BMC Genet. 2015, 16, 36, 
doi:10.1186/s12863-015-0194-z. 

10. Windig, J.J.; Mulder, H.A.; Napel, J.T.; Knol, E.F.; Mathur, P.K.; Crump, R.E. Genetic parameters for androstenone, skatole, 
indole, and human nose scores as measures of boar taint and their relationship with finishing traits. J. Anim. Sci. 2012, 90, 2120–
2129, doi:10.2527/jas.2011-4700. 

11. Bonneau, M.; Desmoulin, B.; Dumont, B.L. Organoleptic quality of meat from entire or castrated male pigs—Composition of 
fatty tissues and boar taint in double muscled breeds. Ann. Zootech. 1979, 28, 53–72. 

12. Sellier, P. Genetics of meat and carcass traits. In The Genetics of the Pig; Rothschild, M.F., Ruvinsky, A., Eds.; CAB International: 
Wallingford, UK, 1998; pp. 463–510. 

13. Frieden, L.; Neuhoff, C.; Grosse-Brinkhaus, C.; Cinar, M.U.; Schellander, K.; Looft, C.; Tholen, E. Breeding potential of selection 
against boar taint. Zuchtungskunde 2012, 84, 394–411. 

14. Mathur, P.K.; Napel, J.T.; Crump, R.E.; Mulder, H.A.; Knol, E.F. Genetic relationship between boar taint compounds, human 
nose scores, and reproduction traits in pigs. J. Anim. Sci. 2013, 91, 4080–4089, doi:10.2527/jas.2013-6478. 

15. Dugue, C.; Prunier, A.; Mercat, M.J.; Monziols, M.; Blanchet, B.; Larzul, C. Genetic determinism of boar taint and relationship 
with growth traits, meat quality and lesions. Animal 2020, 14, 1333–1341, doi:10.1017/S1751731120000105. 

16. Robic, A.; Larzul, C.; Bonneau, M. Genetic and metabolic aspects of androstenone and skatole deposition in pig adipose tissue: 
A review. Genet. Sel. Evol. 2008, 40, 129–143, doi:10.1051/gse:2008023. 

17. Parois, S.; Bonneau, M.; Chevillon, P.; Larzul, C.; Quiniou, N.; Robic, A.; Prunier, A. Boar taint in the meat of entire male pigs: 
The problems and the potential solutions. INRA Prod. Anim. 2018, 31, 23–35, doi:10.20870/productions-animales.2018.31.1.2206. 

18. Wismer-Pedersen, J.; Jonsson, P.; Jensen, P.; Banyai, A. The occurrence of sex odour in Danish Landrace boars. In Meat Production 
from Entire Male Animals; Rhodes, D.N., Ed.; J&A Churchill Ltd.: London, UK, 1969, pp. 285–295. 

19. Alsing, W.; Claus, R.; Pirchner, F.; Willeke, H. Selektionsexperiment auf Ebergeruch. Genet. Sel. Evol. 1978, 10, 148. 
20. Ciobanu, D.C.; Lonergan, S.M.; Huff-Lonergan, E.J. Genetics of meat quality and carcass traits. In The Genetics of the Pig, 2nd 

ed.; Rothschild, M.F., Ruvinsky, A., Eds.; CAB International: Wallingford, UK, 2011; pp. 355–389, 
doi:10.1079/9781845937560.0355. 

21. Willeke, H.; Claus, R.; Muller, E.; Pirchner, F.; Karg, H. Selection for high and low-level of 5-α-androst-16-en-3-one in boars .I. 
Direct and correlated response of endocrinologic traits. J. Anim. Breed. Genet. 1987, 104, 64–73, doi:10.1111/j.1439-
0388.1987.tb00110.x. 

22. Tusell, L.; Gilbert, H.; Vitezica, Z.G.; Mercat, M.J.; Legarra, A.; Larzul, C. Dissecting total genetic variance into additive and 
dominance components of purebred and crossbred pig traits. Animal 2019, 13, 2429–2439, doi:10.1017/S1751731119001046. 

23. Parois, S.P.; Prunier, A.; Mercat, M.J.; Merlot, E.; Larzul, C. Genetic relationships between measures of sexual development, 
boar taint, health, and aggressiveness in pigs. J. Anim. Sci. 2015, 93, 3749–3758, doi:10.2527/jas.2014-8290. 

24. Azevedo, C.F.; Silva, F.F.E.; de Resende, M.D.V.; Lopes, M.S.; Duijvesteijn, N.; Guimaraes, S.E.F.; Lopes, P.S.; Kelly, M.J.; Viana, 
J.M.S.; Knol, E.F. Supervised independent component analysis as an alternative method for genomic selection in pigs. J. Anim. 
Breed. Genet. 2014, 131, 452–461, doi:10.1111/jbg.12104. 

25. Lukic, B.; Pong-Wong, R.; Rowe, S.J.; de Koning, D.J.; Velander, I.; Haley, C.S.; Archibald, A.L.; Woolliams, J.A. Efficiency of 
genomic prediction for boar taint reduction in Danish Landrace pigs. Anim. Genet. 2015, 46, 607–616, doi:10.1111/age.12369. 

26. de Campos, C.F.; Lopes, M.S.; Silva, F.F.E.; Veroneze, R.; Knol, E.F.; Lopes, P.S.; Guimaraes, S.E.F. Genomic selection for boar 
taint compounds and carcass traits in a commercial pig population. Livest. Sci. 2015, 174, 10–17, doi:10.1016/j.livsci.2015.01.018. 

27. Duijvesteijn, N.; Knol, E.F.; Bijma, P. Direct and associative effects for androstenone and genetic correlations with backfat and 
growth in entire male pigs. J. Anim. Sci. 2012, 90, 2465–2475, doi:10.2527/jas.2011-4625. 



Animals 2021, 11, 699 14 of 16 
 

28. Sellier, P.; Le Roy, P.; Fouilloux, M.N.; Gruand, J.; Bonneau, M. Responses to restricted index selection and genetic parameters 
for fat androstenone level and sexual maturity status of young boars. Livest. Prod. Sci. 2000, 63, 265–274, doi:10.1016/S0301-
6226(99)00127-X. 

29. Rostellato, R.; Bonfatti, V.; Larzul, C.; Bidanel, J.P.; Carnier, P. Estimates of genetic parameters for content of boar taint com-
pounds in adipose tissue of intact males at 160 and 220 days of age. J. Anim. Sci. 2015, 93, 4267–4276, doi:10.2527/jas.2015-9252. 

30. Jonsson, P.; Andresen, O. Experience during two generations of within lines boar performance testing, using 5-α-androst-16-
ene-3-one (5α-androstenone) and an olfactory judgement of boar taint. Ann. Genet. Sel. Anim. 1979, 11, 241–250, doi:10.1186/1297-
9686-11-3-241. 

31. Strathe, A.B.; Velander, I.H.; Mark, T.; Kadarmideen, H.N. Genetic parameters for androstenone and skatole as indicators of 
boar taint and their relationship to production and litter size traits in Danish Landrace. J. Anim. Sci. 2013, 91, 2587–2595, 
doi:10.2527/jas.2012-6107. 

32. Sellier, P.; Bonneau, M. Genetic-relationships between fat androstenone level in males and development of male and female 
genital-tract in pigs. J. Anim. Breed. Genet. 1988, 105, 11–20, doi:10.1111/j.1439-0388.1988.tb00269.x. 

33. Haberland, A.M.; Luther, H.; Hofer, A.; Tholen, E.; Simianer, H.; Lind, B.; Baes, C. Efficiency of different selection strategies 
against boar taint in pigs. Animal 2014, 8, 11–19, doi:10.1017/S1751731113001857. 

34. Moerlein, D.; Tholen, E. Fatty acid composition of subcutaneous adipose tissue from entire male pigs with extremely divergent 
levels of boar taint compounds—An exploratory study. Meat Sci. 2015, 99, 1–7, doi:10.1016/j.meatsci.2014.08.002. 

35. Robic, A.; Faraut, T.; Prunier, A. Pathways and genes involved in steroid hormone metabolism in male pigs: A review and 
update. J. Steroid Biochem. Mol. Biol. 2014, 140, 44–55, doi:10.1016/j.jsbmb.2013.11.001. 

36. Jonsson, P.; Wismer-Pedersen, J. Genetics of sex odour in boars. Livest. Prod. Sci. 1974, 1, 53–66. 
37. Lervik, S.; Oskam, I.; Krogenaes, A.; Andresen, O.; Dahl, E.; Haga, H.A.; Tajet, H.; Olsaker, I.; Ropstad, E. Androstenone and 

testosterone levels and testicular morphology of Duroc boars related to estimated breeding value for androstenone. Theriogenol-
ogy 2013, 79, 986–994, doi:10.1016/j.theriogenology.2013.01.023. 

38. Strathe, A.B.; Velander, I.H.; Mark, T.; Ostersen, T.; Hansen, C.; Kadarmideen, H.N. Genetic parameters for male fertility and 
its relationship to skatole and androstenone in Danish Landrace boars. J. Anim. Sci. 2013, 91, 4659–4668, doi:10.2527/jas.2013-
6454. 

39. Ducro-Steverink, D. Selection against boar taint: A simulation study. Acta Vet. Scand. 2006, 48 (Suppl. 1), 6, doi:10.1186/1751-
0147-48-S1-P6. 

40. Legarra, A.; Christensen, O.F.; Aguilar, I.; Misztal, I. Single Step, a general approach for genomic selection. Livest. Sci. 2014, 166, 
54–65, doi:10.1016/j.livsci.2014.04.029. 

41. Bonneau, M.; Weiler, U. Pros and Cons of alternatives to piglet castration: Welfare, boar taint, and other meat quality traits. 
Animals 2019, 9, 884, doi:10.3390/ani9110884. 

42. Rydhmer, L.; Canario, L. Behavioral Genetics in Pigs and Relations to Welfare. In Genetics and the Behavior of Domestic Animals; 
Grandin, T., Deesing, M.J., Eds.; Academic Press: Cambridge, MA, USA, 2014; pp 397–434, doi:10.1016/B978-0-12-394586-
0.00011-1. 

43. Hemsworth, P.H.; Tilbrook, A.J. Sexual behavior of male pigs. Horm. Behav. 2007, 52, 39–44, doi:10.1016/j.yhbeh.2007.03.013. 
44. Fredriksen, B.; Lium, B.M.; Marka, C.H.; Mosveen, B.; Nafstad, O. Entire male pigs in farrow-to-finish pens—Effects on animal 

welfare. Appl. Anim. Behav. Sci. 2008, 110, 258–268, doi:10.1016/j.applanim.2007.04.007. 
45. Signoret, J.P. Le comportement sexuel des ongulés domestiques. Ann. Med. Vet. 1976, 120, 531–540. 
46. D’Eath, R.B.; Turner, S.P.; Kurt, E.; Evans, G.; Thoelking, L.; Looft, H.; Wimmers, K.; Murani, E.; Klont, R.; Foury, A.; et al. Pigs’ 

aggressive temperament affects pre-slaughter mixing aggression, stress and meat quality. Animal 2010, 4, 604–616, 
doi:10.1017/S1751731109991406. 

47. Turner, S.P. Breeding against harmful social behaviours in pigs and chickens: State of the art and the way forward. Appl. Anim. 
Behav. Sci. 2011, 134, 1–9, doi:10.1016/j.applanim.2011.06.001. 

48. Peden, R.S.E.; Turner, S.P.; Boyle, L.A.; Camerlink, I. The translation of animal welfare research into practice: The case of mixing 
aggression between pigs. Appl. Anim. Behav. Sci. 2018, 204, 1–9, doi:10.1016/j.applanim.2018.03.003. 

49. Canario, L.; Bijma, P.; David, I.; Camerlink, I.; Martin, A.; Rauw, W.M.; Flatres-Grall, L.; van der Zande, L.; Turner, S.P.; Larzul, 
C.; et al. Prospects for the analysis and reduction of damaging behaviour in group-housed livestock, with application to pig 
breeding. Front. Genet. 2020, 11:611073, doi:10.3389/fgene.2020.611073. 

50. McBride, G.; James, W.; Hodgens, N. Social behaviour of domestic animals. IV. Growing pigs. Anim. Sci. 1964, 6, 129–139, 
doi:10.1017/S0003356100021887. 

51. Lund, A.; Simonen, H.B. Aggression and stimulus-directed activities in two breeds of finishing pig. Pig J. 2000, 45, 123–130. 



Animals 2021, 11, 699 15 of 16 
 

52. Kim, D.-H.; Ha, D.-M.; Jeon, J.-H.; Song, J.-I.; Moon, S.-H. A study on the expression of harmful social behaviours in breeding 
pig. J. Anim. Environ. Sci. 2013, 19, 149–154, doi:10.11109/JAES.2013.19.2.149. 

53. Turner, S.P.; Roehe, R.; Mekkawy, W.; Farnworth, M.J.; Knap, P.W.; Lawrence, A.B. Bayesian analysis of genetic associations of 
skin lesions and behavioural traits to identify genetic components of individual aggressiveness in pigs. Behav. Genet. 2008, 38, 
67–75, doi:10.1007/s10519-007-9171-2. 

54. Turner, S.P.; Roehe, R.; D’Eath, R.B.; Ison, S.H.; Farish, M.; Jack, M.C.; Lundeheim, N.; Rydhmer, L.; Lawrence, A.B. Genetic 
validation of post mixing skin injuries in pigs as an indicator of aggressiveness and the relationship with injuries under more 
stable social conditions. J. Anim. Sci. 2009, 87, 3076–3082, doi:10.2527/jas.2008-1558. 

55. Prunier, A.; Muller, N.; Courboulay, V.; Udin, L.; Larzul, C. Body lesions in entire male pigs during growth and on the carcass. 
Journées Rech. Porc. Fr. 2013, 45, 57–62. 

56. Desire, S.; Turner, S.P.; D’Eath, R.B.; Doeschl-Wilson, A.B.; Lewis, C.R.G.; Roehe, R. Genetic associations of short- and long-
term aggressiveness identified by skin lesion with growth, feed efficiency, and carcass characteristics in growing pigs. J. Anim. 
Sci. 2015, 93, 3303–3312, doi:10.2527/jas.2014-8823. 

57. Chu, Q.; Liang, T.; Fu, L.; Li, H.; Zhou, B. Behavioural genetic differences between Chinese and European pigs. J. Genet. 2017, 
96, 707–715. 

58. Turner, S.P.; D’Eath, R.B.; Roehe, R.; Lawrence, A.B. Selection against aggressiveness in pigs at re-grouping: Practical applica-
tion and implications for long-term behavioural patterns. Anim. Welf. 2010, 19, 123–132. 

59. Scheffler, K.; Stamer, E.; Traulsen, I.; Krieter, J. Estimation of genetic parameters for agonistic behaviour of pigs at different ages. 
J. Agric. Sci. 2016, 154, 732–741, doi:10.1017/S0021859616000010. 

60. Turner, S.P.; Nevison, I.M.; Desire, S.; Camerlink, I.; Roehe, R.; Ison, S.H.; Farish, M.; Jack, M.C.; D’Eath, R.B. Aggressive behav-
iour at regrouping is a poor predictor of chronic aggression in stable social groups. Appl. Anim. Behav. Sci. 2017, 191, 98–106, 
doi:10.1016/j.applanim.2017.02.002. 

61. Canario, L.; Turner, S.P.; Roehe, R.; Lundeheim, N.; D’Eath, R.B.; Lawrence, A.B.; Knol, E.; Bergsma, R.; Rydhmer, L. Genetic 
associations between behavioral traits and direct-social effects of growth rate in pigs. J. Anim. Sci. 2012, 90, 4706–4715, 
doi:10.2527/jas.2012-5392. 

62. Camerlink, I.; Turner, S.P.; Farish, M.; Arnott, G. Aggressiveness as a component of fighting ability in pigs using a game-theo-
retical framework. Anim. Behav. 2015, 108, 183–191, doi:10.1016/j.anbehav.2015.07.032. 

63. Hong, J.K.; Kim, K.H.; Song, N.R.; Choi, T.; Hwang, H.S.; Lee, J.K.; Eom, T.K.; Rhim, S.J. Social behavior and group growth of 
finishing pigs with divergent social breeding values. Rev. Colomb. Cienc. Pecu. 2018, 31, 267–275, 
doi:10.17533/udea.rccp.v31n4a03. 

64. Nielsen, H.M.; Ask, B.; Madsen, P. Social genetic effects for growth in pigs differ between boars and gilts. Genet. Sel. Evol. 2018, 
50, 4, doi:10.1186/s12711-018-0375-0. 

65. Angarita, B.K.; Cantet, R.J.C.; Wurtz, K.E.; O’Malley, C.I.; Siegford, J.M.; Ernst, C.W.; Turner, S.P.; Steibel, J.P. Estimation of 
indirect social genetic effects for skin lesion count in group-housed pigs by quantifying behavioral interactions. J. Anim. Sci. 
2019, 97, 3658–3668, doi:10.1093/jas/skz244. 

66. Farine, D.R.; Whitehead, H. Constructing, conducting and interpreting animal social network analysis. J. Anim. Ecol. 2015, 84, 
1144–1163, doi:10.1111/1365-2656.12418. 

67. Foister, S.; Doeschl-Wilson, A.; Roehe, R.; Arnott, G.; Boyle, L.; Turner, S. Social network properties predict chronic aggression 
in commercial pig systems. PLoS ONE 2018, 13, e0205122, doi:10.1371/journal.pone.0205122. 

68. Larzul, C.; Hassenfratz, C.; Blanchet, B.; Prunier, A. Analyse des réseaux sociaux appliquée aux données DAC porcins. Journées 
Sci. Département Génétique Anim. 2018, S9, 1. 

69. Wurtz, K.; Camerlink, I.; D’Eath, R.B.; Fernandez, A.P.; Norton, T.; Steibel, J.; Siegford, J. Recording behaviour of indoor-housed 
farm animals automatically using machine vision technology: A systematic review. PLoS ONE 2019, 14, e0226669, 
doi:10.1371/journal.pone.0226669. 

70. Benjamin, M.; Yik, S. Precision Livestock Farming in Swine Welfare: A Review for Swine Practitioners. Animals 2019, 9, 133, 
doi:10.3390/ani9040133. 

71. Nasirahmadi, A.; Hensel, O.; Edwards, S.A.; Sturm, B. Automatic detection of mounting behaviours among pigs using image 
analysis. Comput. Electron. Agric. 2016, 124, 295–302, doi:10.1016/j.compag.2016.04.022. 

72. Li, D.; Chen, Y.; Zhang, K.; Li, Z. Mounting Behaviour Recognition for Pigs Based on Deep Learning. Sensors 2019, 19, 4924, 
doi:10.3390/s19224924. 

73. Oczak, M.; Viazzi, S.; Ismayilova, G.; Sonoda, L.T.; Roulston, N.; Fels, M.; Bahr, C.; Hartung, J.; Guarino, M.; Berckmans, D.; et 
al. Classification of aggressive behaviour in pigs by activity index and multilayer feed forward neural network. Biosyst. Eng. 
2014, 119, 89–97, doi:10.1016/j.biosystemseng.2014.01.005. 



Animals 2021, 11, 699 16 of 16 
 

74. Kapun, A.; Adrion, F.; Tomalia, M.; Gallmann, E. Recording of behavior and activity patterns of growing-finishing pigs based 
on a UHF-RFID system. In Proceedings of the 13th Conference Construction, Engineering and Environment in Livestock Farm-
ing, Hohenheim, Germany, 18–20 September 2017. 

75. Boileau, A.; Farish, M.; Turner, S.P.; Camerlink, I. Infrared thermography of agonistic behaviour in pigs. Physiol. Behav. 2019, 
210, 112637, doi:10.1016/j.physbeh.2019.112637. 

76. Rodriguez-Baena, D.S.; Gomez-Vela, F.A.; Garcia-Torres, M.; Divina, F.; Barranco, C.D.; Daz-Diaz, N.; Jimenez, M.; Montalvo, 
G. Identifying livestock behavior patterns based on accelerometer dataset. J. Comput. Sci. 2020, 41, 101076, 
doi:10.1016/j.jocs.2020.101076. 

77. Falková, L.; Vrtková, I. Molecular Genetic Markers Associated with Boar Taint—Could Molecular Genetics Contribute to Its 
Reduction? Res. Pig Breed. 2019, 13, 7–13. 

78. Squires, J.; Bone, C.; Cameron, J. Pork Production with Entire Males: Directions for Control of Boar Taint. Animals 2020, 10, 1665, 
doi:10.3390/ani10091665. 

79. Duarte, D.A.S.; Fortes, M.R.S.; Duarte, M.D.; Guimaraes, S.E.F.; Verardo, L.L.; Veroneze, R.; Ribeiro, A.M.F.; Lopes, P.S.; de 
Resende, M.D.V.; Silva, F.F.E. Genome-wide association studies, meta-analyses and derived gene network for meat quality and 
carcass traits in pigs. Anim. Prod. Sci. 2018, 58, 1100–1108, doi:10.1071/AN16018. 

80. Munoz, M.; Bozzi, R.; Garcia, F.; Nunez, Y.; Geraci, C.; Crovetti, A.; Garcia-Casco, J.; Alves, E.; Skrlep, M.; Charneca, R.; et al. 
Diversity across major and candidate genes in European local pig breeds. PLoS ONE 2018, 13, e0207475, doi:10.1371/jour-
nal.pone.0207475. 

81. Pong-Wong, R.; Nagamine, Y.; D’Eath, R.B.; Turner, S.P.; Lawrence, A.B.; Haley, C.S. Dissecting the genetic variation of aggres-
sive behaviour in pigs using dense SNP data. In Proceedings of the XV Reunion Nacional de Mejora Genetica Animal, Vigo, 
Spain, 16–18 June 2010. 

82. Wurtz, K.E.; Siegford, J.M.; Ernst, C.W.; Raney, N.E.; Bates, R.O.; Steibel, J.P. Genome-wide association analyses of lesion counts 
in group-housed pigs. Anim. Genet. 2018, 49, 628–631, doi:10.1111/age.12713. 

83. Murani, E.; Ponsuksili, S.; D’Eath, R.B.; Turner, S.P.; Kurt, E.; Evans, G.; Thoelking, L.; Klont, R.; Foury, A.; Mormede, P.; et al. 
Association of HPA axis-related genetic variation with stress reactivity and aggressive behaviour in pigs. BMC Genet. 2010, 11, 
74, doi:10.1186/1471-2156-11-74. 

84. Van den Broeke, A.; Aluwe, M.; Janssens, S.; Wauters, J.; Vanhaecke, L.; Buys, N.; Millet, S.; Tuyttens, F.A.M. The effect of the 
MC4R gene on boar taint compounds, sexual maturity and behaviour in growing-finishing boars and gilts. Animal 2015, 9, 1688–
1697, doi:10.1017/S1751731115001135. 

85. Terenina, E.; Bazovkina, D.; Rousseau, S.; Salin, F.; D’Eath, R.; Turner, S.; Kulikov, A.; Mormede, P. Association entre Polymor-
phismes de Gènes Candidats et Comportements Agressifs chez le Porc. Journées Rech. Porc. Fr. 2012, 44, 45–46. 

86. Chen, R.; Chu, Q.; Shen, C.; Tong, X.; Gao, S.; Liu, X.; Zhou, B.; Schinckel, A.P. Identification of Single Nucleotide Polymor-
phisms in Porcine MAOA Gene Associated with Aggressive Behavior of Weaned Pigs after Group Mixing. Animals 2019, 9, 952, 
doi:10.3390/ani9110952 


