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ABSTRACT: The aim of this study was to evaluate the
effect of 2 climatic environments (temperate [TEMP]
vs. tropical humid [TROP]) on production and thermo-
regulation traits in growing pigs. A backcross design
involving Large White (LW; heat sensitive) and Creole
(CR; heat tolerant) pigs was studied. The same 10 F;
LW x CR boars were mated with related LW sows in
each environment. A total of 1,298 backcross pigs (n =
634 pigs from 11 batches for the TEMP environment
and n = 664 pigs from 12 batches for the TROP envi-
ronment) were phenotyped on BW (every 15 d from
wk 11 to 23 of age), voluntary feed intake (ADF]I, from
wk 11 to 23), backfat thickness (BFT; at wk 19 and
23), skin temperature (ST; at wk 19 and 23), and rectal
temperature (RT; at wk 19, 21, and 23). The feed con-
version ratio was computed for the whole test period
(11 to 23 wk). The calculation of the temperature—

humidity index showed an average difference of 2.4°C
between the TEMP and TROP environments. The ADG
and ADFI were higher in the TEMP environment than
in the TROP environment (834 vs. 754 g/d and 2.20
vs. 1.80 kg/d, respectively; P < 0.001). Body tempera-
tures were higher in the TROP environment than in the
TEMP environment (35.9 vs. 34.8°C for ST and 39.5
vs. 39.3°C for RT, respectively; P <0.001). Most of the
studied traits (i.e., BW, BFT, ADG, ADFI, and RT) were
affected by sire family x environment interactions (P <
0.05), resulting in “robust” and “sensitive” families. Our
results show a family dependency in the relationships
between heat resistance and robustness, suggesting the
possibility of finding genotypes with high production
and low heat sensitivity. Further research is needed to
confirm the genetic x environment interaction and to
detect QTL related to heat tolerance.
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INTRODUCTION

Enough food is currently produced for the global
population, when ignoring food waste (FAO, 2012).
Increasing production is nevertheless important, be-
cause 60% more food would be needed by 2050 to
ensure food security (Porter et al., 2014). Meat con-
sumption has decreased in the Northern Hemisphere
(Thornton, 2010), but the global demand for livestock
products should be twice that of today, particularly in
developing countries (Delgado et al., 1999). More than
50% of the world pig production occurs in tropical and
subtropical regions (FAOSTAT, 2015), particularly in
East and Southeast Asia (P.R. China, Vietnam, etc.)

4738



Interactions of sire family and environment in pigs

and in South America and the southern portion of North
America (Brazil, Mexico, etc.). These areas would
continue to support the future growth of production
(Bruinsma, 2003). However, heat stress (HS) is one of
the main limiting factors of pig production (Renaudeau
et al., 2012). Meanwhile, the climate is changing. The
global temperature is expected to increase in the 21st
century (Core Writing Team et al., 2014). It can be sug-
gested that HS-related issues will increase in the future,
with negative effects on animal health, welfare, repro-
duction, and production and, therefore, the economic vi-
ability of pig production. Heat stress has led to a global
yearly economic loss around US$300 million in the
U.S. pig industry (St-Pierre et al., 2003). Differences
in tolerance to HS have been observed in several live-
stock species (Gourdine et al., 2006; Hayes et al., 2009;
Mignon-Grasteau et al., 2015), suggesting the existence
of a genetic determinism of heat tolerance, but little has
been published in pigs. In 2011, the INRA initiated a
backcross design based on a tropical local breed (Creole
[CR]) and a productive temperate breed (Large White
[LW]). The related progeny of backcross growing pigs
were tested in a temperate (TEMP) or a tropical humid
(TROP) environment with the same procedure to evalu-
ate production traits and thermoregulatory responses. In
this article, we present the phenotypic responses to the 2
different environments, focusing on the interactions be-
tween the sire family and the environment (GXE).

MATERIALS AND METHODS

All measurements and observations on animals were
performed in accordance with the current law on animal
experimentation and ethics (CE2012-9 from the Animal
Care and Use Committee of Poitou-Charentes and 69-
2012-2 from the Animal Care and Use Committee of
French West Indies and Guyana) under the direction of Y.
Billon and J. Fleury ( INRA-PTEA; authorization num-
ber by the French Ministry of Agriculture and Fisheries:
17015 and 971-2011-03 7704, respectively).

Experimental Design

Data were collected from April 2013 to October
2014 in the closed facilities of the INRA experimen-
tal unit located in the TEMP area (INRA-Génétique,
Expérimentation et Systémes Innovants, Poitou-
Charentes, France; 46° N, 0.45° W) and in the semio-
pened facilities of the INRA experimental farm located
in the Tropical Platform for Animal Experimentation
(INRA-Plateforme Tropicale d’Expérimentation sur
I’Animal,, Guadeloupe, French West Indies; 16° N,
61° W). To produce F; animals (Fig. 1), 10 purebred
LW dams were inseminated with 5 tropical boars from
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the CR breed, which is known to be less productive but
more heat tolerant than the LW breed (Renaudeau et al.,
2007). At the same time, herds of related LW sows were
organized in the 2 farms using Al of related sows with
same purebred LW boars to homogenize the genetic
background of the dams (Fig. 1). Finally, backcross
(BC) pigs were produced in each environment from
the same 10 F; (LW x CR) boars. In the TEMP envi-
ronment, 634 BC pigs from 60 LW sows were reared
in 11 contemporary groups, whereas the correspond-
ing number in the TROP environment was 664 from
70 LW sows in 12 contemporary groups. Each F, boar
produced, on average, 65 £ 9 offspring per environment
(Fig. 1). Pigs were weaned at 4 wk (wk 4) of age (26.9 +
1.7 d). After weaning (wk 4), the pigs were raised for 6
wk in pens of 22 animals in the TEMP environment and
pens of 12 animals in the TROP environment. At that
moment, a preliminary choice was performed to avoid
new mixing and to facilitate social interactions during
test weeks: 64 pigs from 8 litters (with, on average, 4
castrated males and 4 females by litter) were divided
into groups to balance by sire line and by sex. At wk
10, 60 of these 64 pigs were penned in 6 homogeneous
groups of 10 pigs of the same sex per contemporary
group (30 females and 30 castrated males) and the pigs
were moved to growing pens equipped with electronic
feeders. After 1 wk of adaptation, the test period started
at wk 11 and ended at wk 23. Each pen was equipped
with nipple drinkers. Animals had free access to water
and were fed ad libitum with commercial diets pre-
sented as pellets and formulated to meet the nutritional
requirements of growing pigs according to standard rec-
ommendations (Noblet et al., 2004). Feed samples were
collected and pooled for each contemporary group at the
beginning and at the end of the test period for chemi-
cal analyses of DM (AOAC Method N° 934.01), ash,
OM (AOAC Method N° 942.05), CP (AOAC Method
N° 976.06), starch (AOAC Method N° 920.40), NDF,
and GE (AOAC, 2004).

Data Recording

Room ambient temperature (T) and relative humid-
ity (RH) were recorded during the whole duration of
the test period. In the TEMP conditions, these climatic
parameters were obtained every 5 min in the grow-
ing room of the closed experimental facilities using a
stand-alone USB data logger (EL-USB-2+; DATAQ
Instruments, Inc., Akron, OH) located in the center of
the room. In the TROP conditions, the semiopen fa-
cilities were equipped with a Campbell weather station
(Campbell Scientific Ltd., Shepshed, UK) continuously
recording ambient T and RH (1 measurement every
30 min) in each room of the experimental farm.



4740

‘7

Rosé et al.

SCR X 10LW 8 LW X 10 LW X 11 LW
T‘ Tl )
__TE‘E’iPSEa_‘LOL‘ISﬁ'_C_e’ltEL ______ b
i
]
g l $
70 LW X 10 Fl X 60 LW
L
664 BC 634 BC
Tropical Temperate
w50 » 50
g 40 - E 40 -
'E 30 ! W Female 'E 30 Hra— W Female
o 20 - o 20 -
E 10 E 10 -
5 o OJCastrated | 5 (] Castrated
< 12345678910 male £ 12345678910 male

Sire families

Sire families

Figure 1. Backcross design with the number of tested female and castrated male backcross pigs per sire family (10 F; sire family) in temperate and tropi-

cal environments. & = male; @ =

All pigs were weighed 1 wk before the beginning
of the performance test and on Monday every 2 wk
from wk 11 (BW at 11 wk of age [BW;]) to 23 (BW
at 23 wk of age [BW,3]). At wk 19 and 23, the backfat
thicknesses (BFT; BFT at 19 wk of age [BFT,4] and
BFT at 23 wk of age [BFT,3]) were evaluated as the
average of 6 ultrasonic measurements (Agroscan; ECM
Echo Control Medical, Angouléme, France) taken at
the shoulder, mid back (P2 site), and loin at a position
directly above the point of the elbow, last rib, and last
lumbar vertebra locations, taken 5 cm off the midline on
each side of the pig. For technical reasons, feed intake
was recorded using electronic feeders (ACEMA 128;
SKIOLD Acemo, Pontivy, France) during 2-wk periods
at only wk 11 through 12, wk 15 through 16, and wk 19
through 20 (defined as period 1) for half of the pigs or
only during wk 13 through 14, wk 17 through 18, and
wk 21 through 22 (defined as period 2) for the other half,
as recommended by Schulze et al. (2001). During the
remaining test weeks, pigs had free access to a conven-
tional feed dispenser. Pigs switched from one feeding
system to the other on the Monday after weighing.

Rectal temperature (RT) was measured at wk 19, 21,
and 23, and skin temperature (ST) was measured at wk
19 and 23. Digital thermometers (Microlife Corp., Paris,
France) were used to measure RT, and ST was measured

female; CR = Creole; LW = Large White; BC = backcross.

on the back at P2 site using a skin surface thermocouple
probe (type K, model 88002K-IEC; Omega Engineering
Inc., Stamford, CT) connected to a microprocessor-
based handheld thermometer (model HH-21; Omega
Engineering Inc.). The RT and ST measurements were
performed on unrestrained animals and with a minimum
of stress during the weighing events in the morning.

Calculation and Statistical Analyses

A temperature—humidity index (THI) was cal-
culated for each day based on the following formula
proposed by the National Oceanic and Atmospheric
Administration (NOAA, 1976; cited by Zumbach et al.
[2008]): THI =T — (0.55 — 0.0055 x RH) x (T — 14.5),
in which T is the average daily T (°C) and RH is the
average daily RH (%).

Average daily gains between BW,; and BW,; and
for each 2-wk interval from wk 11 to 23 (ADG,;,,;
fori=13,15,17, 19, and 21) were computed. Average
daily feed intake was calculated from data collected by
the electronic feed dispensers by averaging daily feed
intake records of the 6 wk available for each pig in ei-
ther period 1 or period 2. Schulze et al. (2001) recom-
mended to exclude the 2 first days of record for obtain-
ing reliable feed intake information. In a preliminary
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analysis, it has been shown that only the exclusion of
the first day is needed because readaptation to elec-
tronic feeders was not necessary. Consequently, ADFI
was estimated by averaging daily feed intake with ex-
clusion of the days of switching between electronic
feeders and conventional feed dispenser. Residual
feed intake (RFI) was calculated for each animal as
the deviation between ADFI and ADFI predicted by
a regression of ADFI on ADG between 11 and 23 wk
of age [ADGy;_,3], BFT,3, and the average metabolic
BW during the test period (AMW,;_,3). The average
metabolic BW was estimated for each animal using
the following formula from Noblet et al. (1999):

AMW,, ,; = (BW,;16-BwW, 16y
[1.6(BW,; —BW,))].

The feed conversion ratio (FCR) was estimated by di-
viding ADFI on ADG. Relative BFT gain between wk 19
and 23 (BFTg,q ,3) was calculated as (BFT,; — BFT )/
BFT 4. The gradient between RT and ST was calculated
at wk 19 and 23 as the difference between RT and ST.

Within each environment, extreme values were
checked for all traits by detecting animals for which the
value of the considered trait was distant from the mean
by more than 3 SD (i.e., outliers). For an animal with
outliers, the biological consistency of these values with
the other records of the animal was evaluated before
definitely excluding these outliers from the analysis.
The highest number of excluded phenotypes was about
12 for ADFI and FCR. Data on production traits (BW,
BW,;, ADG, ADG,;,,, ADFI, RFI, FCR, BFTq,
BFT,;, and BFTg,4 ,3) and on thermoregulation traits
(RT at 19 wk of age [RT 4], RT at 21 wk of age [RT,,],
RT at 23 wk of age [RT,;], ST at 19 wk of age [ST,,],
and ST at 23 wk of age [ST,;] and gradients between
RT and ST) were analyzed using linear models (GLM
procedure; SAS version 9.4; SAS Inst. Inc., Cary, NC)
with the fixed effects of the environment (TEMP vs.
TROP), sex (female vs. castrated male), batch within
environment (11 in the TEMP environment and 12 in
the TROP environment), sire family (10 families), and
their interactions as main effects. For all variables in
which feed intake was used (ADFI and FCR), the effect
of recording period (2 periods) was used as fixed effect.
Least squares means of the effects were computed, and
the differences between the level effects were tested
with a Tukey test. Residuals from these linear models
(excluding the effect of sire family [G]) were used to
compute Spearman correlations between the traits with-
in environment and between environments for the same
trait, and Fisher’s Z transformations were performed
to compare correlations. Longitudinal records (BFT,
RT, and ST) were analyzed using mixed linear models
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(MIXED procedure; SAS version 9.4) with the same
fixed effects as the previous linear models, adding the
effect of the week (2 for BFT and ST and 3 for RT). The
random effect of the animal was included to account
for repeated measurements on the same pig. The GXE
interactions were assessed by studying the least squares
means from the previous linear models when the effect
of the interaction was significant (P < 0.05).

Two different statistical analyses for assessment of
robustness and sensitivity between the 10 sire families
were performed. In the first analysis, sire families were
ranked on the least squares mean differences of their
offspring between the TEMP and TROP environments
on traits for which GXE interactions were found signifi-
cant, and scores were attributed to the sire families from
1 (i.e., the lowest least squares mean differences) to 10
(i.e., the highest least squares mean differences). In the
second analysis, a principal component analysis (PCA)
was performed using the FactoMineR package (L¢ et al.,
2008) in R version 3.3.2 (R Core Team, 2016). The PCA
was done with the 12 variables (BW,3, ADG;_,3, ADFI,
RFI, FCR, BFT g, BFTy3, RT g, RT,, RT3, ST}g, and
ST,5) as active variables and the BC pigs as individuals,
ignoring the environment (E) and the sire family they be-
longed to. The variables G, E, and GXE were included in
the PCA analysis as illustrative variables to obtain their
coordinates on the different principal components.

RESULTS

Environmental Characteristics

Climate. The difference in average daily T be-
tween the TEMP and the TROP environments was
only about 1.1°C (Table 1), but the corresponding
difference in the average daily THI was about 2.4°C,
due to the high contrast in RH between environments
(+23.3% in the TROP environment).

Figure 2 shows the daily or hourly variation of the
T, RH, and THI in the TEMP and TROP experimental
facilities. In TEMP indoor conditions, mean daily T were
almost constant whereas the mean daily RH fluctuated
more, with the highest values recorded in July (i.e., 68%)
and the lowest in March (i.e., 51.7%). Consequently, the
mean daily THI fluctuated during the test period between
22.8 and 24.4°C. In TROP conditions where T and RH
were not controlled by a climatizing system, the con-
ditions in the semiopen pig experimental building fol-
lowed the outside climatic changes. Hence, the lowest
and the highest mean daily T were measured in March
(i.e., 24.3°C) and in August (i.e., 27.7°C), respectively.
Mean RH was the lowest in March (i.e., 82.1%) and the
highest in October (i.e., 87.7%). As a consequence, the
THI was maximum in October (26.8°C) and minimum in
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March (23.2°C). The hourly T was similar, irrespective
of the considered time in the TEMP environment, with
values slightly higher than 25°C between 1100 and 2400
h. Similarly to the monthly variations in the TEMP envi-
ronment, the mean hourly RH fluctuated more than the
mean hourly T. In TEMP conditions, RH was highest at
about 1100 h and lowest at about 0500 h. The daily T and
RH variations in the TEMP environment resulted in lim-
ited daily variations of the THI between 22.4°C at 0500
h and 23.4°C at 1600 h. In the TROP environment, the
daily variation in T (+17% between lowest and highest
values) was higher than that in RH (+8% between lowest
and highest values). Consequently, the daily variation of
the THI and T are similar, with the minimum and maxi-
mum values reached at 0500 and 1200 h, respectively.

Feed Composition. The chemical composition
of the diets is shown in Table 2. The DM content of
the diet was 88.0%, irrespective of the environment.
Chemical composition and nutritional values of diets
were rather similar in both climatic environments.

Phenotypic  Variation of Traits Within
Environment. Table 3 shows the descriptive statistics
of the main traits studied. Irrespective of the environ-
ment, the highest variation for a trait was found for
BW,;. For production traits, higher CV values were
found in the TROP environment. For thermoregula-
tory traits, CV values were higher in the TEMP envi-
ronment than in the TROP environment. Between the
TEMP and the TROP environments, the highest differ-
ences in CV were found for BW; and BW,;.

Environment Effects

All production performances were influenced by
the production environment, except ADG between 21
and 23 wk of age (Table 4). Pigs reared in the TROP
environment were younger than TEMP BC pigs, at
wk 19 and 23. Higher BW were observed in BC pigs
reared in the TEMP environment than in those reared
in the TROP environment (+10 kg at the beginning
of the test [P < 0.001] and +18 kg at the end of the
test [P < 0.001]). Except for the periods of wk 19 to
21 and wk 21 to 23, TEMP BC pigs had higher ADG
than TROP BC pigs, with the greatest differences ob-
served during the period between wk 13 and 14 (+192
g/d; P <0.001). Pigs in TROP had greater ADG than
TEMP pigs between wk 19 and 21 (+83 g/d; P <0.001).
The overall growth performance was affected by the
production environment, with a reduction of 10% in
ADG_,; related to a reduction of 20% in ADFI for
TROP pigs compared with TEMP pigs. The FCR was
significantly lower in TROP pigs than in TEMP pigs
(=7%; P < 0.05). Irrespective of the week, BFT was
greater in TEMP pigs than in TROP pigs (P < 0.01).

Rosé et al.

Table 1. Climatic characteristics! of the production
environments

Environment

Climatic parameters Temperate Tropical
Daily ambient temperature, °C

Minimum 20.5 222

Maximum 27.7 28.9

Mean 25.2 26.3
Daily relative humidity, %

Minimum 46.2 75.3

Maximum 76.3 93.6

Mean 61.3 84.6
Daily THI,2 °C

Minimum 19.2 21.7

Maximum 254 28.0

Mean 22.9 25.3

! Average values obtained from daily climatic parameters measured indoor
from April 2013 to October 2014 in the tropical humid environment (n =
13,248 hourly temperatures and relative humidities) and from March 2013
to September 2014 (n = 12,504 hourly temperatures and relative humidities).

2THI = temperature-humidity index, which combines ambient tempera-
ture, relative humidity, and their interaction. The THI was calculated using
the following formula: THI (°C) = ambient temperature — (0.55 — 0.0055 x
relative humidity) x (ambient temperature — 14.5) (NOAA, 1976; cited in
Zumbach et al. [2008]).

Relative BFT gain was greater in TROP pigs than in
TEMP pigs (+32 vs. +26%; P < 0.01).

Irrespective of the week, ST was greater in TROP
pigs than in TEMP pigs (36.1 vs. 35.1°C at wk 19
[P < 0.01] and 35.7 vs. 34.5°C at wk 23 [P < 0.01];
Table 5). Similarly to ST, RT was greater in TROP pigs
than in TEMP pigs by about +0.2°C, irrespective of
the week (P < 0.01).

The residual correlations between production and
thermoregulation traits according to the environment

Table 2. Chemical and nutritional levels of the com-
mercial diets used in temperate (n = 15) and tropical
(n=19) environments

Environment
Item Temperate! Tropical
Analyzed chemical composition, % of DM
DM 88.0+0.4 88.0+04
Cp 159+0.6 16.4+0.5
Ash 55+0.2 6.0+0.3
Crude fiber 26+0.2 43403
NDF 11.4 14.8
Fat 23 3.8
Starch 46.3 42.7
Energy value,2 MJ/kg
GE 16.09 16.33
DE 13.87 13.53

ITn the temperate environment, samples were pooled for the determina-
tion of energy value, NDF, fat, and starch contents; in the tropical environ-
ment, samples were pooled for the determination of NDF.

2Values calculated according to Le Goff and Noblet (2001).
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Figure 2. Climatic variation in the pig building facilities according to the production environment (temperate or tropical): (a) daily variation and (b) hourly
climatic fluctuation. T = ambient temperature; RH = relative humidity; THI = temperature-humidity index, calculated according to the following formula: THI
(°C)=T—(0.55-10.0055 x RH) x (T — 14.5), proposed by the National Oceanic and Atmospheric Administration (NOAA, 1976; cited by Zumbach et al. [2008]).

are presented in Table 6. Irrespective of the considered
environment (TEMP or TROP), significant positive
correlations between production traits were found, ex-
cept for FCR. In the TEMP environment, the residual
correlation between FCR and BFT,; was higher than in
the TROP environment (» = 0.28 vs. » = 0.14, respec-
tively; P < 0.05). In both the TEMP and the TROP en-
vironments, positive residual correlation was found be-
tween RT,; and ST,;, with higher values in the TROP
environment than in the TEMP environment (» = +0.34
vs. r = +0.11, respectively; P < 0.001). Residual corre-
lations between production and thermoregulation traits
were not significantly different from 0, except for RT,,
and BFT,; (r = —0.07) and STy; and ADG | ,; (r =
—0.09) in the TEMP environment and ST,; and BFT,,
(r=-0.10) in the TROP environment (£ < 0.05).

It should be pointed out that differences between fe-
males and castrated males were also observed in most of
traits (except for ST and ages). Focus was not put on the
effects of sex, because the most important features in the

present study are the differences between the TEMP and
TROP environments and the GXE interactions.

Sire Family x Environment Interaction Effects

The effect of the interaction between the sire family
and the production environment (GXE) was significant
for the majority of the studied traits, except for ADG
between 15 and 17 wk of age (P = 0.06), ADG between
17 and 19 wk of age (P = 0.19), ADG between 19 and
21 wk of age (P = 0.16), FCR (P = 0.08), BFTg,g 53
(P = 0.15), and body temperatures (P = 0.91 for ST,
P =0.84 for ST at 21 wk of age, P = 0.25 for RT g, P =
0.11 for RT,;, and P = 0.36 for RT,,; Tables 4 and 5).
However, when taking into account the measurements
on RT at wk 19, 21, and 23 as the same trait, the ef-
fect of sire family x GXE interaction became significant
(P <0.05), showing that the average RT of BC pigs was
affected by the GXE interaction.

Based on the least squares mean estimates from the
linear models, we considered that the most robust sire
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Table 3. Means (SD) and CV of the traits recorded according to the production environments

Environment
Temperate Tropical
Trait! No. Mean (SD) CV, % No. Mean (SD) CV, %
BW,,, kg 634 31.3(4.2) 13.4 664 21.1 (4.6) 21.8
BW,;, kg 633 103.4 (9.9) 9.6 664 85.4 (11.4) 13.3
ADFI, kg/d 626 2.21(0.46) 20.9 661 1.78 (0.42) 235
BFT,y, mm 632 16.6 (3.0) 18.1 664 12.1 (2.3) 19.0
BFT,;, mm 628 20.6 (3.7) 18.0 664 15.6 (3.0) 19.2
STy, °C 634 35.1(0.9) 2.6 664 36.1(0.8) 22
ST,3, °C 633 34.5(1.0) 29 664 35.7(0.8) 22
RTy, °C 631 39.5(0.4) 1.0 663 39.7 (0.4) 1.0
RT,,, °C 633 39.3(0.4) 1.0 664 39.5(0.3) 0.8
RT,,, °C 628 39.3(0.4) 1.0 664 39.4 (0.3) 0.8

1BW11 =BW at 11 wk of age; BW,; = BW at 23 wk of age; BFT,4 = backfat thickness at 19 wk of age; BFT,; = backfat thickness at 23 wk of age;
ST, = skin temperature at 19 wk of age; ST,; = skin temperature at 23 wk of age; RT, 4 = rectal temperature at 19 wk of age; RT,, = rectal temperature at

21 wk of age; RT,; = rectal temperature at 23 wk of age.

family for a given trait is the family for which the least
squares mean difference for the sire family between
the TEMP environment and the TROP environment is
the lowest. In contrast, the most sensitive sire family
was defined as the family for which this difference is
the highest. The differences of least squares means of
ADG ,_,3 and RT were not significant for the most ro-
bust families, families 1, 2, and 7 (P > 0.47). The dif-
ferences of least squares means of all studied traits of

Table 6 are significant for the most sensitive families,
families 6, 5, and 10 (P < 0.037). With the impact of
environment (chronic HS in the TROP environment),
some traits (such as BW,;, BFT,3, or ADFI) change
with environment, but the slope differs according to
the sire family. Spearman rank correlations between
families in the different environments for the 10 sire
families are presented in Table 6 (on the diagonal). All
correlations between TEMP and TROP least squares

Table 4. Least squares means effect of production environment and sex on production traits

Environment

Temperate Tropical
Trait! Female Castrated male Female Castrated male No. RSD? Significant effects’
Ageatwk 11,d 758 758 73b 73b 1,298 1 E**, G**, and GXE**
Ageatwk 13,d 1612 1612 158b 158b 1,298 13 E** G** and GXE**
BW,,, kg 30.9% 3160 20.7° 21.2° 1,298 40  E**, G**, sex**, and GXE**
BW,;, kg 101.38 105.6 82.5° 87.24 1,297 9.5  E**, G** sex**, and GXE**
ADFI, kg/d 2,112 2.30P 1.70° 1.844 1,287 0.37 E**, G**, sex**, Pe**, and GXE**
RFI, g/d 2 37 -15 -25 1,283 321 E*, G**, and Pe**
ADG, g/d
From wk 11 to 13 6882 728b 572° 592¢ 1,291 151 E**, G**, sex**, and GXE**
From wk 13 to 15 8692 907 662°¢ 733d 1,296 138 E**, G** sex** E x sex*, and GXE**
From wk 15 to 17 8502 968 749¢ 788d 1,295 152 E**, G** sex** E x sex*, and GXE**
From wk 17 to 19 9712 9872 823b 907¢ 1,294 173 E**, G** sex** E x sex*, and GXE**
From wk 19 to 21 7682 810P 824b 870° 1,281 186 E**, G**, sex**, and GXE**
From wk 21 to 23 7932 7778 7562 7942 1,284 199 G** and E x sex*
From wk 11 to 23 8132 854P 729¢ 7784 1,297 85 E**, G**, sex**, and GXE**
FCR, kg feed/kg BW gain 2.612 2.70P 2.45¢ 2.47° 1,286 0.43  E** G**, sex*, Pe**, and GXE*
BFT,y, mm 15.72 17.5° 11.4¢ 12.74 1,296 23 E**, G**, sex*™, E x sex*, and GXE**
BFT,;, mm 19.42 21.8° 14.7° 16.5¢ 1,292 2.8 E**, G**, sex™*, and GXE**
BFTg,q 53, % 25.6% 26.42 31.7° 31.9 1,256 148  E**and G*

a-d] east squares means within a row with different superscripts significantly differ (P < 0.05).

IBw 11 =BWat 11 wk of age; BW,; = BW at 23 wk of age; RFI = residual feed intake; FCR = feed conversion ratio; BFT o = backfat thickness at 19 wk
of age; BFT23 = backfat thickness at 23 wk of age; BFTg,y_,3 = relative backfat thickness gain between wk 19 and 23.

2RSD = residual SD.

3E = environment; G = sire family; Pe = period of feed intake recordings. Batch within environment was significant for all traits and is not reported in the table.

*P <0.05; **P <0.01.
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Table 5. Least squares means effect of production environment and sex on thermoregulation traits

Environment

Temperate Tropical
Trait! Female Castrated male Female Castrated male No. RSD? Significant effects’
Skin temperature, °C
ST}, 35.28 35.00 36.1° 36.1° 1,294 0.7 E**
STy, 34,52 34,52 35.7b 35.7b 1,297 0.7 E** and G**
Rectal temperature, °C
RT}, 39.42 39.5 39.6° 39.7¢ 1,294 0.3 E**, G**, and sex**
RT,, 39.32 39.4b 39.4b 39.6¢ 1,297 0.4 E**, G*, and sex**
RT,, 39.22 39.3b 39.4b 39.5¢ 1,291 0.3 E** G**, and sex**
Gradient RT-ST, °C 432 4.5b 3.5¢ 3.6 1,294 0.7 E**, G**, and sex**
RT,4-ST4, °C 432 4.5b 3.5¢ 3.6 1,294 0.7 E**, G**, and sex**
RT,,-ST,,, °C 4.7 4.9 3.7° 3.84 1,290 0.7 E**, G** and sex**

a-d] east squares means within a row with different superscripts significantly differ (P < 0.05).

1ST19 = skin temperature at 19 wk of age; ST,; = skin temperature at 23 wk of age; RT, 4 = rectal temperature at 19 wk of age; RT,; = rectal temperature
at 21 wk of age; RT,; = rectal temperature at 23 wk of age; RT = rectal temperature; ST = skin temperature.

2RSD = residual SD.

3E = environment; G = sire family. Batch within environment was significant for all traits and is not reported in the table.

*P <0.05; ** P<0.01.

mean values significantly differ from 1, indicating that
GxE interactions exist. However, only correlations
between the TEMP and TROP environments for FCR
and ST are significantly different from 0, indicating
that the GXE interactions for BW,;, BFT,;, ADFI,
ADG_,3, and RT are moderate to strong. Differences
in the ranking of sire families in the 2 environments
are presented in Fig. 3a (for BW,; and BFT,5), Fig.
3b (for ADG,,_,5 and ADFI), and Fig. 4 (for RT). A
difference of 12.3 kg for BW,; between the TEMP en-
vironment and the TROP environment was observed
(Fig. 3a) for the most robust sire family (family 7,
with a BW,5 of 101.5 kg in the TEMP environment).
The corresponding value for the most sensitive fam-
ily (family 3; least squares means of 105.9 kg in the
TEMP environment) was 22.5 kg. The most robust
families for BW,; (families 7, 2, and 1) were also the
3 most robust for BFT,;, as shown by Fig. 3. These
families had an average contrast for BFT,; of 3.4 mm
between the TEMP environment and the TROP en-
vironment. For ADFI, similarly to BW,; and BFT,;,
it seems that there is a general rule: the higher ADFI
1s in the TEMP environment, the more sensitive the
family is (i.e., the higher the difference between the
TEMP and the TROP environments is; Fig. 3b). For
the average RT from wk 19, 21, and 23 (Fig. 4), there
are few rerankings. The trend was that the increase
of RT between TEMP and TROP was lower (+0.09
vs. +0.25°C; P < 0.001) for the sire families of BC
pigs with the highest RT in TEMP (39.4 °C; families
7, 1, and 9) than the sire families with the lowest RT in
TEMP (39.3°C; families 8§ and 6).

Figure 5a represents the score of the 10 sire fami-
lies for each trait where significant interaction between
the sire family and the production environment was
found (BW,;, BFT,3, ADG,_,3, ADFI, and average
RT at test wk 19, 21, and 23). For a studied trait, the
score 1 (and, inversely, the score 10) was attributed to
the family that had the lowest (and, inversely, the high-
est) least squares mean difference between the TEMP
and the TROP environments. Hence, in Fig. Sa, the
closer to the center the sire family’s pentagon is, the
more robust the family is. Based on the 5 traits studied,
it was found that the families 7, 1, and 2 were the most
robust sire families. In contrast, families 6, 5, and 10
were found to be the most sensitive. Figure 5b repre-
sents the position of the GXE groups (20 groups) on the
first principal component. The PCA showed that the
first principal component explained 35% of the total
variation and it contrasts production variables (BW,5,
BFT g, BFT,3, ADFI, and ADG_,5; 7> 0.74) to ther-
moregulation traits (ST,; and STq [r < —0.51] and

RT g, RT3, apdR gy [1 5:520 BP1, LosP:01)s
PC, =| BFT, +0.78x ADFI + 0.74 x ADG
034 FCR +0.16x RFI
0.55xST, +0.51xST, +031xRT, +
_(0.24XRT23 +0.15%RT, j

11-23

The categorical variables GXE, E, and G allow us
to characterize the first principal component (» = 0.55,
r=0.50, and r = 0.02, respectively; P < 0.01). Hence,
the same trend as in Fig. 5a was found in Fig. 5b, ex-
cept for family 7. Indeed, based on the decline of the
slope between the TEMP and TROP environments
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Table 6. Spearman residual correlation between production and thermoregulation traits!; above the diagonal: corre-
lations between traits measured in temperate environment; below the diagonal: correlations between traits measured
in tropical environment; on the diagonal: correlation between temperate and tropical environment for the same trait?

Trait BW,, BFT,, ADFI ADG; o FCR RT,, ST,,
BW,, 0.05 0.382 0.478 0.90° -0.07* 0.05 0.05
BFT,; 0.48° 0.11° 0.46° 0.34 0.28° -0.07% -0.03
ADFI 0.528 0.45° 0.21° 0.47% 0.76° 0.02 0.06
ADG;; 13 0.93 0.47% 0.54% 0.26> -0.13 0.05 0.09%
FCR -0.12 0.142 0.68° -0.15° 0.62e -0.01 0.01
RT,; 0.00 -0.03 -0.02 0.01 -0.05 0.32b 0.112
ST, —0.03 -0.10° 0.02 0.03 -0.02 034 0.79%

a.bMeans within a row with different superscripts significantly differ (P < 0.05).

lBW23 =BW at 23 wk of age; ADG_,3 = ADG between 11 and 23 wk of age; BFT,; = backfat thickness at 23 wk of age; FCR = feed conversion ratio;
ST,5 = skin temperature at 23 wk of age; RT,; = rectal temperature at 23 wk of age

2Spearman rank correlations between temperate and tropical least squares mean values (1 value per sire family by environment).

from the coordinates on the first principal component
of a given sire family, it was also found that families 1
and 2 were the most robust sire families and families
6, 5, and 10 were the most sensitive. Family 7, which
was found to be the first robust family in Fig. 5a , was
in the fifth position with the PCA.

DISCUSSION

To the best of our knowledge, designed studies in
growing pigs such as ours are scarce in the literature
(Misztal, 2017). Our experimental design, in which
a large number of contemporary half-sib pigs (more
than 600 animals per environment) were reared either
in thermoneutral conditions (TEMP) or in tropical HS
conditions (TROP), contributes to deciphering the heat
tolerance in pigs. A PCA completed by a hierarchi-
cal classification was performed (results not shown)
on contemporary groups of BC pigs as individuals
(without a priori on the TEMP or TROP origin of the
group) and climatic parameters (minimum, maximum,
and mean of the T, RH, and THI) as explanatory vari-
ables. Two clusters were discriminated corresponding
to the TEMP batches for the first cluster and the TROP
batches for the second cluster. These results confirmed
that the TEMP and the TROP environments can be
considered 2 different climatic conditions.

It is admitted that the upper limit of the thermoneu-
tral zone, in which no extra energy is used to maintain
thermoregulation, is approximately 25°C for growing
pigs (Renaudeau et al., 2008). In our study, the aver-
age T was 25.2 = 0.9°C in the TEMP environment and
26.3 + 1.3°C in the TROP environment. Consequently,
we can consider that in the current study, TEMP BC
pigs were reared close to the thermoneutral conditions
most of the time. In contrast, with a higher average T of
1.1°C (+4%) in the TROP environment, their half-sib
TROP pigs were heat stressed most of the time, which

suggests that TROP pigs experienced chronic HS. It is
well known that high RH accentuates the adverse ef-
fect of HS (Huynh et al., 2005). The RH reported in
our study was higher in the TROP environment than
in the TEMP environment, which may have reduced
the TROP pig’s ability to dissipate heat by evaporation
and magnified the HS effect. Based on the THI, which
takes into account the effect of temperature, humidity,
and their interaction, the current study shows that TROP
pigs actually experienced average ambient conditions
2.4°C (+10%) greater than the TEMP pigs. It should be
noticed that the THI used in the present study was for-
mulated to monitor discomfort from temperature and
humidity in dairy cattle. This index has been used in
studies on HS of pigs (Zumbach et al., 2008; Gourdine
et al., 2017). To our knowledge, there is no THI equa-
tion directly formulated for pig production performance.
Consequently, the THI used in our study must be inter-
preted in a relative rather than an absolute manner.

Effect of the Production Environment

Our experimental design allows quantifying the
effects of 2 different production environments on pigs
highly genetically related and reared in conditions close
to the commercial production ones (i.e., building and
feed). To our knowledge, there are limited data avail-
able in the literature for that. However, the effect of in-
creased T (in controlled conditions) on the performance
of growing pigs has been extensively described (see the
meta-analysis of Renaudeau et al. [2011]). Even if pigs
in our study were BC animals partly from a low pro-
duction level breed (CR), the growth performance of
TEMP pigs was in the range of performance values (the
higher fraction) that can be found in French commer-
cial conditions (between 779 and 837 g/d; IFIP, 2016).
Concerning the performance of TROP pigs, our data set
on growth rate, BFT, or age around 90 kg was in the
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Figure 3. Effect of sire family x production environment (temperate vs. tropical) interactions on (a) BW and backfat thickness (BFT) at the end of
test period (wk 23; BW at 23 wk of age [BW,3] and BFT at 23 wk of age [BFT,5]]) and (b) growth rate (ADG between 11 and 23 wk of age [ADG;_»3])
and daily feed intake (ADFI) during the overall test period (least squares means from a linear model analysis applied to each trait).

range of values reported by the review of Akanno et al.
(2013) from international pig breeds in the tropics (793
+29 g/d, 18.6 £ 1.5 mm, and 157 £ 9 d, respectively).
The results of the present experiment on growth perfor-
mance confirm those generally obtained in the litera-
ture, with a lower ADG and ADFTI in heat-stressed pigs
than pigs in a thermal comfort situation (Le Dividich
et al., 1998). It should be pointed out that TROP pigs
were younger than TEMP pigs. This is mainly due to
higher gestation duration in TROP LW dams (114.6 £
1.5 d) than in TEMP LW dams (114.1 £ 1.2 d), leading
to piglets’ weaning age of 1 d less in TROP BC pigs
(26.5 d) than in TEMP BC pigs (27.4 d). Consequently,
the differences between TROP and TEMP pigs could
be underestimated without taking into account the age
(e.g., as a covariable) in the analysis. However, we have
considered that the age differences were caused by the
environment. Besides the overall ADG, in our study,

the profiles for ADG as a function of age (or BW) are

not the same between the TEMP environment and the

TROP environment, with higher ADG between test wk
19 and 21 for TROP pigs than for TEMP pigs, suggest-
ing that the near-plateau zone of the growth curve was
achieved latter in the TROP environment than in the
TEMP environment. The overall ADG (g/d) relative re-
duction value between the TEMP and the TROP envi-
ronments was about 10% and was consistent with the
estimated values of 9.4% calculated with equation pro-
posed by the meta-analysis of Renaudeau et al. (2011):

ADG = —489 + 622xT—137x T  +212x W,
—0.0933x W> —0.264x T x W

in which T is the T (°C) and W is the mean BW during
the experiment (kg).
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According to our results, the reduction in ADFI be-
tween TEMP and TROP pigs was two times higher than
the reduction in ADG (20.0 and 9.6%, respectively).
However, the ADFI (g/d) relative reduction obtained in
our study was higher than the 15% reduction estimated
by using Renaudeau et al.’s (2011) equation on ADFI:

ADFI = —1,331+134xT—240x T +58.7x W .
—0.105x W —0.923xTx W

The discrepancy is explained by a higher over-
estimation of TROP pig ADFI (2.06 kg/d from the
equation vs. 1.82 kg/d in our study) than of TEMP pig
ADFI (2.43 kg/d from the equation vs. 2.23 kg/d in
our study), which could be related to a more stressful
conditions in the TROP environment due to high RH
(on average, 84.6%) that was not taken into account in
the ADFI equation from the meta-analysis. Indeed, ac-
cording to Granier et al. (1998), with RH above 80%,
the HS effect on ADFI is accentuated because of the
lower ability of pig to lose heat under high ambient RH.
It was reported that HS poorly affected FCR, which re-
mains nearly constant (Renaudeau et al., 2011), except
for high T level (Renaudeau et al., 2008). In our study,
FCR was found higher in TEMP pigs than in TROP
pigs (2.65 vs. 2.46 kg/kg). The higher FCR (kg/kg)
values observed in the TEMP environment than in the
TROP environment were, however, in agreement with
the estimated values obtained with FCR equation from
Renaudeau et al. (2011; 2.50 vs. 2.28 kg/kg for TEMP
and TROP pigs, respectively):

FCR = 4.06 —0.15x T +0.00289 x T* 4-0.0102x W ,
40.000316 x T x W —0.0451x CP

in which CP is the CP content (g/100 g). Our finding
suggests that TEMP pigs were less efficient in using
feed for growth than TROP pigs. Quiniou et al. (1996,
2013) showed that FCR can be improved by moder-
ate feed restriction (around 90% of the ad libitum). In
our study, if we consider that TEMP pigs were fed ad
libitum, ADFI of TROP pigs (expressed in g/kg BW0-60
per d) represents, on average, 90% of the TEMP pig ad
libitum intake. Consequently, it can be safely suggested
that 1) HS that occurred in our TROP conditions was
not too severe to increase FCR and 2) even if TROP
pigs had free access to feed, they were in restricted
feed conditions due to HS, resulting in lower FCR than
TEMP pigs. It can be also hypothesized that better FCR
and reduced BFT can be obtained for TEMP pigs if
feed restriction (around 90%) is applied, but probably
with a negative impact on the carcass weight.
Concerning thermoregulation traits, as expected in
our study, ST of TROP pigs were greater by, on average,
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Figure 4. Effect of sire family x production environment (temperate
vs. tropical) interactions on the rectal temperature measured from wk 19 to
23 (least squares means from a mixed model analysis).

+1°C, influenced by a greater THI of about +2.4°C in
TROP conditions than in TEMP conditions. As reported
by Collin et al. (2002), an increase in ST is the con-
sequence of enhanced heat exchange between the skin
and the environment. However, RT was found higher in
TROP pigs than in TEMP pigs and the gradient between
RT and ST was found lower, suggesting that TROP pigs
were partly unable to lose the entire heat load by sen-
sible pathways (Renaudeau et al., 2007).

Moderate to strong negative correlations between
body temperatures and production traits have been
reported, but with large SE (Renaudeau et al., 2004;
Gourdine et al., 2017). In the present study, no sig-
nificant correlations between RT or ST and production
traits were reported, expected for RT,5 with BFT,; and
ST,; with ADG;_,3 in TEMP conditions (r = —0.07
and r = —0.09, respectively) and RT,; with BFT,; and
ST,5 with BFT,; in TROP conditions (= —0.10). It can
be suggested that either the number of animals or the
pertinence of thermoregulation traits (1 measurement
within a day) was limited to estimate accurate correla-
tions or there is a limited association between produc-
tion and thermoregulation traits in our test conditions.

Effect of the Interaction Between Sire
Family and Production Environment

Only a few studies on genetic x environment
(GXE) interactions are available in pigs (Lewis and
Bunter, 2011; Bloemhof et al., 2013) compared with
broilers (N’Dri et al., 2007; Mignon-Grasteau et al.,
2015), dairy cattle (Kolmodin et al., 2003; Hayes et
al., 2009), and beef cattle (Cardoso and Tempelman,
2012; Santana et al., 2013). This is probably due to the
lack of accurate genetic relationships between TEMP
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Figure 5. (a) Assessment of robustness and sensitivity in the 10 sire families according to their score (from 1, the most robust, to 10, the most sensitive) on
least squares means differences of sire families between temperate and tropical environments on BW and backfat thickness (BFT) at wk 23, growth rate (ADG)
and ADFI during the test period, and rectal temperature (RT) measured from wk 19 to 23. The closer to the center the sire family pentagon is, the more robust
it is. (b) Assessment of robustness and sensitivity in the 10 sire families according to the coordinates of the 10 sire families in temperate and tropical environ-
ments on the first principal component from a principal component analysis with the 12 variables (BW at 23 wk of age [BW,5], ADG between 11 and 23 wk
of age [ADG_,5], ADFI, residual feed intake [RFI], feed conversion ratio [FCR], BFT at 19 wk of age [BFT o], BFT at 23 wk of age [BFT,;], RT at 19 wk
of age [RT 4], RT at 21 wk of age [RT,, ], RT at 23 wk of age [RT,;], skin temperature at 19 wk of age [ST, ], and skin temperature at 23 wk of age [ST;]).

and TROP environments and the lack of a large num-
ber of observations. With climate change, understand-
ing and taking into account GXE interactions is crucial
for future pig production systems (Rauw and Gomez-
Raya, 2015). In this study, we first chose to analyze
GxE interactions for production and thermoregulation
traits by testing the interactions between sire family of
BC pigs and the production environment. It has been
reported that high GxE interactions may modify the
breeding values hierarchy between animals showing
different individual sensitivity to HS. In lactating sows,
Lewis and Bunter (2011) reported high genetic corre-
lations between seasons and suggested that separated
specification of traits by environment would not be
necessary. On the other hand, Bloemhof et al. (2013)
found sensitive and robust sires in regard to the effect
of T on reproductive performance of their daughters.
In our study, where both production and functional
traits have been studied, we can ask what a robust animal
should be. Regarding production traits, in our study, the
effect of TROP environment on production traits of pigs

differs according to the sire family. Among the 5 most
sensitive families for BWy; (i.e., families 3, 6, 5, 10, and
8), 4 of them were in the top 5 in the TEMP environ-
ment. However, when comparing the top 5 in the TEMP
environment with the top 5 in the TROP environment for
BW23, 2 families (i.e., 8 and 10) were among the best
in both environments. Consequently, the criteria to dis-
criminate robustness between families should be chosen
with caution, and it should reflect the ability to combine
a high production potential with resilience to stressors
(Knap, 2005). Further analyses are needed to evaluate
more finely the components of robustness and resilience
in our data. To our knowledge, little has been published
on the effect of GXE interactions on physiological indica-
tors, such as RT. It is generally admitted that pigs with
increased RT experience lower production performance
(Renaudeau et al., 2004). Based only on our results on
residual correlations, it can be argued that there is poor
association between RT and production performance.
However, residual correlations estimated within family
(results not presented) showed a variety of associations
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from a significant negative correlation between RT23 and
ADFI (e.g., the “robust” family 1; » = —0.19) to a posi-
tive correlation (e.g., the sensitive family 9; »=0.16). As
reviewed by Renaudeau et al. (2004), an antagonism be-
tween heat resistance (as defined by the ability to main-
tain or to slowly increase inner temperature) and heat ro-
bustness (as defined by the ability to maintain production
in spite of HS) is generally suggested. Our results show a
family dependency in the relationship between heat resis-
tance and robustness, suggesting the possibility of finding
families with high production and low HS sensitivity. As
pointed out by Rauw and Gomez-Raya (2015), such gen-
otypes would help to make selection for robustness easier.

Conclusions

To our knowledge, this is the first study on GxE inter-
actions on the performance of growing pigs by compar-
ing genetically linked animals reared either in chronic HS
or thermal comfort environments. Based on our results
on phenotypic differences between BC pigs from differ-
ent sire families, it can be suggested that there could be
strong GXE in heat tolerance, as the best sire families for
production traits in thermoneutrality could not be the best
i heat conditions. However, further studies are needed
to finely describe the components of heat tolerance and
robustness to HS. Advances in high-density technologies
now offer the opportunity to characterize and integrate
fine phenotypes (transcriptomics and metabolomics) and
to provide genomic tools for heat tolerance selection. In
terms of breeding objectives, different choices can be
envisaged, such as selecting for pigs adapted to specific
environments of production or selecting for robust pigs
able to perform in most conditions of production (Knap,
2005). However, standards for phenotypes discriminat-
ing heat tolerance are needed before the implementation
of breeding schemes for heat tolerance.
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