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ABSTRACT: This study was conducted to 
evaluate the effects of sequential feeding tech-
nique in two genetic lines (GL; Line A  [cross 
having a greater proportion of Pietrain] and Line 
B [cross having a lower proportion of Pietrain]) 
of growing-finishing pigs reared under daily cyclic 
high ambient temperature conditions. Seventy-
eight castrated male pigs (22 ± 2.5 kg BW) were 
housed in a single group and were allocated to one 
of the three feeding programs: control (CON, 24 h 
control diet), high-fat/low-crude protein (HF/LP, 
24 h high-fat/low-crude protein diet), and sequen-
tial feeding (SEQ, control diet from 1800 to 1000 h 
and HF/LP diet from 1001 to 1759 h). Cyclic high 
ambient temperature was induced by exposing the 
pigs to 22ºC ambient temperature from 1800 to 
1000 h (time-period 22ºC, TP22) and to 30ºC from 
1001 to 1759 h (TP30). The experimental period 
lasted 84  days and was divided into 3 growth 
phases, growing 1 (from day 0 to 20), growing 2 
(from day 21 to 48) and finishing (from day 49 to 
83). Feed intake was recorded in real time using an 
automatic feeder system. Pigs were weighed at the 
beginning and end of each experimental phase. 
Animal body composition was measured through 

dual-energy X-ray absorptiometry on days 0, 35, 
and 70. The ambient temperature averaged 22.3 ± 
0.4ºC during TP22 and 30.2 ± 0.5ºC during TP30, 
characterizing the condition of daily ambient 
temperature variation that which pigs are usually 
exposed in tropical climate areas. During growing 
phase 1, the feeding programs had negligible effects 
on pig performance (P > 0.05), whereas during 
growing phase 2, ADG was greater in SEQ than 
in CON pigs (7%; P = 0.04). During the finishing 
phase, HF/LP pigs had greater ADFI (+ 10%) and 
ADG (+ 8%) than CON pigs. Lean mass and gain 
did not differ among feeding programs (P > 0.05). 
Overall, fat mass and gain were similar between 
SEQ and HF/LP pigs (P > 0.05), and both were 
greater than those of CON pigs (P < 0.05). On the 
basis of pig performance per phase, the supply of 
high-fat/low-crude protein diets (SEQ and HF/LP 
feeding) improved the performance of pigs under 
daily cyclic high ambient temperature. However, 
the use of these techniques resulted in fatter car-
casses and in higher energy cost of gain. Finally, 
pigs with greater proportion of Pietrain genes 
had decreased growth performance in our experi-
mental conditions.
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INTRODUCTION

Pig production in tropical areas has increased 
considerably to meet the increased global demand 
for animal products (Renaudeau et  al., 2012). 
Despite this promising scenario, high ambient 
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temperature has been considered a limiting factor 
to pig productivity due to its negative effects on 
metabolism and growth rate (Campos et al., 2017). 
Nutritional strategies have been evaluated and sug-
gested for pigs exposed to high ambient temperat-
ures. On the basis of the net energy system, heat 
increment due to metabolic utilization of proteins 
is greater than for carbohydrates or lipids (Noblet 
et  al., 1994). Therefore, diets with low crude 
protein and greater energy content have presum-
ably lower heat increment and are expected to be 
better adapted to high ambient temperature con-
ditions (Renaudeau et  al., 2002). However, most 
studies evaluating such strategies were performed 
with animals individually housed in experimental 
cages using a constant high ambient temperature 
protocol (Renaudeau et  al., 2011). These studies 
do not represent then the practical conditions in 
which pigs are usually raised in tropical areas, i.e., 
group-housed in semi-open buildings and exposed 
to daily variation in ambient temperature. Thus, 
an important step to more precise and sustainable 
pig production in hot climate areas might be based 
on the supply of different diets according to the 
daily variation in ambient temperature in group-
housed pigs. The practice of alternating different 
diets throughout the day is known as sequential 
feeding (Bouvarel et al., 2008). In addition, geno-
types with different potentials for lean deposition 
are used in the production systems. Therefore, nu-
tritional strategies for pigs exposed to high ambient 
temperatures should consider how genotypes could 
modulate pigs responses. This study was, there-
fore, performed to evaluate the sequential feeding 
system for two lines of pigs with different propor-
tion Pietrain genes under daily cyclic high ambient 
temperature conditions.

MATERIALS AND METHODS

All experimental procedures were reviewed and 
approved by the Ethical Committee for the Care 
and Use of Experimental Animals of the School 
of Agricultural and Veterinarian Sciences of São 
Paulo State University (protocol No. 18077/16).

Animals and Housing

The study was carried out in the experimental 
facilities of the São Paulo State University (Unesp), 
School of Agricultural and Veterinarian Sciences, 
Jaboticabal, Brazil. A  total of 78 barrows (22  ± 
2.5 kg) from two different commercial genetic lines 
(Lines A and B; Agroceres PIC, Rio Claro, Brazil) 

were used. Both lines consisted of a Large White 
× Landrace × Duroc × Pietrain multiple cross 
with Line A  pigs having a greater proportion of 
Pietrain genes than those from Line B.  Pigs were 
housed in a single 95 m2 pen (1.19 m2/animal) with 
a full concrete floor in a temperature-controlled 
room. The pen was equipped with five automatic 
feeders (Automatic and Intelligent Precision Feeder 
[AIPF]; University of Lleida, Lleida, Spain, Pomar 
et  al., 2011) and 10 beat ball drinkers distributed 
all over the pen. One transponder (plastic button 
tag containing passive transponders of radio fre-
quency identification; Allflex, Joinville, SC, Brazil) 
was inserted in the right ear of each pig using spe-
cific tagger pliers, and the animals were introduced 
to the electronic feeders. The photoperiod was fixed 
to 12 h of artificial light (0600 to 1800 h).

The temperature-controlled room was equipped 
with an evaporative pad cooling system (Big 
Dutchman, Araraquara, SP, Brazil) and electric 
heaters, automatically controlled to maintain the 
ambient temperature at 22ºC from 1800 to 1000 h 
(time-period 22ºC, TP22) and 30ºC from 1001 to 
1759  h (TP30). The ambient temperature change 
from 22 to 30ºC occurred at a rate of 0.3ºC/min, 
whereas the ambient temperature change from 30 
to 22ºC occurred at a rate of 0.5ºC/min. These tem-
peratures and time periods aimed to simulate the 
cyclic variation in ambient temperature that pigs 
are usually exposed to in tropical climate areas. 
During the experiment, the ambient temperature 
and relative humidity in the room were recorded 
every 10 min using 2 data loggers (HOBO, Onset 
Computer Corporation, Bourne, MA) located in 
the middle of the pen and at half  the height of the 
body of the animals.

Experimental Design

The pigs remained in the experiment for 102 d, 
which consisted of an 18-d adaptation period and 
a subsequent 84-d experimental period. The experi-
mental period was divided into 3 phases according 
to the growing stage of the animals: growing phase 
1, from 0 to 20 d; growing phase 2, from 21 to 48 d; 
and finishing phase, from 49 to 83 d.

At the beginning of the experiment, 39 pigs 
of each genetic line were randomly assigned to re-
ceive one of the feeding programs: control (CON), 
in which the pigs received a control diet from 0000 
to 2359  h; high-fat/low-crude protein (HF/LP), 
in which the pigs received a high-fat/low-crude 
protein  diet from 0000 to 2359  h; and sequen-
tial feeding (SEQ), in which the pigs received the 
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CON diet from 1800 to 1000 h (22ºC) and the HF/
LP diet from 1001 to 1759 h (30ºC). Irrespective of 
the feeding program, feed and water were provided 
ad libitum during the adaptation and experimental 
periods. Each feeding station (AIPF) consisted of a 
single-space feeder in which precision Archimedes 
screw conveyors deliver volumetric amounts of up 
to 4 diets contained in independent feed containers 
located in the upper part of the feeder (Pomar et al., 
2011). The AIPF identifies each pig when its head 
is introduced into the feeder and then delivers feed 
in response to each animal request according to 
the assigned experimental feeds (see Experimental 
Diets section). In this way, any pig in the pen could 
access any of the feeders and receive the feed pre-
scribed for that animal.

One serving consisted of the amount of feed 
delivered on each effective serving request (serving 
size was 25  g). A  time lag (18  s) was imposed to 
ensure that pigs consumed each serving before re-
questing a new one. The pigs tended to leave the 
feeder hopper empty or to leave small amounts of 
feed after at each visit. The feeders were calibrated 
weekly to convert feed volumes into feed weights. 
The use of exclusive identification codes per pig 
allowed recording individual feed intake over the 
trial. This feature allowed all animals to be housed 
in the same pen in a single group.

Experimental Diets

For each experimental phase (growing 1, 
growing 2, and finishing), two corn and soybean 
meal-based experimental diets were formulated 
(CON and HF/LP diets; Table 1) to meet the nutri-
tional requirements of the animals with the highest 
potential for lean deposition (Line A) according to 
the NRC (2012) recommendations. The CON diets 
were formulated without the use of oil and crystal-
line AA, whereas the HF/LP diets were formulated 
with 4% soybean oil and with supplementation of 
crystalline AA to obtain a lower CP content than 
that of the control diets. Within each growth phase, 
the diets were formulated with similar SID Lys:NE 
and SID AA (Met, Met + Cys, Thr and Trp):SID 
Lys ratios.

The CP, ether extract, starch, crude fiber, and 
total AA of contents of the ingredients were ana-
lyzed by near-infrared reflectance spectroscopy 
(NIRS) before diet formulation. The coefficient 
of digestibility of AA was calculated according 
to Sauvant et  al. (2002). The nutritional compos-
ition of the raw materials used in the formulation, 
except for the values obtained by analysis (corn, 

soybean meal, and wheat bran), was obtained from 
the Brazilian Poultry and Swine Tables (Rostagno 
et al., 2011). The feed was steam pelleted at 2.5 mm.

Performance and Body Composition

Pigs were weighed without fasting on the first 
day of the adaptation period and at the beginning 
and end of each experimental phase (0, 20, 48, and 
84 d). The total body lean and fat mass were meas-
ured on day 0, 35, and 70 by dual-energy X-ray ab-
sorptiometry (DXA; Hologic Discovery, Hologic 
Inc., Bedford, MA). For the first DXA scan, 8 pigs 
per feeding program of each genetic line were ran-
domly selected, and the same animals were used in 
the subsequent analyses. The animals were fasted 
for 8 hours before being anesthetized by intramus-
cular injection of xylazine (1.5  mg/kg) and keta-
mine (15 mg/kg). The animals were scanned in the 
prone position, and after each scan, ultrasound im-
ages were obtained using ALOKA equipment (500v 
series with a linear probe of 3.5 MHZ, 13.5 cm) for 
the analysis of backfat thickness and loin depth. 
The measurements were taken at the boundary be-
tween the thoracic and lumbar vertebrae (P2 point) 
at 6 cm from the midline (ABCS, 1973).

Analytical Procedures

Representative samples of feed were taken 
once weekly and pooled per growth phase for dry 
matter (Method 930.15; AOAC, 2007), ether ex-
tract (Method 920.39; AOAC, 2007), crude fiber 
(Method 978.10; AOAC, 2007), and ash (Method 
942.05; AOAC, 2007) analysis according to the pro-
cedures of AOAC International (2007). The crude 
protein content was analyzed using an LECO ni-
trogen analyzer (Leco Corporation, St. Joseph, 
MI). Gross energy was measured using an adiabatic 
bomb calorimeter (Parr Instrument Co., Moline, 
IL). All the analyses were performed in duplicate 
at the Animal Nutrition Laboratory (“LANA” São 
Paulo State University, Department of Animal 
Science, Brazil). The energy contents of the diets 
were calculated according to Sauvant et al. (2002).

Calculations and Statistical Analysis

Feed intake was calculated using the feeding in-
formation of each pig (AIPF Software). The days 
on which pigs were scanned (body composition) 
were not considered in the analysis. Because TP22 
and TP30 had different durations (16 h at 22°C and 
8 h at 30°C; on average), feed intake and NE intake 
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per time period was expressed per hour. Lean mass 
gain and fat mass gain were calculated by the dif-
ference between the respective body constituents 
estimated from the DXA readings at the beginning 
and end of each period (0 to 35 d; 36 to 70 d). The 
DXA body lean mass was converted to total body 
protein (g) according to Pomar and Rivest (1996). 
The energy retained as protein and fat was calcu-
lated assuming that protein gain contained 23.8 
MJ/kg (Kleiber, 1961) and fat contained 39.581 
MJ/kg (Sainz and Wolff, 1988).

The presence of outliers was evaluated through 
the residual analysis of data and by daily records of 
anomalies. The BoxCox and Cramer-von Mises tests 
were used to verify homogeneity of the variances 

and normality of the studentized residuals, respect-
ively. For the analysis of variance, the MIXED 
procedure of SAS (version 9.3; SAS Institute Inc., 
Cary, NC) was used. For the analysis of feed intake 
and NE intake per hour, the time period was con-
sidered as a fixed effect according to the model:

�

Yijmk =µ+ X + FPi + GLj + TPm

+(FP × GL)ij + (FP × TP)im

+(GL × TP)jm+(FP × GL × TP)
ijm
+ eijmk.

For the other variables, the model was as follows:

�
Yijk = µ+ X + FPi + GLj + (FP × GL)ij + eijk

Table 1. Ingredients and composition of the experimental diets1

Items

Growing 1 Growing 2 Finishing

Control HF/LP Control HF/LP Control HF/LP

Ingredient composition, as-fed basis, %

  Corn 63.09 67.69 66.17 68.74 71.74 76.38

  Soybean meal 31.96 22.01 28.00 19.00 22.59 13.70

  Wheat bran 2.00 2.00 2.88 4.00 3.00 2.00

  Soy oil  4.00  4.00  4.00

  Dicalcium phosphate 0.90 1.25 0.91 1.28 0.80 1.15

  Calcium carbonate 0.90 0.74 0.91 0.73 0.82 0.66

  Salt 0.40 0.41 0.38 0.38 0.35 0.36

  Dextrin 0.50 0.50 0.50 0.50 0.50 0.50

  Biolys, 56.6%  0.72  0.70  0.66

  dl-Methionine  0.09  0.09  0.08

  l-Threonine  0.25  0.24  0.23

  l-Tryptophan  0.09  0.09  0.08

  Choline chloride 0.05 0.05 0.05 0.05 0.05 0.05

  Mineral and vitamin premix2 0.20 0.20 0.20 0.20 0.15 0.15

Chemical composition3

  ME, MJ/kg 13.30 14.23 13.29 14.29 13.36 14.33

  NE, MJ/kg 8.87 9.97 9.10 10.05 8.93 10.04

  DM, % 88.0 88.5 88.0 88.4 87.9 84.4

  CP, % 19.8 15.7 18.4 14.6 16.4 12.7

  Ether extract, % 3.95 7.95 4.01 8.02 4.15 8.16

  Ash, % 5.39 4.92 5.27 4.78 4.78 4.29

  Crude fiber, % 3.89 3.34 3.89 3.35 3.77 3.21

  SID4 Lys calculated, % 0.98 1.10 0.85 0.94 0.73 0.82

  SID Met calculated, % 0.28 0.32 0.25 0.28 0.21 0.24

  SID Met + Cys calculated, % 0.55 0.62 0.48 0.53 0.42 0.48

  SID Thr calculated, % 0.59 0.66 0.52 0.57 0.47 0.52

  SID Trp calculated, % 0.18 0.20 0.15 0.17 0.13 0.15

  Ca, % 0.66 0.66 0.59 0.59 0.52 0.52

  Total P, % 0.43 0.44 0.38 0.38 0.33 0.34

  Digestible P, calculated, % 0.23 0.23 0.20 0.20 0.17 0.17

1The diets were control and high-fat/low-crude protein (HF/LP).
2Mineral vitamin supplement (per kg of diet): Vit. A (5.250 UI); Vit. D3 (750 UI); Vit. E (11 UI); Vit. K3 (1.5 mg); Vit. B1 (1 mg); Vit. B2 

(2,4 mg); Vit. B6 (1 mg); Niacin (30 mg); Pantothenic acid (8.1 mg); Folic acid (0.53 mg); Biotin (0.05 mg); Vit. B12 (16.5 mcg); Copper (13.5 mg); 
Iodine (0.19 mg); Manganese (37.5 mg); Selenium (0.15 mg); Zinc (72 mg); Iron (72 mg); and Cobalt (0.19 mg).

3All calculated values were obtained using the EvaPig software program (version 1.3.1.4; INRA, Saint-Gilles, France).
4SID = standardized ileal digestible.
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where Yijmk (or Yijk) is observed variable, µ mean, 
X is covariate (weight of the animal on the first 
day of the experimental period), and fixed effects 
of feeding program (FPi; CON, HF/LP, or SEQ), 
genetic line (GLj; Lines A or B), time period of the 
day (TPm) and their interactions. The individual pig 
was considered the experimental unit, and eijmk (or 
eijk) was considered the random error. The MIXED 
models included the effect of growth phase as a re-
peated effect and a compound symmetry covariance 
structure was used to account for the experimental 
unit effect over the experimental period; except for 
growth and body composition averaged variables. 
The results were considered statistically significant 
if  P < 0.05. When there were differences between 
feeding programs (P < 0.05), adjusted means were 
compared using the Tukey–Kramer test. The slope 
and coefficient of determination of the relation-
ships between NE intake (MJ/d) and energy re-
tained as fat (MJ/d) were estimated using the REG 
procedure of SAS. In this analysis, it was tested 
whether there was a linear relationship between the 
variables at P < 0.05.

RESULTS

Animals and Climatic Conditions

Because of health problems, data from one 
HF/LP pig of genetic line B were not considered 
in the performance analysis. Because of adapta-
tion problems to the AIPF, the overall data of two 
CON pigs (one of each genetic line) and two HF/
LP pigs (one of each genetic line) were not included 
in the performance analysis. During the third body 
composition evaluation, one HF/LP pig of genetic 
line B was not scanned due to resistance to anes-
thesia. Therefore, the body composition data of 
this animal were not considered in the analysis.

The room ambient temperature averaged 
22.3 ± 0.4ºC from 1800 to 1000 h and 30.2 ± 0.5ºC 
from 1001 to 1759  h. The daily relative humidity 
averaged 70.3 ± 3.2%. These ambient temperature 
values were in accordance with the objectives of the 
experiment.

Performance

In all experimental phases, the effect of BW as 
a covariate was significant (P < 0.01) for perform-
ance and body composition variables. On day 20, 
48, and 84 of the experiment, the average BW of 
the pigs was 45.7  ± 1.1, 74.1  ± 2.3, and 106.9  ± 
4.3  kg, respectively. Irrespective of the phase, an 

interaction between genetic line and time period 
within the day was observed for feed and NE intake 
per hour (P < 0.05; Table 2). At TP22, both lines 
had similar feed and NE intake, while at TP30, line 
B pigs had greater feed and NE intake than line A.

No interaction between feeding program and 
genetic line was found for performance traits  
(P > 0.05; Table 3). In growing phase 1 (0 to 20 d), 
ADFI, ADG, and feed efficiency were not affected 
by feeding program (P > 0.05). Net energy intake 
and energy cost of gain were similar between SEQ 
and HF/LP pigs (P > 0.05), and both were greater 
than in CON pigs (15.77 vs. 13.78 MJ/d and 20.9 
vs. 18.6 MJ NE/kg of gain, respectively; P < 0.05).

In growing phase 2 (21 to 48 d), feeding pro-
gram did not affect ADFI or feed efficiency  
(P > 0.05). Pigs in the SEQ program had similar 
ADG to HF/LP pigs (1.034  kg/d on average;  
P > 0.05) and greater ADG than CON pigs (1.052 
vs. 0.974  kg/d; P  =  0.04), whereas ADG did not 
differ between HF/LP and CON pigs (P > 0.05). 
The net energy intake was similar between SEQ and 
HF/LP pigs (P > 0.05), and both were higher than 
that in CON pigs (20.26 vs. 17.69 MJ/d; P < 0.05). 
The energy cost of gain was lower in SEQ and CON 
pigs compared to HF/LP pigs (18.4 vs. 20.1 MJ NE/
kg of gain on average; P < 0.05).

In the finishing phase (49 to 83 d), SEQ pigs 
had similar ADFI, ADG, and energy cost of gain 
to HF/LP and CON pigs (P > 0.05), whereas HF/
LP pigs had greater ADFI (2.40 vs. 2.17  kg/d; 
P = 0.02), ADG (0.982 vs. 0.904 kg/d; P = 0.04) and 
energy cost of gain (24.5 vs. 21.6 MJ NE/kg gain, 
P  <  0.01) than CON pigs. The net energy intake 
was greater in HF/LP pigs compared with the other 
programs, and greater in SEQ than in CON pigs 
(24.04 vs. 21.61 vs. 19.39 MJ/d; P  <  0.05). When 
analyzing the entire experimental period (0 to 83 d), 
ADFI, ADG, and feed efficiency were not affected 
by feeding program (P > 0.05). Compared with 
CON pigs, SEQ, and HF/LP pigs had greater NE 
intake (19.65 vs. 16.91 MJ/d on average; P < 0.05) 
and energy cost of gain (21.3 vs. 19.1 MJ/kg;  
P < 0.05).

In regard to the genetic line effect on perform-
ance, irrespective of the growth phase, pigs from 
genetic line B had greater ADFI, ADG, and NE 
intake than pigs from genetic line A (P < 0.05). In 
growing phase 1, genetic line B pigs were more ef-
ficient (0.49 vs. 0.47  kg/kg; P  =  0.04) than those 
from genetic line A. In contrast, animals from gen-
etic line A were more efficient (0.53 vs. 0.48 kg/kg; 
P < 0.01) than genetic line B pigs in growing phase 
2. When analyzing the entire experimental period, 
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pigs from genetic line B had a greater ADFI, ADG, 
NE intake, and higher energy cost of gain than pigs 
from genetic line A (P < 0.05).

Body Composition

The results of body composition analysis 
are presented in Table 4. No interaction between 
feeding program and genetic line was found for the 
studied variables (P > 0.05). On day 35, feeding pro-
gram did not affect lean mass, backfat thickness, or 

loin depth (P > 0.05). Fat mass was similar between 
SEQ and HF/LP pigs (P > 0.05), whereas SEQ had 
greater fat mass than CON pigs (9.58 vs. 8.68 kg; 
P  <  0.01). From 0 to 35 d, feeding programs did 
not influence (P > 0.05) lean mass gain, energy re-
tained, or energy cost of energy retained (NE in-
take MJ/energy retained MJ). Pigs in the SEQ and 
HF/LP programs had similar fat mass gain (P > 
0.05), whereas pigs in the SEQ program had greater 
fat mass gain than CON pigs (17.89 vs 16.27 % BW 
gain; P = 0.02).

Table 3. Effect of feeding program and genetic line on the performance of growing and finishing pigs1

Feeding programs2 Genetic Line

RSD3 Statistical Analysis (P-value)4Item CON HF/LP SEQ A B

No. of animals 24 23 26 37 36 - FP GL FP×GL
Growing phase 1 (30 to 45 kg BW; 21 d)

  Initial BW, kg 29.7 30.1 29.8 29.5 30.2 1.51 0.52 0.07 0.88

  Final BW, kg 45.6 45.5 46.0 44.6 46.8 3.18 0.66 <0.01 0.58

  ADFI, kg/d 1.55 1.56 1.63 1.51 1.65 0.22 0.27 0.01 0.95

  ADG, kg/d 0.750 0.747 0.771 0.702 0.808 0.13 0.66 <0.01 0.52

  Feed efficiency, kg/kg 0.49 0.48 0.47 0.47 0.49 0.81 0.73 0.03 0.33

  NE intake, MJ/d 13.78b 15.50a 16.04a 14.49 15.73 3.04 <0.01 0.01 0.86

  Energy cost of gain, MJ NE/kg gain 18.66b 20.96a 20.89a 20.82 19.52 2.37 <0.01 0.03 0.41

Growing phase 2 (45 to 75 kg BW; 28 d)

  Initial BW, kg 45.6 45.5 46.0 44.6 46.8 3.91 0.66 <0.01 0.58

  Final BW, kg 72.8 74.1 75.5 71.8 76.4 2.92 0.12 <0.01 0.54

  ADFI, kg/d 1.94 2.05 2.11 1.87 2.20 0.20 0.15 <0.01 0.98

  ADG, kg/d 0.974b 1.016ab 1.052a 0.974 1.054 0.17 0.04 <0.01 0.60

  Feed efficiency, kg/kg 0.51 0.50 0.50 0.53 0.48 0.27 0.94 <0.01 0.59

  NE intake, MJ/d 17.69b 20.58a 19.94a 17.76 21.05 3.14 <0.01 <0.01 0.93

  Energy cost of gain, MJ NE/kg gain 17.96b 20.09a 18.86b 17.70 19.84 2.16 <0.01 <0.01 0.97

Finishing phase (75 to 105 kg BW; 35 d)

  Initial BW, kg 72.8 74.1 75.5 71.8 76.4 3.44 0.12 <0.01 0.54

  Final BW, kg 104.1 108.4 108.2 102.6 111.2 8.01 0.08 <0.01 0.56

  ADFI, kg/d 2.17b 2.40a 2.27ab 2.12 2.44 0.38 0.02 <0.01 0.91

  ADG, kg/d 0.904b 0.982a 0.937ab 0.885 0.997 0.17 0.04 <0.01 0.63

  Feed efficiency, kg/kg 0.42 0.41 0.42 0.42 0.41 0.20 0.86 0.37 0.27

  NE intake, MJ/d 19.39c 24.04a 21.61b 20.03 23.34 2.91 <0.01 <0.01 0.69

  Energy cost of gain, MJ NE/kg gain 21.64b 24.52a 23.07ab 22.17 23.32 2.12 <0.01 0.10 0.73

Total experiment (84 d)

  Initial BW, kg 29.7 30.1 29.8 29.5 30.2 1.51 0.52 0.07 0.88

  Final BW, kg 104.1 108.4 108.2 102.6 111.2 8.01 0.08 <0.01 0.56

  ADFI, kg/d 1.89 2.01 2.00 1.84 2.10 0.56 0.12 <0.01 0.99

  ADG, kg/d 0.874 0.918 0.920 0.854 0.943 1.12 0.16 <0.01 0.54

  Feed efficiency, kg/kg 0.47 0.47 0.46 0.47 0.46 0.24 0.82 0.41 0.29

  NE intake, MJ/d 16.91b 20.11a 19.20a 17.20 20.21 3.91 <0.01 <0.01 0.88

  Energy cost of gain, MJ NE/kg gain 19.15b 21.85a 20.94a 20.22 20.96 1.02 <0.01 <0.01 0.22

1Initial weight as a covariate was significant for all variables; P < 0.01.
2CON: control diet from 0000 to 2359 h; HF/LP: high-fat/low-crude protein diet from 0000 to 2359 h; sequential feeding (SEQ): 1800 to 1000 h 

control diet and 1001 to 1759 h high-fat/low-crude protein diet.
3Residual Standard Deviation.
4Data were analyzed using a linear MIXED model including the fixed effects of covariate, feeding program (FP; n=3), genetic line (GL; n=2), 

and the interaction between FP and GL (FP×GL). The repeated measurements option was used with a compound symmetry covariance structure 
to account for experimental unit effect over the experimental period.

a, b, c Within a row, means with different superscripts are affected by feeding system (P < 0.05).
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On day 70, feeding program did not affect lean 
mass or loin depth (P > 0.05). Pigs in the SEQ and 
HF/LP programs had greater fat mass compared 
with CON pigs (16.52 vs. 14.22  kg on average; 
P  <  0.05). Backfat thickness was greater in SEQ 
than in CON pigs (16.4 vs. 14.2 mm; P = 0.02). From 
36 to 70 d, fat mass gain was similar between SEQ 
and HF/LP pigs (P = 0.68), and both were greater 
than in CON pigs (19.87 vs. 18.00 % BW gain on 

average; P < 0.05). In regard to the total period (0 
to 70 d), feeding program did not affect lean mass 
gain, energy retained, or energy cost of retained en-
ergy (P > 0.05). Pigs in the SEQ and HF/LP feeding 
programs had greater fat mass gain than CON pigs 
(19.25 vs. 17.52 % BW gain; P < 0.01). The relation-
ship between NE intake (MJ/d) and energy retained 
as fat (MJ/d) is presented in Fig. 1. Irrespective of 
feeding program, energy retained as fat increased 

Table 4. Effect of feeding program and genetic line on the body composition of growing and finishing pigs1

 Feeding programs2 Genetic Line

RSD3 Statistical Analysis (P-value)4Item CON HF/LP SEQ A B

No. of animals 16 15 16 24 23 - FP GL FP×GL
Day 0 (initial condition)

  Average BW, kg 29.98 29.57 30.30 29.53 30.20 2.14 0.74 0.08 0.95

  Lean Mass, kg 25.58 25.35 25.43 25.30 25.66 1.38 0.23 0.11 0.44

  Fat Mass, kg 4.09 4.23 4.17 4.02 4.25 1.28 0.33 0.18 0.50

  Backfat thickness, mm 8.62 8.66 8.65 8.86 8.45 0.89 0.98 0.34 0.83

  Loin depth, mm 34.86 36.43 34.52 36.25 34.27 3.62 0.26 0.21 0.33

Day 35

  Average BW, kg 57.78 58.53 59.71 57.27 60.08 4.63 0.18 0.07 0.31

  Lean Mass, kg 48.03 48.32 49.61 47.72 49.59 3.09 0.32 0.09 0.82

  Fat Mass, kg 8.68b 9.52a 9.58a 8.77 9.69 3.14 0.02 <0.01 0.54

  Backfat thickness, mm 11.19 11.92 12.31 11.75 11.87 1.29 0.39 0.82 0.96

  Loin depth, mm 47.63 51.45 51.15 50.77 49.34 3.88 0.12 0.48 0.81

  Body tissue gain (0 to 35 d)

    Lean mass gain, % BW gain 80.76 80.10 81.31 80.28 80.99 3.72 0.14 0.12 0.56

    Fat mass gain, % BW gain 16.27b 18.25a 17.89a 16.93 17.94 2.25 0.03 0.02 0.65

    Energy retained, MJ/d 8.29 9.06 9.31 8.33 9.65 1.76 0.17 <0.01 0.53

    NE intake MJ / Energy retained MJ 1.85 1.94 1.96 1.93 1.86 2.39 0.24 0.65 0.72

Day 70

  Average BW, kg 89.71 92.08 94.01 89.20 94.66 7.23 0.06 <0.01 0.07

  Lean Mass, kg 74.08 74.67 76.28 73.32 76.33 5.14 0.18 0.14 0.33

  Fat Mass, kg 14.22b 16.67a 16.36a 14.57 16.93 2.12 <0.01 <0.01 0.81

  Backfat thickness, mm 14.28b 15.98ab 16.44a 14.77 16.37 3.08 0.02 0.03 0.92

  Loin depth, mm 65.29 66.45 66.20 67.88 64.09 3.36 0.65 0.03 0.60

  Body tissue gain (36 to 70 d) 

    Lean mass gain, % BW gain 79.50 79.29 78.17 78.18 79.17 3.71 0.12 0.09 0.60

    Fat mass gain, % BW gain 18.00b 20.52a 19.21a 18.10 20.92 2.69 0.04 0.01 0.48

    Energy retained, MJ/d 10.86 11.19 11.33 10.00 11.26 1.08 0.21 <0.01 0.65

    NE intake MJ / Energy retained MJ 1.70 1.82 1.91 1.70 1.92 3.01 0.31 <0.01 0.46

Total period (0 to 70 d)

  Initial BW, kg 29.98 29.57 30.30 29.53 30.20 2.14 0.74 0.08 0.95

  Final BW, kg 89.71 92.08 94.01 89.20 94.66 7.23 0.06 <0.01 0.07

  Lean mass gain, % BW gain 80.86 79.14 80.06 79.88 82.04 2.03 0.10 0.04 0.39

  Fat mass gain, % BW gain 17.52b 19.62a 18.87a 17.21 20.02 3.96 0.04 <0.01 0.72

  Energy retained, MJ/d 9.57 9.93 10.12 9.09 10.22 1.06 0.18 0.03 0.95

  NE intake MJ / Energy retained MJ 1.80 1.87 1.94 1.85 1.90 3.69 0.11 0.69 0.54

1Initial weight as a covariate was significant for all variables; P < 0.01.
2CON: control diet from 0000 to 2359 h; HF/LP: high-fat/low-crude protein diet from 0000 to 2359 h; sequential feeding (SEQ): 1800 to 1000 h 

control diet and 1001 to 1759 h high-fat/low-crude protein diet.
3Residual Standard Deviation.
4Data were analyzed using a linear MIXED model including the fixed effects of covariate, feeding program (FP; n=3), genetic line (GL; n=2), 

and the interaction between FP and GL (FP×GL). The repeated measurements option was used with a compound symmetry covariance structure 
to account for experimental unit effect over the experimental period.

a, b, c Within a row, means with different superscripts are affected by feeding system (P < 0.05).
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linearly in response to increasing NE intake and 
the slopes of the linear regressions were different 
from 0 (P < 0.05). In terms of growth performance 
of the subset of pigs used in the body composition 
analyses, ADFI, ADG, and feed efficiency were 
1.55 kg/d, 0.745 kg/d and 0.48 during the growth 
phase 1.  The respective values for growing phase 
2 and finishing were 2.04  kg/d, 1.010  kg/d, and 
0.50 kg/kg, and 2.32 kg/d, 0.953 kg/d, and 0.41 kg/
kg.

When analyzing the effects of genetic line, 
fat mass, fat mass gain, and energy retained were 
greater (P < 0.05) in pigs from genetic line B than 
in those from genetic line A in all body composition 
analyses. Backfat thickness was not influenced by 
the genetic line on day 35 (P = 0.82); however, on 
day 70, it was greater in line B than in line A pigs 
(16.3 vs. 14.4 mm; P = 0.03). Despite of similar lean 
mass between genetic lines on day 35 and 70 (P > 
0.05), greater loin depth was observed in line A pigs 
on day 70 (67.88 vs. 64.09 mm; P = 0.03). In the 
total period of evaluation (day 0 to 70), line B pigs 
had greater lean mass gain than line A pigs (82.04 
vs. 79.88 % BW gain; P = 0.04).

DISCUSSION

Overview of the Cyclic Heat Stress and the 
Sequential Feeding System

This study was conducted to evaluate the se-
quential feeding technique for two genetic lines of 
growing-finishing pigs with different proportion of 
Pietrain genes reared under daily cyclic high am-
bient temperature conditions. Our first hypothesis 

was that adjusting diet composition according 
to daily variation in ambient temperature would 
benefit the performance and body composition of 
pigs in relation to those fed a CON diet. Secondly, 
we hypothesized that pigs with different proportion 
of Pietrain genes, and presumably with different 
metabolic heat production and thermoregulatory 
capacities, would respond differently to feeding 
programs.

Effect of HF/low-crude protein Sequential Feeding 
on Pig Performance and Body Composition

According to our results, feeding programs 
had negligible effects on pig performance during 
growing phase 1.  In contrast, feeding pigs with 
high-fat/low-CP diets (HF/LP or SEQ programs) 
during growing 2 and the finishing phase had bene-
ficial effects. For instance, SEQ-fed pigs had greater 
body weight gain (+7%) during growing phase 2 and 
HF/LP-fed pigs had greater feed intake (+10%) and 
body weight gain (+ 8%) during the finishing phase 
when compared with CON pigs. These results dem-
onstrate the positive effects of the high-fat/low-CP 
diets as pig body weight increases in association 
with an increased susceptibility of heavier pigs to 
the negative effects of high ambient temperatures 
(Renaudeau et  al., 2011). Because feed intake at 
high ambient temperatures is limited by the cap-
acity of the animal to dissipate heat, the greater 
feed intake of HF/LP pigs might be explained by 
the lower thermic effect of the diet. These results 
are consistent with previous literature (Spencer 
et  al., 2005; Rodrigues et  al., 2012) that similarly 
reported a greater performance of heat-stressed fin-
ishing pigs fed high-fat/low-CP diets.

In our study, the difference in NE content be-
tween the control and high-fat/low-CP diets was 
10% on average, which resulted in greater values 
of fat mass and fat mass gain in high-fat/low-CP 
pigs than in CON pigs. These results agree with Le 
Bellego et al. (2002) that reported greater NE intake 
and tendency for greater carcass fat in pigs kept at 
29°C and fed low-CP diets. In addition, Spencer 
et  al. (2005) observed greater backfat thickness 
in finishing-pigs fed high-fat/low-CP diet exposed 
to cyclic ambient temperature of 27°C from 1900 
to 100 and 35°C from 1000 to 1900. These results 
might be explained by an inhibitory effect of high 
ambient temperature on protein deposition rate 
that results in greater amount of energy available for 
lipid deposition. This response can be interpreted 
as a metabolic adaptation to reduce metabolic heat 
production in high ambient conditions since the 
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Figure 1. Relationship between NE intake (MJ/d) and energy 
retained as fat (MJ/d) for pigs fed CON (control diet from 0000 to 
2359 h), HF/LP (high-fat/low-crude protein diet from 0000 to 2359 h) 
or SEQ (1800 to 1000 h control diet and 1001 to 1759 h high-fat/low-
crude protein diet) programs in total period of body composition (0 to 
70 d). Data are represented as the linear regression using NE intake as 
the independent variable.
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energetic efficiency for lipid deposition is greater 
than that for protein deposition (van Milgen and 
Noblet, 2003). In addition, our results demonstrate 
a linear increase in energy retained as fat as NE in-
take increased, irrespective of the feeding program.

Irrespective of growth phase, our study dem-
onstrated negligible effects of feeding program on 
feed efficiency. Accordingly, Kerr et al. (2003) did 
not observe effects of diets varying in CP and EM 
content (16% CP, 12% CP + AA, and 12% CP) on 
feed efficiency in pigs kept at a constant ambient 
temperature of 33°C. In contrast, a high-fat diet 
(4.5% of soybean oil addition) improved the feed 
efficiency in growing pigs reared at a constant am-
bient temperature of 32ºC (Wolp et  al., 2012). In 
fact, because of the large environmental and ex-
perimental variability between studies (duration of 
high ambient temperature exposure, feed compos-
ition, management and sanitary status, BW, and 
sex) it is still difficult to predict the direct effects of 
low heat increment diets on feed efficiency in pig 
reared under high ambient temperature conditions.

During the finishing phase, a worse energy cost 
of gain was observed in high-fat/low-CP than in 
CON pigs in association with greater fat mass. This 
result contrasts those of Le Bellego et al. (2002) that 
reported similar values of energy cost of gain be-
tween control and high-fat/low-CP diets in pigs in-
dividually housed and at a constant temperature of 
29°C. It should be noted that pigs housed individu-
ally have different performance than group-housed 
pigs (Bornett et  al., 2000), and this difference 
may become more evident in limiting conditions 
(temperature, nutrition, health challenge, etc.). 
Therefore, the higher ADFI in pigs receiving high-
fat/low-CP diet can be understood as an attempt 
of the animals to adapt to our experimental condi-
tions (housing and diurnal thermal challenge).

Overall, the performance results were similar 
between pigs in the SEQ and HF/LP programs. 
These findings suggest that high-fat/low-protein 
and SEQ programs are potential strategies to im-
prove the performance (ADFI, ADG) of pigs 
under cyclic high ambient temperature condition 
when compared with standard feeding programs. 
As feed represents a large part of the cost of pig 
production and the energy component represents 
the greatest proportion of feed cost (Noblet, 2007; 
Velayudhan et al., 2015), the SEQ feeding program 
may be economically advantageous than the HF/
LP program since SEQ pigs had the best values for 
energy cost of gain and NE intake in the growing 
2 and finishing phases, respectively. Accordingly, 
sequential feeding with low and high-protein diets 

improved the weight gain (10%) and feed efficiency 
(8%) in growing geese exposed to ambient tempera-
ture variations between 22°C and 29°C (Ho et al., 
2015). In contrast, no effect of sequential feeding 
with diets varying in CP and energy content was 
observed in male broilers reared at a constant am-
bient temperature of 37°C (Bouvarel et al., 2004).

The similar results for lean mass and gain be-
tween feeding programs suggest that a reduction of 
up to 4% CP with correct AA supplementation does 
not affect the lean body mass of pigs under cyclic 
high ambient temperature. These results agree with 
those of Le Bellego et  al. (2002) and Kerr et  al. 
(2003), who reported no differences in lean mass 
in pigs receiving decreased CP levels (−4%) and 
exposed to high ambient temperature conditions 
(29ºC and 33ºC, respectively). However, there is a 
limit to CP reduction even with AA supplemen-
tation. Some authors suggest that a CP reduction 
is considered beneficial up to 4% below the NRC 
(2012) recommendations (Gloaguen et  al., 2014; 
Peng et al., 2016; Fan et al., 2017; Ma et al., 2018). 
It should be noted that these latter studies did not 
consider the effects of high ambient temperature. 
As metabolic and physiological processes change 
or are activated in response to high temperatures 
(Campos et al., 2017), additional studies may be re-
quired to evaluate the effects of different CP levels 
with AA supplementation in pigs exposed to hot 
conditions.

Effect of Genetic Line on the Performance and 
Body Composition of Pigs Exposed to Daily Cyclic 
High Ambient Temperature Conditions

According to our results, although the gen-
etic lines showed similar responses to the feeding 
programs, they responded differently to cyclic high 
ambient temperature exposure. In fact, animal re-
sponses to high ambient temperatures are highly 
variable within a population, and part of this vari-
ability has a genetic basis (Renaudeau et al., 2012; 
Lan et  al., 2016). Overall, line B pigs had greater 
growth performance (ADFI, NE intake, and ADG) 
than line A pigs. Likewise, greater lean and fat mass 
during the total period (+4 and +14%; respectively) 
and greater body weight at the end of the experi-
ment (+8.6 kg/animal) was observed in line B pigs. 
In addition, while line A pigs reduced their feed and 
NE intake during the period of high ambient tem-
perature, this response was not observed in line B 
pigs. Pietrain pigs are commonly used in breeding 
programs due to their greater potential and effi-
ciency of protein deposition (Jiang et  al., 2012; 
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Ropka-Molik et al., 2018). However, increased lean 
tissue deposition and growth rate are associated with 
increased metabolic heat production (Brown-Brandl 
et al., 2004) and therefore, with high susceptibility 
to heat stress (Renaudeau, 2005; Rauw et al., 2017). 
Part of this greater metabolic heat production is ex-
plained by the higher energetic cost of protein de-
position relative to lipid (Renaudeau et  al., 2012). 
The synthesis of a peptide bond from amino acids 
requires at least 5 ATP, while lipid deposition has 
an energy cost of 2 ATP (van Milgen et al., 2001; 
van Milgen and Noblet, 2003). Therefore, heat pro-
duction associated with proteogenesis is greater 
compared to that of lipogenesis (Rauw et al., 2017). 
Line A  pigs had a higher proportion of Pietrain 
genes which might explain their decreased growth 
performance in our experimental conditions when 
compared to pigs from genetic line B. Interestingly, 
genetic line feed efficiency varied according to the 
experimental phases. Unlike growing phase 1, in 
growing phase 2, line A pigs were more efficient and 
had lower energy cost of gain than the line B pigs, 
but both lines had the same results for these vari-
ables during the finishing phase.

The results of this study suggest that the supply 
of high-fat/low-CP diets (SEQ and HF/LP feeding) 
improve growth performance of growing-finishing 
pigs under daily cyclic high ambient temperatures. 
However, the use of these techniques resulted in 
fatter carcasses and in higher energy cost of gain. 
Our results also suggest that genetic selection for lean 
growth negatively affects growth performance of pigs 
reared under high ambient temperature conditions.
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