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ABSTRACT: Weaning is a stress every piglet
has to face. It is a main cause of antibiotic uses
due to digestive disorders. In this study, response
to weaning was analyzed in pigs from two lines
divergently selected for residual feed intake (RFI)
during growth. A total of 132 pigs from each
line, housed per line and diet in conventional
postweaning units of 12 castrated males and 12
females, were fed either a conventional control
(two successive diets) or a complex (three suc-
cessive diets) dietary sequence during the post-
weaning period (4 to 10 wk of age). BWs were
recorded at weaning (days 0 and 28 of age), days
1,2,6,12, 19, 26, and 42 (10 wk of age), and at
23 wk of age. Feces texture was examined before
weaning (day —1), at day 1, 2, 6, 12, and 19. Feed
intake was recorded at pen level from days 0 to
42 after weaning, and individually thereafter.
Plasma was collected after blood samplings at
days —1, 6, 19, and 42 on half of the piglets: all
piglets of a given sex in each pen were sampled,
to achieve a balanced number across factors.
Pigs of the low RFI (LRFI) line were heavier
at weaning, had greater glucose concentration,

and lower levels of diarrhea at days 1 and 2 than
pigs from the high RFI (HRFI) line (P < 0.01).
At day 42, there was no BW difference between
lines, and G:F ratio did not differ between lines
(P = 0.40). The LRFI pigs had lower feed intake
and growth rate from day 0 to day 19 (P < 0.005),
and greater plasma concentration of non-esteri-
fied fatty acid (P < 0.001), indicating an increased
mobilization of body lipids and proteins immedi-
ately after weaning compared with HRFI pigs.
They also had greater levels of diarrhea at day
6 (22% for LRFI vs. 14% for HRFI, P = 0.002),
but the concentration of plasma haptoglobin did
not indicate acute inflammation. The complex
diet sequence improved feed intake and growth,
and reduced diarrhea, mainly in the LRFI line
(P < 0.001). To conclude, pigs from the LRFI
line were more negatively affected by weaning
stress, but managed to recover afterwards. The
complex diet sequence ameliorated some of the
negative effects that weaning had on the LRFI
pigs, but limited effects of nursery period feeding
sequence on growth performance were observed
during the growing-finishing period.
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INTRODUCTION

Weaning generates digestive troubles in pigs
due to combinations of psychological, environ-
mental, and dietary stressors (Lalles et al., 2007).
Immediately after weaning, the gastrointestinal
tract is strongly altered by villus atrophy, com-
promising the barrier function, reducing the
digestive and absorptive capacity, and leading to


mailto:helene.gilbert@inra.fr?subject=

44 Gilbert et al.

dysbiosis (Pluske et al., 1997). Systemic inflam-
mation and oxidative stress can be observed after
weaning in piglets weaned at either 21 or 28 d (Zhu
et al., 2012; Buchet et al., 2017). Decreased volun-
tary feed intake, growth check (slowing of weight
gain after weaning), and increased sensitivity to
enteric pathogens can lead to postweaning diarrhea
(PWD) (Dirkzwager et al., 2005). The PWD gen-
erates important economic losses due to decreased
growth rate, morbidity, and mortality. Antibiotics
are often used to handle PWD. Different dietary
strategies have been proposed to help animals to
cope with stressors, reinforce natural defenses, and
prevent or limit the severity of PWD and use of
antibiotics in postweaning units (Heo et al., 2013;
Lalles and Guillou, 2015). These authors recom-
mend diets with low concentration of crude pro-
teins, containing highly digestible protein and
starch, and including functional additives that
have been suggested to favor digestive health (Heo
et al., 2013). The genetic improvement of pig feed
efficiency is a key to reduce feed costs and envir-
onmental impact. Residual feed intake (RFI) is a
criterion to measure net feed efficiency (Gilbert
et al., 2017). After the RFI definition proposed by
Koch et al. (1963), pigs selected for low RFI (LRFT)
eat less than predicted from their production and
maintenance requirements. They are more efficient
than pigs selected for high RFI (HRFI). In previ-
ous studies, no differences between pigs from LRFI
and HRFI lines were observed for growth (Gilbert
et al., 2017), but LRFI pigs had reduced activity
(Meunier-Salaiin et al., 2014), and lower energy
requirements for maintenance (Barea et al., 2010)
compared with pigs from an HRFI line, which indi-
cate different nutrients partitioning between pro-
ductive and nonproductive functions. Following the
resource allocation theory (Rauw, 2009), selection
on efficiency might change the hierarchy of nutri-
ents partitioning, favoring protein deposition and
growth rather than nonproductive functions related
to health and responses to challenges (Rauw et al.,
1998). How selection for improved feed efficiency
affected transition at weaning has not been studied.
The aim of our study was to evaluate the impact of
divergent selection for RFI on piglet ability to face
weaning. We hypothesized that pigs from the LRFI
line would be more negatively affected by wean-
ing. Piglets were fed either a conventional dietary
program or a complex feeding program containing
three successive diets. We hypothesized that the
complex feeding program will limit the negative
consequences of weaning.

MATERIALS AND METHODS

The care and use of pigs were performed in
compliance with the European Union and French
legislations. The experimental farm ran the experi-
ment under the agreement number for animal
housing 86-213-01. The technical and scientific
staff involved in the experiment had individual
agreements from the French Veterinary Services to
experiment on living animals, and the experiment
was approved by the French Ministere de I’éduca-
tion nationale, de I’enseignement supérieur et de
la recherche on June 19, 2015, under the reference
2015011912496871_v6 (APAFIS#155).

The study was conducted in the INRA pig
facilities at Rouillé (UE INRA GenESI, Surgeres,
France). It consisted of a 2 X 2 factorial design test-
ing two postweaning dictary programs (control vs.
complex) on pigs from two lines divergently selected
for RFI. The immediate impact of the dietary strat-
egy was tested during the postweaning period [42 d,
lasting from weaning at 28 to 70 d of age (10 wk of
age)] on growth performance, health, nutritional
and oxidative stress, and immunity indicators, and
its long-term impact was determined during the
growing-finishing period (from 10 to 23 wk of age).

Animals, Housing, Diets, and Experimental Design

The study was conducted using pigs from two
divergent lines selected for eight generations for
LRFI or HRFI from a unique Large White pop-
ulation (Gilbert et al., 2007). The LRFI pigs were
selected to eat less than predicted from their pro-
duction and maintenance requirements, and HRFI
pigs were selected to eat more than predicted.
Piglets from both lines were born in two farms (15
sows per line in Rouillé, UE INRA GenESI, France,
and 28 sows per line in Le Magneraud, UE INRA
GenESI, France). At weaning, all piglets were gath-
ered in postweaning facilities in the Rouill¢ herd.

A total of 264 pigs was evaluated in two
batches, with equal numbers of females and cas-
trated males from each line. The trial was run
in six pens of 22 pigs per batch (11 females plus
11 castrated males from the same line per pen)
in conventional postweaning units (n = 12 post-
weaning pens). Littermates were allotted to dif-
ferent pens. Pigs were weaned at 28 d of age (day
0). They had no access to creep feeding during
lactation. After 42 d in the postweaning pens
(0.35 m%pig), i.c., at 10 wk of age (day 42), pigs
were transferred to a growing—finishing unit, and
allotted by sex and line in pens (1.54 m?/pig) of
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11 pigs (each postweaning pen giving two grow-  startingatday 11, between starter and weaning diets.
ing—finishing pens according to sex). As a result, = The other pigs were fed a complex feed program
in each batch, 12 growing—finishing pens were  (Table 1). The complex sequence had three succes-
used, among which eight were equipped with  sive diets. A prestarter diet was used from days 0 to
single-place electronic feeders (ACEMA 64, 8 after weaning, a 2-d transition was applied with
ACEMO, Pontivy, France). Only pigs housed in  the starter diet, that was then given to pigs until day
pens with electronic feeders were evaluated dur- 18 postweaning, followed by a 2 d transition with
ing the growing period (2 batches X 8 pens X 11  the weaning diet. The initial two diets fed in the
pigs). Pigs stayed in the growing—finishing pens  complex sequence had a greater diversity of ingre-
until the end of the experiment (23 wk of age). dients, including greatly digestible cereals and pro-

During the postweaning period, half of the pigs  teins. During the growing—finishing period (from 10
were fed a control conventional two-phase diet-  to 23 wk of age), all pigs were fed a commercial
ary sequence after weaning, with a 2-d transition,  diet, containing a mixture of cereals (wheat 24%,

Table 1. Ingredients and chemical compositions of the weaning diets (as-fed basis) distributed from 4 to
10 wk of age

Control program Complex program
Starter diet Weaning diet Prestarter diet Starter diet Weaning diet
Ingredients, %
Wheat 25.7 40.0 12.3 26.4 39.7
Barley 25.0 31.7 25.0 25.0 31.7
Cooked cereals (rice, wheat) 9.7 — 25.0 11.8 —
Wheat gluten feed — 5.0 — — 5.0
Sugar beet and chicory pulps — — — 2.0 —
Biscuit meal 5.0 — — 2.8 —
Soybean meal 19.4 12.7 4.0 5.0 12.7
Rape seed meal — 34 — — 3.4
Extruded soybean seed 34 3.8 5.0 7.1 3.8
Whey powder 2.7 — 8.4 5.3 —
Potato protein concentrate 1.5 — 2.5 2.0 —
Soybean protein concentrate 48% — — 5.0 3.0 —
Wheat gluten feed — — 2.0 1.0 —
Rapeseed oil 1.5 — 1.5 — —
Copra oil 0.5 — 2.1 1.5 —
Vitamins and minerals premix' 5.6 34 7.2 7.1 3.7
Chemical composition and nutritive values?

Crude protein, % 19.0 16.6 18.5 17.7 16.6
Starch, % 38.5 43.0 374 394 43.0
Ether extract, % 5.0 2.7 6.5 5.0 2.7
Crude fiber, % 35 42 4.0 33 42
Neutral detergent fiber, % 12.3 15.0 10.9 12.2 15.0
Digestible Lys, % 1.22 1.05 1.32 1.20 1.05
Digestible Met, % 0.45 0.37 0.57 0.52 0.37
Digestible Thr, % 0.78 0.66 0.87 0.78 0.66
Digestible Trp, % 0.23 0.19 0.25 0.23 0.19
Digestible Val, % 0.81 0.69 0.87 0.79 0.69
NE’, MJ/kg 10.44 9.70 11.02 10.62 9.70

"Provided the following amount of vitamins and minerals per kilogram of diets (as-fed basis) for prestarter and starter diets: retinol, 15,000 IU;
cholecalciferol, 2,000 IU; tocopherol, 150 1U; thiamine, 3 mg; riboflavin, 6 mg; pantothenic acid, 10 mg; pyridoxine, 6 mg; cobalamin, 0.06 mg;
niacin, 25 mg; menadione, 4 mg; biotin, 0.1 mg; choline, 1,000 mg; ascorbic acid, 100 mg; Fe as iron sulfate, 240 mg; Cu as copper sulfate, 150 mg;
Zn as zinc oxide, 112 mg; Mn as manganese oxide, 85 mg; Se as sodium selenium, 0.35 mg; I as calcium iodate, 1 mg. For weaning diets: retinol,
12,000 IU; cholecalciferol, 2,000 1U, tocopherol, 70 mg; thiamine, 1 mg; riboflavin, 4 mg; niacin, 8 mg; pantothenic acid, 15 mg; pyridoxine, 3 mg;
choline, 300 mg; Fe as iron sulfate, 130 mg; Cu as copper sulfate, 150 mg; Zn as zinc oxide, 105 mg; Mn as manganese oxide, 50 mg; I as calcium
iodate, 0.6 mg; Se as sodium selenium, 0.3 mg. Premix also provided free amino acids (Lys, Met, Thr, Trp, and Val). Diets of the complex program
contained plant extracts (flavonoids).

?Calculated values. Amino acid concentrations were expressed as standardized ileal digestible percentage.
*Calculation Noblet (2006).
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triticale 15%, and barley 10%), wheat bran (8%),
soybean and sunflowers meals (1.5% and 10%), and
field pea protein (16%). This diet contained 10 MJ
of net energy NE, 160 g/kg of crude protein, and a
minimum of 0.8 g of digestible lysine/MJ NE. Pigs
were allowed ad libitum access to feed and water
throughout the experiment.

Measurements, Biological Samplings

Feed intake was estimated per pen during the
postweaning period by weighing the amount of
feed provided each day, and feed left in the feed-
ers on days 0, 1 (18 h after weaning), 2 (42h after
weaning), 6, 19, and 42. The ADFI during the
postweaning period was then computed per pen
(three pens per combination of line and dietary
sequence, n = 12). During the growing—finishing
period, ADFI was recorded individually by sin-
gle-place automatic feeders. Pigs were weighed at
day 0 in the afternoon (HO), and in the morning
at days 1, 2, 6, 12, 19, 26, and 42, and at 23 wk
of age. The individual ADG for each measure-
ment period were calculated. The resulting pen
(during the postweaning period) and individual
(during the growing—finishing period) G:F were
calculated. At 23 wk of age, individual backfat
thickness was measured by ultrasonic scanning
using an Aloka SSD500 (Aloka, Cergy Pontoise,
France) echograph at six positions on the back
of each animal, and a unique backfat thickness
value was calculated as the average of the six
measurements.

The consistency of the feces of each pig was
monitored at days 1, 2, 6, 12, and 19, and scored
using a three-point scoring system: one for dry or
normal feces, two for soft or moist feces, and three
for liquid or diarrheic feces, as previously described
(Pastorelli et al., 2012a). The percentages of pigs
having normal, soft, and diarrheic feces were then
calculated for every day of measurement per line
and per dietary sequence.

Blood samples were collected from 11 pigs
per pen. In each pen, all pigs of one sex were
bled to achieve a balanced design (n = 164). Two
blood samples (5 mL into heparin and 5 mL into
EDTA buffer) were collected per pig (n = 33
per combination of line and dietary sequence)
around weaning, by jugular punctures between
0800 and 1000 hours the day before weaning
(day —1), and at days 6, 19, and 42. Samples
were kept on ice until centrifugation (2,500 X g,
4 °C, 15 min), then plasma was collected and
stored at —80 °C.

Biological Analyses

From EDTA samples, the following measure-
ments were quantified on all pigs. Plasma haptoglo-
bin was assayed by colorimetry (Tridelta PHASE
Haptoglobin, Tridelta Development) (Smith et al.,
1998). Kits were used to assay plasma concen-
tration of glucose (Glucose RTU, Bioméricux),
NEFA (NEFA-HR(2), Wako Chemicals GmbH),
urea (UREA 981818, Thermo Fisher Scientific),
and insulin (Insulin-CT, IBA Molecular). These
compounds were analyzed with the Konélab 20XT
automate (Thermo Fisher Scientific, Courtaboeuf,
France). The concentration of Igs, IgG and IgM,
was assayed by ELISA (Bethyl Elisa quantitation;
Interchim, Montlugon, France).

From heparin samples, the biological antioxi-
dant potential (BAP) and reactive oxygen metabo-
lites (AROM) were assayed on plasma collected on
the first batch of pigs only (n = 66) using commercial
kits (Diacron, Grosseto, Italy). The dROM test meas-
ures the concentration of hydroperoxides generated by
the peroxidation of lipids, proteins, and nucleic acids
(Alberti et al., 1999). Results were expressed in Carratelli
unit (CARRU; 1 CARRU = 0.08 mg H,0,/100 mL of
plasma). The BAP results from the combined effects of
antioxidants such as uric acid, ascorbic acid, proteins,
a-tocopherol, and bilirubin (Benzie and Strain, 1996).
Results are expressed in micromoles per liter of equiva-
lent vitamin C, used as an iron-reducing reference agent.
An oxidative stress index (OSI) was calculated as the
ratio of dROM to BAP (CARRU-umol™ liter of Vit
C!; Sharma et al., 1999).

Statistical Analyses

Performance traits for each experimental
period were analyzed independently using linear
models [glm procedure, SAS (SAS 9.4; SAS Inst.
Inc., Cary, NC)]. For individual performance meas-
urements [ADG during the postweaning period
(n pigs = 264), and ADG, ADFI, and G:F during
the growing—finishing period (n pigs = 161)], the
experimental unit was the pig, and the batch (two
levels), sex (two levels), dietary program (two lev-
els), and line (two levels), and the interaction diet
program X line were included in the model. For
pen measurements during the postweaning period
(ADFI and G:F, n pens = 12), the experimental unit
was the pen, and the batch (two levels), dietary pro-
gram (two levels), line (two levels), and the interac-
tion diet program X line were retained in the model.

Before analyses, data for NEFA and insulin
were log transformed. The individual time-series
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concentrations of plasma components were ana-
lyzed with linear mixed models (Ime4 package,
R software R Development Core Ream (2008),
version 3.1.2, 2014) using the Imer function. The
significance level was set to 0.05 to declare sig-
nificant effects. The batch (two levels, not used
for BAP, dROM, and OSI measured on the
first batch only), sex (two levels), dietary pro-
gram (two levels), line (two levels), day of sam-
ple collection (four levels), and the interactions
diet program X line, diet program X time, line X
time, and diet program X line X time were used
as fixed effects. The experimental unit was the
pig, and the animal was fitted as a random fac-
tor repeated across times. Because sex was never
significant, it was removed from the final mod-
els. The BW at weaning was used as covariate
for analyses of nutritional parameters (NEFA,

urea, glucose, and insulin). Pairwise comparisons
of least-squares means were performed using a
post hoc Tukey adjustment. Two axes of compar-
isons were retained in the results: (i) comparisons
of the means of the combinations line X diet-
ary treatment within each day, to highlight the
effects of line and dietary program; (ii) compari-
son within each combination of line and dietary
treatment of the means at different days, to high-
light the dynamics of the responses to weaning in
each condition.

Independent ¥ tests were applied to the number
of pigs having diarrheic, soft or normal feces for each
day of observation, to test on one hand the line effect,
and on the other hand the dietary program effect.

Differences with Plower than 0.05 were reported
as significant, and differences with P between 0.10
and 0.05 were reported as tendencies.

Table 2. Effects of line (LRFI vs. HRFI') and diet sequence (control vs. complex) on ADG, ADFI, and
G:F of weaned pigs

LRFI® HRFP° P-value?
Traits? n? Control Complex Control Complex SEM Line Diet LxD
BW, kg
Birth 264 1.49% 1.51° 1.42¢ 1.412 0.016 0.009 0.81 0.68
Day 0 264 8.95¢ 8.83¢ 8.24 8.46% 0.072 <0.001 0.74 0.23
10 wk 259 23.40 23.88 23.98 24.33 0.218 0.22 0.36 0.88
161¢ 23.30 23.75 23.90 23.73 0.289 0.60 0.80 0.57
23 wk 161¢ 94.90¢ 96.46* 98.89° 102.18° 0.817 0.003 0.13 0.59
ADG, g/d
Days 0 to 42 259 3532 367%® 384° 386° 5 0.005 0.43 0.49
Days 0 to 6 263 87 928 153° 166° 5 <0.001 0.37 0.70
Days 6 to 19 260 290° 356° 318%® 349° 7 0.45 <0.001 0.18
Days 19 to 42 258 484 4710 511° 490 6 0.067 0.20 0.78
Growing-finishing’ 161 880* 890¢ 919 957° 9 <0.001 0.11 0.32
ADFI, g/d
Days 0 to 42 12 6112 639 679° 683° 15 0.017 0.42 0.53
Days 0 to 6 12 1512 169 2030 221¢ 8 0.004 0.22 0.98
Days 6 to 19 12 3242 363% 396° 408° 10 0.005 0.16 0.39
Days 19 to 42 12 905 932 981 976 23 0.089 0.75 0.60
Growing-finishing 161 1,933¢ 2,012¢ 2,284° 2,348° 24 <0.001 0.090 0.86
G:F
Days 0 to 42 12 0.580 0.578 0.569 0.566 0.006 0.40 0.86 0.98
Growing-finishing 161 0.461° 0.448° 0.404¢ 0.410° 0.004 <0.001 0.63 0.16

For a given day, means with different letters differed (P < 0.05) across treatments (line X diet combinations).

'"LRFI = line selected for low residual feed intake; HRFI = line selected for high residual feed intake.

2Day 0 = weaning day (average 28 d of age); day 6 = 6 d after weaning; day 19 = 19 d after weaning; day 42 = 42 d after weaning, 10 wk of age,
end of the postweaning period.

’Number of measurements with pigs or pens as statistical unit.

4P-value of the fixed effects in linear models containing the batch, the dietary sequence (D), the sex (for individual measurements), the line effects
(L), and the interaction between line and dietary sequence (L X D) applied to each period of time independently.

SLine of pigs divergently selected for low or high residual feed intake (LRFI or HRFI). Least square means of the line X dietary sequence inter-
action are presented. Values with different superscripts within a row differed (P < 0.05).

°Pigs with individual feed intake measurements during the growing—finishing period.
"From 10 to 23 wk of age.
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Figure 1. Percentage of pigs having diarrheic, soft or normal feces
after weaning at 28 d of age (day 0) depending on line (A, low residual
feed intake vs. high residual feed intake, LRFI vs. HRFI) and on diet-
ary sequence (B, control vs. complex). n = 132 pigs per line and 132
per dietary sequence (total of 264 pigs). +: P < 0.10, *: P < 0.05, **:
P <0.01 for independent y? tests at each time of measurement.

RESULTS

Five pigs (three HRFI receiving the control
dietary sequence, and one LRFI and one HRFI
receiving the complex sequence) died during the
postweaning period. Causes were severe diarrhea in
the 2 wk after weaning for three HRFI pigs, abuse
from littermates 38 d after weaning for one LRFI
pig, and unknown causes 30 d after weaning for
one HRFTI pig. Two HRFI pigs receiving the con-
trol dietary sequence were treated with antibiotic
[subcutaneous injection of 0.5 mL of Belcomycine
(Coophavet, Saint-Herblon, France)] at days 15-17
or 12-14 to treat severe diarrhea. No antibiotic was
used on the remaining pigs. During the growing—fin-
ishing period, six pigs were eliminated due to health
issues (cannibalism, unexplained very low growth),
and performances of six other pigs were eliminated
due to issues with feed intake recording (RFID tag
issues, >20% missing daily feed intakes). Finally,

three of the piglets eliminated during the post-
weaning period were part of the pens tested during
growth—finishing with electronic feeders. To avoid
mixture of new individuals in these pens at 10 wk
of age, these pigs were not replaced. Altogether, the
dataset was thus reduced from 176 expected pigs at
10 wk of age to 161 pigs with data for ADFI, ADG,
and G:F during the growing—finishing period.

Performances

The LRFI piglets were heavier than the HRFI
piglets at weaning (8.88 + 0.10 vs. 8.35 = 0.10 kg,
P < 0.001, Table 2), associated with BW difference
at birth (1.50 £ 0.02 vs. 1.41 £ 0.02 kg, P = 0.009).
During the entire postweaning period (days 0 to 42,
Table 2), LRFI pigs ate less (P = 0.017) and grew
slower than HR FI piglets (P = 0.005). The complex
dietary program had no significant effect (P = 0.43
for ADG, P = 0.42 for ADFI). The G:F was not
different between lines and diets during this period.

For shorter periods of time during the post-
weaning period, line differences were observed
during the first week after weaning (days 0 to 6) for
ADG (89.2 + 6.9 vs. 159.4 £ 6.9 g/d in LRFI and
HRFTI pigs, respectively, P < 0.001), and there was
no diet effect. From days 6 to 19, ADG did not dif-
fer between lines, but pigs fed the complex program
grew faster than pigs receiving the control program
(352 £ 10 vs. 304 £+ 10 g/d, respectively, P < 0.001).
From days 19 to 42, ADG in the LRFT line tended
to be lower than that of HRFI pigs (P < 0.07), with
no effect of the dietary program. As a result, pig
BW was not different between lines at the end of
the postweaning period (23.9 + 0.3 kg, P = 0.22).
Line differences for growth rates during the post-
weaning period were associated with differences in
ADFI. Compared with HRFI pigs, ADFI of LRFI
pigs was 25% lower from days 0 to 6 (P = 0.004),
and 14% lower from days 6 to 19 (P = 0.005). From
days 19 to 42, the line difference remained as a ten-
dency (=60 g/d in the LRFI line, P = 0.089). The
dietary program did not affect ADFI.

During the growing—finishing period (from
10 wk to 23 wk of age), ADFI and ADG were
lower in the LRFI line, leading to a greater G:F
(+47 g BW/kg ADFI, P < 0.001), i.e., better feed
efficiency (Table 2). Pigs from the LRFI line were
also leaner at 23 wk of age, with —3.8 mm of back
fat depth (P <0.001; not shown). Pigs fed the com-
plex dietary sequence tended to eat more than pigs
fed the control dietary sequence (2,108 = 30 vs.
2,180 * 31 g/d, respectively, P = 0.09), with no G:F
difference (P = 0.63). At 23 wk of age, BW differed
by 4.86 kg between lines (Table 2), the LRFI pigs
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Table 3. Effects of line (LRFI vs. HRFI') and diet sequence (control vs. complex) on time-series sampling
of plasma concentrations of haptoglobin and Ig of weaned pigs

Line and dietary program

LRFI HRFI P
Trait? Day? Control Complex Control Complex SEM Line Diet LxD
Haptoglobin, g/L Day -1 0.29¢ 0.23* 0.43~ 0.32x 0.05 0.42 0.56 0.85
Day 6 1.49b 1.68"Y 0.84y 1.3407 0.07
Day 19 0.924y 1.69°Y 0.66 1.092» 0.07
Day 42 0.47~ 0.63 0.41* 0.82¢ 0.05
IgG, g/L Day -1 6.37 6.94 6.31% 5.68% 0.21 0.90 0.54 0.089
Day 6 5.95° 5.98:0xy 5.05¢bxy 487 0.16
Day 19 5.45 5.38« 4.44 4.97 0.18
Day 42 6.31 5.94 5.55 6.92Y 0.15
IgM, g/L Day -1 0.85v 0.93v 1.06* 0.96* 0.03 0.097 0.98 0.34
Day 6 1.19 1.23 1.36 1.39 0.04
Day 19 1.62%Y 2,110 2.18 2.59 0.06
Day 42 2.21% 2.46Y 2.14% 2.46* 0.05

abcFor a given day, means with different letters differed (P < 0.05) across treatments (line X diet combinations).

wx¥»2Within a given combination of line and dietary treatment (column), means with different letters differed with time (P < 0.05).
'LRFI = line selected for low residual feed intake; HRFI = line selected for high residual feed intake.

IgG = immunoglobulins G; IgM = immunoglobulins M.

3Day —1 = day before weaning; day 6 = 6 d after weaning; day 19 = 19 d after weaning; day 42 = 42 d after weaning.

4P-values of linear mixed models applied to each trait with the batch, the dietary program, the line, the day of sampling collection as fixed effects,
together with the interactions diet program X line, diet program X time, line X time, and diet program X line X time, and the animal as a random
factor. n = 33 pigs per combination of line and dietary sequence (total of 132 pigs). P-values for the effect of the day of plasma collection was
P <0.001 for haptoglobin and IgM, and P = 0.08 for IgG. P-values for the interactions line X day and diet X day were P < 0.01 for haptoglobin and
IgM, and not significant for IgG. The P-value for the interaction diet X line x day was P < 0.01 for IgG and P = 0.13 for haptoglobin.

being lighter than the HRFT pigs (95.68 £ 1.13 vs.
100.54 + 1.16 kg, P = 0.003).

Health and Oxidative Status

The proportion of pigs having diarrheic or
soft feces (i.e., non-normal) was maximum at days
6 and 12, with 25.8% and 26.5% of affected pigs,
respectively (P < 0.015 for pairwise comparisons
with proportions at other days). More diarrheas
were observed at day 6 (70% of the non-normal
feces) than at day 12 (53%) (P = 0.047). At day 1,
the proportion of pigs having soft or diarrheic feces
was lower in the LRFI line than in the HRFT line
(P = 0.013, Figure 1). At day 6, the proportion of
pigs with diarrhea was greater for the LRFI pigs
(P = 0.002). No line differences were observed at
later observation times (P > 0.17). The complex
dietary sequence reduced the proportion of soft
and diarrheic feces at day 6 (P = 0.049) and 12
(P < 0.09), compared with the control diet.

The plasma concentration of haptoglobin
increased after weaning, reached a maximum at
day 6, and decreased afterwards until the end
of the postweaning period (P < 0.001, Table 3).
Haptoglobin concentrations did not differ between
lines at weaning and at the end of the postweaning

period. Concentrations were greater in the LRFI
line than in the HRFI line at day 6 (P = 0.002)
and 19 (P = 0.009), independently of the dietary
program. The effect of time in the LRFI pigs was
different depending on the dietary sequence: the
haptoglobin concentration did not differ between
days 6 and 19 with the complex program, whereas
it decreased from days 6 to 19 with the control pro-
gram (1.49 £ 0.79 vs. 0.92 £ 0.72 g/liter, respectively,
P =0.03).

The concentration of IgG tended to decrease
from weaning to day 19, and to increase from day
19 to the end of the postweaning period (P = 0.08,
Table 3). Time interacted with line and diet for this
measure (P = 0.002). In HRFI pigs fed the com-
plex diet, concentrations were greater at day 42
than at weaning, whereas that was not observed for
the other line X diet combinations (P = 0.05). The
different time responses between lines and diets led
at day 6 to greater IgG concentration in LRFI pigs
fed the control sequence than for the HRFI line
fed the complex dietary sequence (P < 0.05). The
concentration of IgM increased from weaning to
day 19. The general dynamic was affected by line
(P<0.001) and dietary program (P = 0.01) after day
6. In the LRFT line fed the control dietary sequence,
the concentration of IgM increased between days
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19 and 42 (P < 0.001), whereas it remained constant
for the other line X diet combinations. No line dif-
ference was observed for IgM at days —1, 6, and 42.
At day 19, LRFI pigs had lower concentrations of
IgM than HRFI pigs (P < 0.001), and the complex
dietary program increased the IgM concentration
in both lines (P < 0.05).

The concentration of dROM increased during
the postweaning period (P < 0.001). The effect of
time depended on the dietary program (P = 0.011,
Table 4). At day 19, greater concentrations were
observed in pigs fed the complex dietary program
in the HRFTI line (P = 0.017). The concentration
of BAP was not affected by line, dietary program,
or time. The ratio OSI increased after weaning
(P < 0.001), independently of line (P = 0.12) and
diet (P = 0.45).

Blood Metabolite Status

The time from weaning affected plasma concen-
trations of NEFA, glucose, and insulin (P < 0.001),
and tended to affect urea (P = 0.08) (Table 5).
The dynamics of responses differed between lines
(P < 0.01), except for urea (P = 0.45), and dietary

programs (P < 0.001), except for glucose (P =0.15),
without interaction between these factors (Table 5).

Concentrations of NEFA and urea did not dif-
fer between lines the day before weaning, and then
decreased to minimal values at day 19 (P < 0.001,
Table 5). At day 6, concentrations of NEFA and urea
were greater in LRFI pigs (P < 0.05). Urea and NEFA
concentrations increased between days 19 and 42
(P <0.001). At the end of the postweaning period (day
42), HRFI pigs had greater concentrations of NEFA
compared with LRFI (P < 0.001), but concentrations
of urea did not differ. Urea concentrations at days 6 and
19 were lower with the complex dietary program than
with the control program (P = 0.001) for both lines.

The day before weaning, the glucose concentra-
tion was greater in the LRFI line (P < 0.001). It
decreased after weaning, more strongly in HRFI
pigs, leading to lower concentrations at day 42
than for LRFI pigs (P < 0.001). Glucose at day
42 was also lower in pigs fed the complex program
(P =0.002). Insulinemia decreased during the post-
weaning period (P < 0.001), in interaction with
line (P = 0.007) and dietary sequence (P= 0.073).
At day 42, insulin and glucose concentrations were
lower in the HRFI line (P < 0.001).

Table 4. Effects of line (LRFI vs. HRFI') and diet sequence (control vs. complex) on time-series sampling

of indicators of the oxidative status of weaned pigs

Line and dietary program

LRFI HRFI P
Trait? Day? Control Complex Control Complex SEM Line Diet LxD
dROM, CARRU Day —1 41.7¢ 41.2* 46.9¢ 50.8% 1.49 0.17 0.91 0.50
Day 6 54.6¥ 49.4* 53.2% 58.3% 1.48
Day 19 53.9y 63.2% 50.72x 63.6>Y 1.63
Day 42 58.7% 65.7 58.8Y 62.6/ 1.60
BAP, umol/L eq vit C Day —1 3,309 3,262 3,233 3,252% 38 0.46 0.71 0.71
Day 6 3,385 3,117 3,199 3,350 41
Day 19 3,360 3,492 3,447 3,705Y 45
Day 42 3,273 3,359 3,381 3,275% 45
OSI Day —1 12.6* 12.7¢ 14.6* 15.7¢ 0.46 0.14 0.98 0.61
Day 6 16.4 15.9% 16.7v 18.0v 0.54
Day 19 16.3v 18.4 14.8* 17.4v 0.54
Day 42 18.0¢ 19.8Y 17.6Y 19.4v 0.55

ab<For a given day, means with different letters differed (P < 0.05) across treatments (line X diet combinations).

wx¥2\Within a given combination of line and dietary treatment (column), means with different letters differed with time (P < 0.05).
'LRFI = line selected for low residual feed intake; HRFI = line selected for high residual feed intake.
*dROM = reactive oxygen metabolites, CARRU = Carratelli unit, | CARRU = 0.08 mg H,0,/100 mL of plasma; BAP = biological antioxidant

potential; OSI = oxidative stress index: ratio between dROM and BAP.

’Day —1 = day before weaning; day 6 = 6 d after weaning; day 19 = 19 d after weaning; day 42 = 42 d after weaning.

4P-values of linear mixed models applied to each measure with the dietary program, the line, the day of sample collection as fixed effects, together
with the interactions diet program X line, diet program X time, line X time, and diet program X line X time, and the animal as a random factor.
Analyses were performed only on the first batch (n = 66 pigs). P-values for the effect of the day of plasma collection were P < 0.001 for dROM and
OSI, and nonsignificant for BAP. P-values for the interaction line X day of plasma collection were P = 0.14, 0.15, and 0.12 for BAP, dROM, and
OSI, respectively. P-values for the interaction diet X day of plasma collection were P = 0.11 and 0.01 for BAP and ROM, and nonsignificant for
OSI. P-value for the interaction diet X line X day was P = 0.12 for BAP, and nonsignificant for dROM and OSI.
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Table 5. Effects of line (LRFI vs. HRFI') and diet sequence (control vs. complex) on longitudinal sampling
of plasma concentration of NEFA, urea, glucose, and insulin of weaned pigs

Line and dietary program

LRFI HRFI P
Trait Day? Control Complex Control Complex SEM Line Diet LxD
NEFA?, pmol/L Day -1 283Y 284y 303Y 317 9 0.82 0.33 0.87
Day 6 263 3160y 165 1572 13
Day 19 57 49+ 36" 61v 3
Day 42 293wy 51647 58902 874 36
Urea, mg/L Day -1 178° 1800 164y 144y 4 0.32 0.72 0.31
Day 6 178¢ 1200+ 15]bexy 79 x 5
Day 19 146° 738x 1165 632x
Day 42 169 186" 169 208"
Glucose, mg/L Day —1 1,484 1,455 1,378¢ 1,374 15 0.02 0.99 0.69
Day 6 1,114 1,066¥ 1,121¥ 1,133¥ 12
Day 19 1,021% 968* 967 975 14
Day 42 1,108 947>x 9110w 820 18
Insulin, pU/L Day —1 8.37 7.00¥ 9.12 7.56¥ 0.59 0.72 0.85 0.53
Day 6 7.73%2 7.94by 6632 491y 0.30
Day 19 6.78 7.92¥ 6.20% 6.57 0.41
Day 42 5.77°x 3.95ux 3.13%x 2.56%* 0.36

ab<For a given day, means with different letters differed (P < 0.05) across treatments (line x diet combinations).

wx¥2\ithin a given combination of line and dietary treatment (column), means with different letters differed with time (P < 0.05).
'LRFI = line selected for low residual feed intake; HRFI = line selected for high residual feed intake.

NEFA = non-esterified fatty acid.

’Day —1 = day before weaning; day 6 = 6 d after weaning; day 19 = 19 d after weaning; day 42 = 42 d after weaning.

4P-values of linear mixed models applied to each measure with the batch, the dietary program, the line, the day of sample collection as fixed
effects, together with the interactions diet program X line, diet program X time, line X time, and diet program X line X time, the animal as a random
factor, and BW at weaning as covariate. n = 33 pigs per combination of line and dietary sequence (total of 132 pigs). P-values for BW was P < 0.01
for NEFA, glucose, and insulin, and P = 0.09 for urea. The P-value for day of plasma collection was P < 0.0001 for NEFA, glucose, and insulin, and
P =0.08 for urea. The P-value for the interaction line X day of plasma collection was P < 0.01 for NEFA, glucose, and insulin, and not significant
for urea (P = 0.45). The P-value for the interaction diet X day was P < 0.001 for urea, P = 0.07 for NEFA and insulin, and not significant for glucose
(P = 0.15). Data for NEFA and insulin were log transformed before statistical analyses.

DISCUSSION

This study provides insights about piglet sta-
tuses at weaning and responses to weaning in diver-
gent pig RFI lines. At weaning, LRFI piglets were
heavier than HRFI piglets. They also had less soft
and diarrheic feces, and greater glycaemia. Other
physiological parameters measured in our study
did not differ between lines at that stage. A greater
growth rate for LRFI suckling piglets was earlier
observed in these lines (Le Floc’h et al., INRA
UMR PEGASE, unpublished data). These results
are consistent with the low negative genetic correla-
tions between litter weight gain during lactation and
RFI reported in earlier generations of these lines
(r = —0.19, Gilbert et al., 2012). They might result
from quantitative and qualitative differences in
milk production related to greater mobilization of
body stores in LRFT lactating sows (Gilbert et al.,
2012). Non-normal feces observed in HRFI piglets
at days 0 and 1 after weaning might thus be associ-
ated with differences of nutritional status between

lines towards the end of the lactation period, rather
than to an early effect of weaning.

Pigs from the LRFI line were more efficient
during the growing period (from weeks 10 to 23),
as expected from the divergent selection (Gilbert
et al., 2017). This difference of feed efficiency
was not observed during the postweaning period.
Altogether, results from the present study indi-
cate that LRFI pigs are more affected by weaning
stresses during the first week after weaning than
HRFI pigs. A decrease in voluntary feed intake is
often observed in pigs immediately after weaning
(Le Dividich and Séve, 2000). In the LRFI line,
ADFI was 48% lower than in HRFI pigs in the
18 h postweaning (results not shown). Low and
variable feed intake is considered as an important
etiologic factor leading to mucosal inflammation
(Pi¢ et al., 2004), to decreased digestive capacity,
and to diarrhea (Dirkzwager et al., 2005). In our
study, diarrhea observed in LRFT pigs at day 6 was
associated with moderate concentration of plasma
haptoglobin, indicating limited inflammation.



52 Gilbert et al.

These diarrheas might result from disorder in the
digestive ability of the gastrointestinal tract, rather
than from bacterial infection (Dirkzwager et al.,
2005; Molist et al., 2014). Analyses of gut microbi-
ota profiles, and comparison with profiles observed
in healthy piglets and in stressed piglets (Isaacson
and Kim, 2012; Alain B Pajarillo et al., 2014), are
needed to address this hypothesis. Indeed, a low
bacteria diversity with predominance of few path-
ogenic bacteria is often observed during a bacterial
infection, whereas dysbiosis without predominant
genera is reported in case of so-called digestive
diarrhea (Fairbrother et al., 2007).

In addition, greater NEFA and urea at day 6
in LRFT pigs indicate a more important mobiliza-
tion of body lipids and proteins immediately after
weaning in this line. Values at day 19 were low and
quite variable compared with the literature. In the
present study, animals were not fasted before blood
sampling, to avoid side effects on feed intake and
growth, so animal differences in amount and time
of ingestion might explain these measurements.
Anorexia, as well as nutrient requirements for the
synthesis of inflammatory proteins, can explain
the lower growth rate in the LRFI line during the
postweaning period, especially during the first
week. According to Pastorelli et al. (2012b), in pigs
25% of growth decrease combined with digest-
ive disorders after weaning is explained by lower
feed intakes, and 75% is explained by metabolism
changes. In the circumstances of our study, lower
proportions of diarrhea and haptoglobin concen-
trations at weaning indicate that LRFI piglets have
thus a more favorable metabolic status at weaning
than HRFI piglets. Despite their greater suscepti-
bility to growth check immediately after weaning,
it may allow them to efficiently overcome the wean-
ing challenge. These results are in agreement with
published data, indicating that LFRI pigs have
response trajectories different from HRFI pigs dur-
ing stresses such as heat (Renaudeau et al., 2013;
Campos et al., 2014), inflammation (Merlot et al.,
2016), sanitary challenges (Chatelet et al., 2018),
with no clear final advantage of HRFI pigs. In com-
parison, in a similar experiment of divergent selec-
tion on RFI on Yorkshire pigs (Cai et al., 2008), pigs
from the LRFT line were less affected by a PRRSV
experimental infection 1 to 3 wk postweaning, and
had greater growth during the challenge than the
HRFI line (Dunkelberger et al., 2015): in this study
also different trajectories and physiological mecha-
nisms were advocated as sustaining response differ-
ences between lines. However, in a situation where
piglets would have access to creep feeding before

weaning, a different result might be obtained. In
that case, HRFI piglets may have the opportunity
to cover their preweaning requirements eating solid
feed, and may reach weaning with better nutritional
statuses.

The greater difficulty of LRFI pigs to face
weaning stresses was partially ameliorated by the
complex dietary program. This effect may be a result
of the highly digestible proteins and starch of the
starter diet, from the composition in amino acids,
and from the presence of flavonoids in the starter
diet (Goodband et al., 2014; Lallés and Guillou,
2015). A securing effect of this dietary program is
supported by the lower decrease in voluntary feed
intake in the LRFI line when fed this program after
weaning, explaining their slightly reduced growth
reduction after weaning. The mechanisms involved
cannot be explored in our study, but they may be
a combination of different factors: the LRFI pig-
lets could be more susceptible to digestive disor-
ders when changing feed, or have less appetite than
HRFI pigs at weaning due to better maternal feed-
ing before weaning. This last point is supported by
the greater proportion of diarrhea in HRFI piglets
at weaning, which could be related to slight under-
feeding at the end of the suckling period. According
to Spreeuwenberg et al. (2001), within 4 d postwean-
ing, the diet composition itself has less influence on
the deterioration of the intestinal barrier function
than a continued low feed intake. Regulation of
voluntary feed intake immediately after weaning is
still poorly understood. Differences in diet compo-
sitions after weaning might explain different levels
of feed intake (Nyachoti et al., 2004), but this study
did not permit to decipher if the favorable effect
was due to specific feedstuffs or additives. Actual
mechanisms explaining line differences in our study
thus remain to be deciphered. In particular, we
observed greater haptoglobin concentrations at day
19 in pigs fed the complex dietary sequence. It may
indicate more moderate inflammation in these pig-
lets, which would be contradictory with the latter
hypothesis. The positive effect of the complex pro-
gram was not observed in HRFI pigs that better
maintained their voluntary feed intake during the
first days after weaning. Individual records of feed
intake during the postweaning period are needed
to better understand nutritional mechanisms dur-
ing this period. In addition, the complex program
favored slightly greater feed intake and growth in
both lines in the growing—finishing period, with no
impact on feed efficiency, thus differences of per-
formances between lines were consistent with those
previously reported (Gilbert et al., 2017). Overall,
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the complex diet sequence was beneficial during
the postweaning phase of the experiment, but there
was no carry-over effect to the growing—finishing
period.

CONCLUSION

Pigs from the LRFI line, selected for better feed
efficiency during the growing period, were more
sensitive to the weaning stress with an important
anorexia, growth check, and greater frequency of
diarrhea at the end of the first week after weaning.
Afterwards, pigs from the LRFI line adapted to
the new conditions, recovered, and had compar-
able BW and feed efficiency as pigs of the HRFI
line at the end of the postweaning period. Thus
selection on RFI impacted the dynamics of the pig
response to weaning. The complex dietary sequence
had positive effects during the post weaning period,
mainly on the piglets of the LRFI line that are
more affected by weaning. Very limited effects of
the feeding sequences were observed thereafter.
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