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1  Background
Approximately 55% of the carbon footprint of pig production comes from feed and 
this is mainly due to the inclusion of soybean meal (SBM) as a major source of protein 
in the diet [1]. The high carbon footprint of SBM is partly due to large transportation 
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Abstract
In the context of climate change, feeding pigs with agricultural co-products could 
reduce the carbon footprint of pig production and improve pig response to Heat 
Stress (HS). The aims of the present experiment were: (1) to investigate the effects 
of replacing 70% of the dietary crude protein (CP) by sweet potato (SP) leaves silage 
on growth performance, slaughter traits and serum biochemical response and 
(2) to evaluate the effect of this diet on heat tolerance compared to a diet based 
on soybean meal (SBM). Forty-eight Large White barrows were allocated to two 
diets differing in their protein source. The silage diet (SIL) was formulated with a 
protein source based mainly on local resources: SP silage replacing 70% of SBM and 
supplemented with 3 synthetic AA, DL-methionine, L-Lysine and L-Threonine, while 
the protein source of the control diet (CON) was 100% SBM. Within each diet, pigs 
were allocated to two environmental treatments, Thermoneutral (TN) vs. Heat Stress 
(HS). Results showed that irrespective of temperature, the SIL diet reduced daily 
feed intake and increased nitrogen excretion. Total protein, blood urea nitrogen and 
albumin in the serum were reduced in the SIL diet, confirming protein metabolism 
changes. However, average daily gain and carcass weight were unaffected by 
soybean CP replacement. There was no effect of temperature or interaction diet 
x temperature on performance. Nevertheless, thermoregulatory parameters were 
reduced in the SIL diet, suggesting lower heat production when replacing soybean 
CP by SP silage.

Keywords  Agricultural co-products, Growing pigs, Tropical climate, Carcass traits, 
Thermoregulation, Blood parameters
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distances but most importantly to Land Use Change such as deforestation in South 
America [2]. Therefore, the environmental impact of pig production could be reduced by 
replacing SBM by protein-rich agricultural co-products. In tropical and subtropical cli-
mates, which represent around 50% of the world pig production [3], a variety of alterna-
tive farming systems co-exist along with the intensive model. Among these smallholder 
systems, mixed crop-livestock systems promote a close integration of crops and animal 
production, including the use of local feed resources available on the farm [4]. Many of 
the local resources are rich in energy but low in protein (banana, sugar cane…). How-
ever, different types of foliage are rich in protein and available in large quantity, such as 
cassava leaves (Manihot esculenta) or sweet potato (SP) leaves (Ipomoea batatas). The 
use of forage plants as an alternative protein resource for sustainable pig production in 
the tropics has been reviewed by Kambashi et al. [5]. Sweet-potato (SP) foliage (vines 
and leaves) protein content ranges between 16 and 29% [5] and the protein has an amino 
acid profile close to the ideal protein for pigs, except for Methionine and Lysine [6–8]. 
These forages can be used fresh, dry or ensiled. The ensiling technique is useful to ensure 
longer availability of the resources on the farm than at the time of harvest.

Chronic Heat stress (HS) concerns most of the tropical regions, at least during some 
part of the year. Because pig lack functional sweat glands, they are particularly sensitive 
to HS. During HS, pigs reduce their voluntary feed intake to decrease their metabolic 
heat production. Therefore, HS have direct and indirect effects that negatively impacts 
growth and carcass quality, but also sow reproduction and overall animal welfare. Stud-
ies in growing pig showed that HS also damages the intestinal barrier and downregulates 
the expression of certain amino acids (AA) transporters in the gut epithelium, therefore 
reducing the digestibility of some AA [9, 10]. Combined with the decrease in feed intake, 
there is less AA available for growth. Supplementation of the diet with 20% of DL-methi-
onine has been shown to reduce the damage of HS to the intestinal barrier effect and to 
improve growth under HS [11]. Interestingly, supplementation with 20% DL-methionine 
and L-Lysine to ensiled cassava leaf silage in Vietnam also lead to increased pig perfor-
mance compared to un-supplemented silage [12].

Based on these studies, in the present assay, we chose to formulate a diet with a pro-
tein source based mainly on local resources: SP silage replacing 70% of SBM and sup-
plemented with 3 synthetic AA, DL-methionine, L-Lysine and L-Threonine, which was 
compared to a diet which protein source was 100% SBM. The objectives were: (1) to 
investigate the effects of SP silage on growth performance, slaughter traits and serum 
biochemical response, (2) to evaluate the effect of sweet potato silage on heat tolerance 
compared to SBM. The hypotheses were that : (1) SBM could be partly replaced by SP 
silage without impacting growth performance and carcass traits, (2) a diet based on SP 
silage and supplemented with free AA could improve pig heat stress response.

2  Materials and methods
2.1  Silage preparation

Sweet potatoes foliage (leaves and vines) were harvested in local farms in Guadeloupe, 
French West Indies (latitude 168 N, longitude 618 W) in February and November 2022, 
at the time of tuber harvest. The foliage was left overnight for wilting to reduce mois-
ture content, before being chopped into 2–3 cm long pieces with a grinder. Chopped 
leaves were mixed with diluted sugar cane molasses (1/5 dilution in water) to activate 
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the fermentation process (10% of the wilted weight of foliage) [6]. The mixture was then 
kept in 35 L plastic containers (approximately 25 kg of silage) and sealed hermetically. 
The silage was stored in the sealed containers at room temperature for a minimum of 
2 months and a maximum of 10 months before use. At the time of opening, silage was 
inspected visually for any traces of mold contamination; if mold was observed, the bar-
rel was discarded. The quality of the different containers of sweet potato leaf silage was 
monitored by measuring the pH upon opening. The mean pH of the silage was 4.3 ± 0.5. 
The ensiled sweet potato foliage was fed to pigs for a maximum of 2 days after opening a 
container.

2.2  Animals and experiment design

All experimental protocols were approved by the Animal Care and Use Committee of 
French West Indies and Guyana (#69–2012-2) and the French Ministry of Agriculture 
authorized the study under the reference APAFIS#6070-2016070721289156v3 on living 
animals at the INRAE facility under the direction of N. Minatchy (INRAE-PTEA).

A total of 48 Large White barrows (43.6 ± 0.8 kg) were used in 2 replicates on INRAE 
experimental facilities (PTEA, Duclos, Guadeloupe, French West Indies, ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​7​1​8​0​/​5​0​N​1​-​K​N​8​6​​​​​​)​.​ All the animals used in this study were produced by INRAE 
PTEA experimental facilities. The experimental design consisted of two environmental 
treatments, Thermoneutral (TN) vs. Heat Stress (HS), and within each environment, 
two diets differing in their protein source.

The thermoneutrality (TN) condition consisted in an indoor room with a ventilated 
system allowing a constant temperature (21.5 °C ± 0.05 °C) whereas the heat stress (HS) 
condition consisted of an outdoor room following the environmental temperature and 
humidity fluctuations corresponding to the warm season of the tropical climate, between 
20.3 °C and 27.9 °C.

The control diet (CON) was composed of green banana (ad libitum) and SBM, whereas 
in the silage diet, 70% of the CP from soybean was replaced by ensiled SP foliage, supple-
mented with 3 synthetic amino acids, DL-methionine, L-Lysine and L-Threonine. There-
fore, there were 4 experimental groups: TN-CON, TN-SIL, HS-CON, HS-SIL. Within 
each replicate, pigs were allotted to one of the four experimental groups according to live 
Body Weight (BW) and litter origin.

At 14 weeks of age, animals were placed in individual metal-slatted pens (1.60 × 0.84 m) 
equipped with a stainless-steel feeder and a nipple water drinker. Animals could see, 
smell and hear each other to maintain a maximum of social interactions. The experiment 
started when the pigs reached 17 weeks of age, three weeks after batching so that the 
pigs could adapt to their new environment and diet, and lasted for 28 days.

For each environmental condition, pigs were offered the 2 different diets: half of the 
pigs (6 pigs/room) received the CON diet and the other half received the SIL diet. The 
CON diet was formulated at 168 g of CP/kg of DM, which corresponds to the CP needs 
of a 30 kg growing pigs [13]. The SIL diet was lower in protein (99 g of CP/kg of DM) due 
to the low CP level of the SP silage but was supplemented with free AA. The energy part 
of both diets was constituted of ad libitum green banana, which is a good energy source 
for pigs [14, 15]. Detailed composition of diets and chemical composition of ingredients 
are shown in Tables 1 and 2, respectively.

https://doi.org/10.17180/50N1-KN86
https://doi.org/10.17180/50N1-KN86
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2.3  Feeding

During their pre-experimental growth, the pigs were fed a conventional diet as pellet 
that met the nutritional requirements of LW growing pigs according to standard recom-
mendations [13], with corn, wheat middling, and soybean meal, and containing 13.53 MJ 
of DE, 164 g/kg of CP.

A transition diet was started 12 days before the beginning of the experiment: for 3 
days, the animals received a feed ration of 75% pellets and 25% bananas, then for 5 days, 
their diet was 50% pellets and 50% bananas. Three days before the beginning of the trial, 
all the animals were fed the experimental diet, i.e. 25% of the portion in SBM and 75% 
of bananas for the CON group in each building, or 30% of the portion in sweet potato 
silage and the rest with bananas, SBM and synthetic amino acids for the SIL group.

Meals were distributed at different times of the day: (1) from 6:00 to 8:00 am, half of 
the SBM ration (CON) or SP silage with half of the SBM and the synthetic AA (SIL), (2) 
from 9:00 to 11:00 am, green bananas for all the groups, and (3) from 12:00 to 14:00 pm, 
the rest of the protein ration. Banana was distributed ad libitum, starting with a 2 kg/
animal during the adaptation period and adjusting the quantity everyday depending on 
refusals. For each animal, refusals were collected separately for each ingredients of the 
feed, before the next distribution and pooled per animal and ingredient the following 
morning.

Table 1  Dry matter (g per kg) and chemical composition (g per kg of DM) of the ingredients used 
to formulate diets
Ingredient chemical composition Green banana SP leaf silage Soybean meal
DM, g/kg 172 113 854

Crude Protein, g/kg DM 47 111 470

Organic matter, g/kg DM 946 832 927

NDF, g/kg DM 200 447 314

ADF, g/kg DM 69 362 74

ADL, g/kg DM 31 116 5
NDF: Neutral Detergent Fibers, ADF: Acidic Detergent Fibers, ADL: Acidic Detergent Lignin; ME: Metabolisable Energy

Table 2  Ingredient content (% of DM), dry matter (g per kg) and chemical composition (g per kg of 
DM) of diets
Item CON SIL
Ingredient content, % DM
Green banana 59 51

Sweet potatoe silage – 36

Soybean meal 41 13

L-lysine – 0.3

D-L méthionine – 0.1

L-thréonine – 0.2

Chemical composition
DM, g/kg 255 160

Crude Protein, g/kg DM 168 99

Organic matter, g/kg DM 815 915

NDF, g/kg DM 214 275

ADF, g/kg DM 62 177

ADL, g/kg DM 17 59
CON: Control Diet, SIL: Silage diet supplemented with Lysin, methionine and threonine, NDF: Neutral Detergent Fibers, 
ADF: Acidic Detergent Fibers, ADL: Acidic Detergent Lignin
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Water was available to all pigs ad libitum from a nipple drinker designed to limit 
waste. During the 2 weeks of digestibility (at the beginning and end of the trial), pens 
were reduced in size (0.94 × 0.50 m) to allow collection of urine and faeces from each 
animal.

2.4  Measurements

2.4.1  Growth and slaughter

Ambient temperature and humidity were monitored continuously in both rooms using 
a stand-alone USB data logger (EL-USB-2+; DATAQ Instruments, Inc., Akron, OH) 
placed at an extremity of each room (one measurement every 10 min).

Body weight (BW) of pigs was measured at the beginning of the experiment (D0), then 
at the beginning of each week (D7, D14, D21) and before slaughter (D28 or D29).

The individual daily feed intake (FI) of the pigs was measured as the difference between 
offered and refused feed. Refusals and spillages were collected daily before the first feed 
distribution of the day and used to correct FI on an as-fed basis. Refusal samples of the 
different feed ingredients (bananas, silage, SBM) were taken every day and pooled indi-
vidually at the end of each week for dry matter (DM) determination (96 h at 65 °C). Feed 
samples were taken at the time of diet preparation and were pooled for each week for 
DM determination.

Digestibility was measured during two seven-day collection periods, during the first 
and last week of the experiment. During these collection periods, total faeces and urine 
were collected daily, weighted and stored at 4 °C until the end of the collection period. 
Sulphuric acid (0.1 N; 10%, v/v) was added to the daily urine in order to avoid ammonia 
losses during collection and storage. At the end of the collection period, faeces and urine 
were homogenized and samples were taken for chemical analysis: two samples of faeces 
were heat dried (96 h at 65 °C) for DM determination and one was freeze-dried for the 
laboratory analyses [16].

Pigs were slaughtered in the experimental slaughterhouse of INRAE-PTEA by elec-
trical stunning and exsanguination and in compliance with the current EU regulations 
(Commission Delegated Regulation, 2017). Hot carcass, perirenal fat, and visceral organs 
(liver, kidneys, and heart) were weighed just after slaughter.

2.4.2  Physiological measurements

Skin temperature (ST) and rectal temperature (RT) were measured during weigh-
ing, before the first meal (at 0800 h) with a thermocouple probe thermometer (type K, 
model 88002 K-IEC; Omega Engineering Inc., Stamford, CT) and a digital thermom-
eter (Microlife Corp., Paris, France), respectively. Respiratory rate (RR) was visually esti-
mated by counting the flank movements of resting pigs for one minute, once a week at 
different times of the day (9:00, 11:00 or 14:00). In addition, 7 days before the start of 
the experiment, a measurement probe for measuring internal body temperature (Anip-
ill®, BodyCap, Caen, France) was implanted on all the pigs. The capsule was implanted 
2 to 3 cm deep into the brachiocephalic muscle at the neck of the animal, following the 
methods described in Renaudeau et al. [17]. Healing at incision site, as well as animal 
behaviour, were monitored closely during the days post-implantation. All the animals 
fully recovered from the procedure and probe recording could be supervised throughout 
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the experiment using the monitoring system. Probes recorded body temperature at the 
muscular level (Tmuscle) every 15 min during the 4 weeks of the experiments.

Blood samples were collected on restrained animals by venipuncture from the jugular 
vein with a 5 ml BD vacutainers ® tube with EDTA (ethylene diamine tetra-acetic acid) 
on days 1 and 22 at 0800 h before the animals received their meal. Blood was centrifuged 
at 3,400 × g for 10 min at 4 °C to obtain plasma and was then stored at − 20 °C.

2.4.3  Chemical analysis

Feed and faeces samples were milled through a one-mm screen prior to analysis. 
Organic matter (OM) and nitrogen (N) of the feed ingredients were performed accord-
ing to AOAC [18]. Dry faecal samples were analysed for DM and N and fresh samples of 
urine for N by the same methods as for the feeds. Cell wall components [neutral deter-
gent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL)] in feed 
and excreta samples were determined as described by Van Soest et al. [19] by using a 
sequential procedure with prior amylolytic treatment.

2.5  Serum biochemical assay

One plasma aliquot was analysed for a routine blood panel consisting of Blood Urea 
Nitrogen (BUN), creatinine, glucose, total protein, albumin, creatine kinase, amylase, 
Alanine Transaminase (ALT), Aspartate Transaminase (AST), alkaline phosphatase, 
γ-glutamyl transferase (GGT), phosphorus and cholesterol. All plasma samples were 
analysed on an M-Scan II chemistry analyser (Melet Schloesing Laboratoires, Osny, 
France).

2.6  Calculations and statistical analysis

A temperature–humidity index (THI) was calculated for each day based on the follow-
ing formula [20] : THI = 0.8 + T +(RH/100)*(T-14.4) + 46.4, in which T is the average 
daily T (°C) and RH is the average relative humidity.

The results were submitted to an analysis of variance (linear mixed model) to evalu-
ate the effects of ambient temperature (n = 2), dietary treatment (n = 2), and the interac-
tion between temperature and diet on the dependent variable. The model also included 
the fixed effect of replicate (n = 2) and a random intercept for each individual animal to 
account for repeated measures within subjects. For digestibility data, as well as thermo-
regulatory measured (ST, RT, and RR), the week of measurement and its interaction with 
other relevant effects were added as fixed effects. For RR, the hour of measurement and 
its interaction with other relevant effects were added as fixed effects.

Statistical analyses were performed using R software (version 4.4.1), using the nlme 
package [21] for linear mixed-effects modelling, and the emmeans package [22] for esti-
mated marginal means and post-hoc comparisons.

The circadian rhythm of Tmuscle was studied by grouping together measurements for 
each hourly interval (from 0000 to 2400 h) for each pig. Data was then submitted to 
an analysis of variance (linear mixed model) using the nlme package [21] in R with the 
fixed effects of hour (24 h), week (n = 4), replicate (n = 2), temperature (n = 2), diet (n = 
2) and the following interactions : temperature x diet, hour × diet, hour × temperature, 
and hour × temperature × diet. Animal was specified as random effect and a compound 
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symmetry (CS) correlation structure was specified to model the within-subject correla-
tion of repeated measurements over time.

Data are reported as least squares means computed with the emmeans package and 
are considered significant if p ≤ 0.05.

3  Results
3.1  Climatic characteristics

Figure 1 shows the variation of hourly ambient temperature, relative humidity and THI 
in the two rooms of the experimental facility. When comparing the 2 environments, the 
difference in average hourly temperature between the TN and HS rooms was of 2.84 °C. 
In the controlled temperature room, corresponding to the TN environment, daily tem-
perature stayed constant at 21.5 °C ± 0.05 °C, with an average humidity of 86.1 ± 1%. In 
the HS treatment where T and RH were not controlled by a climatizing system, con-
ditions in the semi-open room followed the outside climatic change corresponding to 
the warm season of the tropical climate. The average ambient temperature ranged from 
20.3 °C (at 0700 h) to 27.9 °C (at 1300 h) and the relative humidity varied between 68.4 
and 97.2%. The hourly fluctuation of ambient temperature showed that the minimum 
and maximum values were reached at 0700 h (20.3 °C) and at 1300 h (27.9 °C). Contrary 
to ambient temperature, relative humidity was greatest at about 0700  h and lowest at 
1300 h (i.e., 97.2 and 68.4%, respectively).

  

3.2  Composition of diet, nitrogen metabolism and digestibility

Diet with SP silage was lower in CP, but had a higher fibre and lignin content than the 
CON diet (Table  1). Effect of diet and temperature on nitrogen (N) metabolism and 

Fig. 1  Hourly climatic variation in the facilities according to the conditions (HS: Heat Stress, TN: Thermoneutral). 
THI: Temperature Humidity Index, calculated with the following formula [20] : THI = 0.8 + T +(RH/100)*(T-14.4) + 
46.4, in which T is the average daily T (°C) and RH is the average relative humidity
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digestibility are presented in Table 3. Crude protein intake was reduced in the SIL diet 
compared to CON (118 vs. 177  g/day, P < 0.001) in connection with reduced CP con-
tent of the SIL diet. DM and CP digestibility were also lower in SIL diet compared to 
CON (0.81 vs. 0.90 and 0.50 vs. 0.68, respectively, P < 0.001). Faecal excretion of N was 
higher in SIL compared to CON (49.2 vs. 38.8 g/day, P < 0.01), whereas it was the reverse 
for urinary N excretion, which was lower in SIL compared to CON (8.29 vs. 17.6 g/day, 
P < 0.001). There was a significant effect of the diet x temperature interaction only for 
urinary N excretion (P < 0.05). In the CON diet, lower urinary N excretion was observed 
in HS compared to TN, whereas it was the reverse for the animals fed the SIL diet. There 
was no effect of temperature on nitrogen metabolism or digestibility coefficients.

3.3  Growth performance and carcass parameters

Effect of diet and temperature on growth performance parameters are presented in 
Table 4. There was no significant difference among groups in Average Daily Gain (ADG) 
(P = 0.84). Irrespective of temperature, pigs fed the SIL diet had lower Average Daily 
Feed Intake (ADFI) than pigs fed the CON diet (710 g/d vs. 862 g/d, P < 0.001), resulting 
in improved Feed Efficiency (FE) for the SIL diet (0.34 vs. 0.28, P < 0.05). No interac-
tion between temperature and treatment was found for any growth performance trait 
(P > 0.05).

The slaughter performance reflected the growth performance (Table 4), with no effect 
of temperature or diet on slaughter BW nor hot carcass weight. SIL diet reduced perire-
nal fat (21.7 g vs. 35.8 g, P < 0.001), liver (769.6 g vs. 945.0 g, P < 0.001) and total viscera 
weight (1578 g vs. 1790 g, P < 0.01) compared to CON diet. The only organ size affected 
by temperature was kidney, with reduced kidney weight in HS group compared to TN 
(148 g vs. 169 g, P < 0.05). No interaction between temperature and treatment was found 
for any slaughter performance trait (P > 0.05).

Table 3  Effect of temperature and diet on digestibility and nitrogen metabolism
Item TN-CON TN-SIL HS-CON HS-SIL RSD1 Significant effect2

Number of pigs 12 12 12 12

Intake (g/day)

DM 965 812 928 787 66.9 R***, D***, D x W***

Digestibility
DM 0.90 0.80 0.90 0.82 0.06 D***, W**, T x W**

OM 0.91 0.82 0.91 0.83 0.06 D***, W**, T x W**

CP 0.68 0.48 0.68 0.52 0.15 D***, T x W*

ADF 0.60 0.48 0.58 0.51 0.22 R**, D*, W***

ADL 0.11 0.09 0.10 0.21 0.43 R**, W*

Nitrogen metabolism (g/
day)

Intake 181 116 173 119 10.3 R***, D***, W***, D x W***, T x W***, D x T x W*

Fecal excretion 40.0 51.8 37.6 46.6 20.4 R***, D**, W***, D x W***

Urinary excretion 18.3 7.3 16.9 9.3 4.56 R***, D***, D x T*, D x W*, T x W**

Retention 123 57 118 63 22.4 D***, W***, D x W***, T x W***
1Residual Standard Deviation. 2From an analysis of variance with a linear mixed model including the effects of Diet (D), 
Temperature (T), Replicate (R), Week (W) and their interactions as fixed effect. Statistical significance: ***P < 0.001, **P < 0.01, 
*P < 0.05, †P ≤ 0.10. 3BW = Body Weight. 4ADFI = Average Daily Feed Intake. 5ADG = Average Daily Gain. 6BFT = Backfat 
Thickness. 7FE = Feed Efficiency
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3.4  Thermoregulatory responses

Table 5 shows the effects of diet and temperature on thermoregulatory responses. There 
was an effect of temperature on ST and RR, which were increased in HS compared to 
TN (34.1 °C vs. 31.5 °C and 32.3 bpm vs. 24.6 bpm, P < 0.001 respectively). Irrespective of 
temperature, the SIL diet tended to reduce RT (38.1 °C vs. 37.9 °C, P = 0.06) and reduced 
ST (32.5 °C vs. 33.2 °C, P < 0.001) and muscle temperature (37.2 °C vs. 37.8 °C, P < 0.01). 
Respiratory rate was not affected by diet (P = 0.57). No interaction between temperature 
and treatment was found for any thermoregulatory trait (P > 0.05).

Continuous measures of muscle temperature at 15-min intervals showed that body 
temperature followed a similar circadian rhythm in both TN and HS conditions, with 
lower Tmuscle in SIL compared to CON (Fig. 2). In both environments, Tmuscle peaked 
once a day at midday (between 1000 h and 1600 h) and reached a minimum at 0500 h. 
The highest Tmuscle was obtained in the HS environment, at 15:00 (Fig. 2) and corre-
sponds to the peak of ambient T in HS (Fig. 1). Muscle temperature was higher in HS 
than TN during the day, from 12:00 to 20:00 but lower during the night, from 1:00 to 

Table 4  Effect of temperature and diet on growth and slaughter traits
Item TN-CON TN-SIL HS-CON HS-SIL RSD1 Significant effect2

Number of pigs 12 12 12 12

Performance parameters
Live BW3, kg

d0 44.6 42.9 44.7 42.4 1.98 –

d28 50.3 48.0 49.8 47.9 1.98 –

ADFI4, g DM/d 882 718 842 702 23.5 R***, D***

ADG6, g/d 233 209 210 228 20.5 R*

FE9, kg of gain/kg of feed 0.29 0.33 0.27 0.35 0.03 R***, D*

Slaughter parameters
Slaughter BW, kg 47.0 44.9 47.4 46.2 2.05 –

Hot carcass, kg 36.2 35.3 36.3 36.0 1.67 –

Carcass dressing, % 77.1 79.1 76.5 77.7 1.33 R**

Total viscera, g 1799 1651 1783 1506 73.6 R***, D***

Kidneys 170 168 163 133 11.4 R**, T*, D†

Liver 926 797 964 743 49.0 R***, D***

Perirenal fat 38.3 20.0 33.3 23.3 3.67 D***

Heart 207 202 196 189 14.1 R**

Others 458 465 427 418 27.8 R***, T†
1Residual Standard Deviation. 2From an analysis of variance with a linear mixed model including the effects of Diet (D), 
Temperature (T), Replicate (R) and their interactions as fixed effect. Statistical significance: ***P < 0.001, **P < 0.01, *P < 0.05, 
†P ≤ 0.10. 3BW = Body Weight. 4ADFI = Average Daily Feed Intake. 5ADG = Average Daily Gain. 7FE = Feed Efficiency

Table 5  Effect of temperature and diet on thermoregulatory responses
Item TN-CON TN-SIL HS-CON HS-SIL RSD1 Significant effect2

Number of pigs 12 12 12 12

Rectal Temperature, °C 38.2 37.9 38.2 38.1 0.49 W*, D†, TxW†

Skin Temperature, °C 31.9 31.1 34.5 33.9 1.23 R***, D***, T***, W***, 
TxW***, TxDxW***

Muscle temperature, °C 37.7 37.2 37.7 37.2 0.53 R*, D**, H***, W***, HxW***, 
HxT***, HxD***, HxDxT***

Respiratory Rate, bpm 24.6 24.6 31.7 33.0 0.75 R***, T***, H***, W***, TxW***
1Residual Standard Deviation. 2From an analysis of variance with a linear mixed model including the effects of Diet 
(D), Temperature (T), Week (W) and (H) of measurement, Replicate (R) and their interactions as fixed effect. Statistical 
significance: ***P < 0.001, **P < 0.01, *P < 0.05, †P ≤ 0.10
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8:00. Muscle temperature in the CON and SIL diet followed a similar pattern throughout 
the day, with overall lower temperatures for the SIL group.

3.5  Serum biochemical parameters

Effects of diet and temperature are presented in Table  6. Diet impacted different bio-
chemical parameters: BUN (0.16 vs. 0.30 g/L, P < 0.001), phosphorus (72.6 vs. 91.1 mg/L, 
P < 0.01), albumin (40.2 vs. 42.9  g/L, P < 0.05) and total proteins (73.2 vs. 77.9  g/L, 
P < 0.01) were reduced in SIL compared to CON, whereas alanine transaminase (ALT) 
increased (86.5 vs. 59.3 U/L, P < 0.001). Irrespective of diet, albumin (40.2 vs. 42.9 g/L, 
P < 0.05) and total proteins (74.0 vs. 77.1 g/L, P < 0.05) were reduced in HS compared to 
TN, whereas alkaline phosphatase increased in HS compared to TN (34.4 vs. 28.5 U/L, 
P < 0.05). Globulin level was the only parameter showing a Diet x Temperature interac-
tion effect (P < 0.05). In the CON group, levels of globulins increased in HS compared to 
TN, whereas in SIL group levels were similar in HS and TN (Table 6).

4  Discussion
In the tropics, developing the use of tropical foliage as a protein source for pig feeding 
could reduce the environmental and economic impact of importing SBM in low input 
or agroecological mixed farming systems. However, little information is available on 

Table 6  Effect of temperature and diet on blood biochemical parameters
Item TN-CON TN-SIL HS-CON HS-SIL RSD1 Significant effect²
Number of pigs 12 12 12 12

ALK Phos, U/L 28.4 28.7 33.7 35.2 0.85 R***, T*, TxW**

GGT, U/L 41.4 40.0 40.7 36.0 1.02 R†, W**, TxW**

AST, U/L 26.3 35.5 27.5 40.3 1.10 W**

ALT, U/L 59.3 84.5 59.3 88.4 1.05 D***, W***

Amylase, U/L 553 546 625 557 1.22 R†, W†, DxW**

BUN, g/L 0.3 0.2 0.3 0.2 0.12 R***, D***, W***, DxTxW*

Glucose, g/L 0.9 0.8 0.8 0.8 0.13 W*, DxT†

Phosphorus, mg/L 89.3 70.5 92.9 74.6 1.01 R†, D**

Albumin, g/L 44.5 41.3 41.2 39.2 1.03 R†, D*, T*

Total protein, g/L 78.6 75.5 77.1 70.9 1.00 R***, D**, T*, TxW*

Globulines, g/L 32.1 33.2 37.7 30.5 4.8 R***, DxT*
1Residual Standard Deviation. 2From an analysis of variance with a linear mixed model including the effects of Diet (D), 
Temperature (T), Week of measurement (W), Replicate (R) and their interactions as fixed effect. Statistical significance: 
***P < 0.001, **P < 0.01, *P < 0.05, †P ≤ 0.10. 3Alkaline Phosphatase. 4Gamma γ-glutamyl transferase. 5Aspartate Transaminase. 
6Alanine Transaminase. 7Blood Urea Nitrogen.

Fig. 2  Hourly variation of muscle temperature according to diet: Control diet (CON, purple) or Diet with sweet po-
tatoes’ leaf silage supplemented with free amino acids (SIL, green), and environmental conditions: Thermoneutral 
(TN, right panel) or Heat Stress (HS, left panel)

 



Page 11 of 15Poullet et al. Discover Animals             (2026) 3:3 

the effect of such a diet on growth and metabolism and how it may impact the animal 
response to the chronic heat stress that the pigs have to face in tropical regions. In the 
present study, we investigated the effect of replacing part of the protein source of the 
diet by SP silage on pig performance, thermoregulation and metabolism.

Chemical analysis of the CP content of SP silage show that it was lower than reported 
in previous studies (110 vs. 187 to 298 g/kg MS [5]). This discrepancy could be due to 
differences in the plant variety, agricultural practices, such as age at harvesting [6] or the 
inclusion of variable proportion of stem in the silage whose composition differs from the 
composition of leaves [16]. Ensiling could also reduce protein content, due to proteoly-
sis occurring after harvesting, during wilting and in the silage itself [5], especially when 
wilting occurs in humid conditions [23], which was the case in our study. Overall, ADG 
remained low in both SIL and CON groups (< 250 g/day), probably due to the bulkiness 
of green banana and its tendency to depress the digestibility of the nitrogen of the ration 
[24]. The ADG were in concordance with the values found with outdoor pigs pasturing 
in sweet potatoes fields [25] or in traditional low input systems [26].

The reduction of DFI observed when feeding the SIL diet is likely due to the increased 
fiber content of the SIL diet, which may have resulted in longer time spent eating [27] or 
earlier satiety [28]. Similar findings were obtained when feeding pigs with low vs. high 
fibre diets [29]. The LW breed used in this study could also explain the reduction in feed 
intake, as exotic breeds with high growth potential and high requirements may have a 
lower ability to thrive on forage and fiber-rich diet than local breeds [5, 30].

Faecal nitrogen excretion was higher in SIL diet than CON, resulting in lower nitro-
gen retention, which is consistent with results found by Regnier et al. (2013) [16] when 
testing different tropical foliage in pig diets. Dry matter digestibility was lower for the 
SIL compared to the CON diet but values were higher than those obtained in studies 
using dried SP foliage [7, 16], suggesting that ensiling resulted in higher digestibility than 
drying. This hypothesis is in accordance with other studies comparing dried and ensiled 
cassava leaves [7].

Despite reduced feed intake and lower nitrogen retention, the SIL diet allowed similar 
growth than the CON diet, resulting in better FE for the SIL diet. This could be explained 
by the combination of two factors. First, the supplementation with free AA of the SIL 
diet may have compensated its low CP content. Similar growth between pigs fed high- 
or reduced-CP AA-supplemented diets has been shown previously [28, 31, 32]. Simi-
larly, studies in which a cassava leaves diet was supplemented with DL-methionine and 
L-Lysine showed increased ADG in the AA supplemented diet compared to the basal 
diet [12]. The second factor explaining similar ADG despite reduced ADFI and lower 
nitrogen content, is that the partitioning of lipid and protein could be altered in the SIL 
diet, similarly to what happens during feed restriction. Two opposite mechanisms may 
be at play, on one hand, CP availability is reduced and a greater part of metabolizable 
energy is used for maintenance [33, 34] but on the other hand, a greater proportion of 
retained energy is accumulated as protein, rather than lipid [33, 35]. Due to the asso-
ciation of water with protein, the reduction of ADG may be lower than the reduction 
of DFI. A reduction of feed intake is also accompanied by a reduction of heat produc-
tion, resting metabolic rate [33] and an increase in whole-body fat oxidation to maintain 
homeostasis [36]. This is consistent with our findings of reduced thermoregulatory mea-
sures (ST, RR and Tmuscle) and reduced perirenal fat in pigs fed the SIL diet. Visceral 
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organ weight, which is energetically expensive to maintain and directly related to fasting 
heat production and feed intake [29, 37], was also reduced in pigs fed the SIL diet. In line 
with our observations of reduced thermoregulatory parameters in the SIL diet, previous 
studies in pigs showed that reducing CP in the diet reduces heat production, while the 
addition of crystalline AA improves AA absorption and minimizes digestive heat pro-
duction because AA can be absorbed faster than protein-bound AA [38, 39].

Blood biochemical analysis confirmed that protein metabolism was affected by the 
diet. Blood urea nitrogen, which has been demonstrated to be a good indicator to assess 
adequate CP content in the diet of growing and finishing pigs [40], was reduced in the 
SIL diet, confirming the low CP content of the diet. Total protein and albumin were also 
reduced in the SIL diet compared to the CON diet. Albumin is the major plasma protein, 
and a reduction in albumin may indicate a reduction in protein synthesis, suggesting that 
AA-supplementation and fat tissue mobilization in the SIL diet is not sufficient to main-
tain protein synthesis. Reduction of plasma protein and albumin concentrations were 
observed in restrictedly-fed chickens compared to their ad-libitum counterparts [41]. 
Such a reduction of blood total protein and albumin could impact pig immune response 
and health. Tang et al. [42] showed that reducing dietary protein levels impacted the titer 
of Swine Fever Virus antibodies and mRNA levels of cytokines in the serum of growing 
pigs. Further studies measuring immunoglobulins and cytokines in pigs fed with the SIL 
diet would be necessary to conclude on potential health consequences.

We also found that levels of ALT increased in the SIL diet compared to CON. Alanine 
transaminase is an intermediary enzyme that plays a pivotal role in glucose and protein 
metabolism. Alanine transaminase is particularly important for energy homeostasis dur-
ing fasting and prolonged exercise when muscle proteins must first be broken down into 
its constituent amino acids [43]. Therefore, this result could suggest a mobilization of 
muscle proteins in the SIL diet to compensate for the reduced CP levels of the SIL diet.

No significant effect of temperature or temperature x diet interaction was observed on 
nitrogen metabolism or performance traits. This is probably due to the reduced temper-
ature gap between TN and HS environment. Despite having higher temperature during 
the day, the HS environment had lower temperature at night, which may have allowed 
the animals to compensate for the HS of the day. Consistent with this hypothesis, muscle 
T was higher in HS compared to TN during the day but was lower at night. Skin tem-
perature and RR, which were measured during the day, were consistently higher in HS 
compared to TN. Moreover, in a previous study using the same animals but focusing on 
behaviour, we found that the HS condition induced changes in pig behaviour, with pigs 
adopting the lateral lying position to dissipate heat more efficiently [44]. As reviewed 
in Vermeer and Aarninck [20], pigs as homeotherms, have different thermoregulation 
strategies depending on the ambient temperature. In our HS conditions, during day-
time, THI is above the pigs’ comfort zone (THI > 79–80 for 30–40 kg pigs [20]), which 
explains the change in behaviour and thermoregulatory response, but remains under 
Upper Critical Temperature (UCT, THI > 85 for 30–40 kg pigs [20]) at which pigs start 
to reduce their FI to lower heat generated by feeding and digestion.

Regarding the effect of HS on biochemical blood parameters, total protein and albu-
min were significantly reduced in HS, probably linked to the numerical reduction of 
ADFI and CP intake in HS compared to TN. Moreover, HS affects the intestinal bar-
rier and reduces AA digestibility [10], which could explain the reduction in total protein 
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and albumin levels observed. A meta-analysis on the effects of cyclic and constant HS 
showed that serum albumin was reduced in pigs submitted to constant HS and that it 
may be related to the reduction in lipid deposition during HS [45]. We found that glob-
ulin increased in HS compared to TN in the CON diet. This is consistent with previ-
ous finding in pigs subjected to HS and could suggest immune activation due to chronic 
inflammation [46]. Interestingly, this increase of circulating globulin was not observed 
in SIL diet, when comparing TN and HS. The concentration of AA in the diet may mod-
ify the immune response of the pigs [47, 48], which could explain this result. However, 
further studies on the type of globulin involved should be carried out to validate this 
hypothesis.

In conclusion, our results demonstrate that replacing 70% of CP with SP silage reduces 
DFI and increases nitrogen excretion. Biochemical blood parameters confirmed that 
protein metabolism was affected by the diet. However, performance was maintained at 
similar levels in both diets, probably through the supplementation with free essential 
AA in the SIL diet, but also because of changes in the partition of protein and lipids 
in response to feed restriction. The effect of diet on the animal response to heat could 
not be fully examined due to heat stress being moderate during our experimental condi-
tions. Nevertheless, thermoregulatory measures were reduced in the SIL diet, irrespec-
tive of temperature, suggesting lower heat production when animal are fed with this diet. 
Further experiments at higher temperatures and including local breeds should be car-
ried out to investigate further the effect of feeding tropical foliage diet on pig heat stress 
response.

Regarding practical applications, our study demonstrates that replacing SBM by SP 
silage in the ration of growing pigs could be an economical and environmental-relevant 
alternative for low input or agroecological mixed farming systems in the tropics. How-
ever, protein levels in SP silage can be variable and supplementation with free essential 
AA may be key to maintain growth performance.
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