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ABSTRACT This study was conducted to investigate
the effect of supplementing solubles from steam-exploded
pine particles (SSPP) on mitigating the adverse effects
of cyclic heat stress (CHS) in broilers which were distrib-
uted into 3 dietary treatment groups and 2 temperature
conditions. Heat stress (HS) exposure for 6 h daily for 7
d adversely affected performance parameters and rectal
temperature of chickens. The absolute and relative
weights of the liver and bursa of Fabricius decreased in
the CHS group while the relative lengths of the jejunum
and ileum increased, which was rescued by dietary supple-
mentation with SSPP. The expression of mucin2
(MUC2) and occludin (OCLN) genes was decreased in
CHS birds. The expression of heat shock protein -70 and
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-90 increased in 0% HS compared to that in 0% NT.
Birds supplemented with 0.4% SSPP had higher NADPH
oxidase -1 expression than birds in the 0% and 0.1%
SSPP treatments. Beta diversity of gut microbiota evalu-
ated through unweighted UniFrac distances was signifi-
cantly different among treatments. Bacteroidetes was
among the 2 most abundant phyla in the cecum, which
decreased with 0.1% NT and increased with 0.1% HS in
comparison to 0% NT. A total of 13 genera were modified
by HS, 5 were altered by dose, and nine showed an inter-
action effect. In conclusion, CHS adversely affects perfor-
mance and gut health which can be mitigated with
dietary SSPP supplementation that modifies the cecal
microbiota in broilers.
Key words: broiler, cecum microbiota, cyclic heat stress, gene expression, solubles from steam-exploded pine
particles
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INTRODUCTION

Global warming has had a significant impact on live-
stock production with continuous increase in environ-
mental temperature negatively influencing domesticated
animals reared for meat production. Meat-producing
broilers constitute a major proportion of the poultry sec-
tor in the livestock industry and are strongly affected by
heat stress (HS) conditions, leading to retarded growth,
challenged immunity, and enhanced mortality rate
(Awad, et al., 2020). Previous studies have suggested
the beneficial role of dietary feed additives in mitigating
the adverse effects of HS (Wang, et al., 2018a;
Mohammed, et al., 2019). Agricultural and industrial
by-products, which can be problematic due to accumula-
tion, can be used as feed additives in the livestock indus-
try. Utilization of wood waste to prepare feed additives
can provide low-cost nutrient sources and solve the
problem of waste accumulation (Goel, et al., 2021a). In
particular, for countries that are solely dependent on the
import of animal feed constituents, the benefits of
employing such waste could be overwhelmingly large.
In general, plant-derived ingredients are rich in fiber,

with wood powder containing both lignin and hemicellu-
lose. Other constituents in wood that may help modify
the growth performance, microbiota, and antioxidant sta-
tus of challenged farm animals are phenolic compounds
(Ahmed, et al., 2013). The processing of wood waste by
heat treatment could be beneficial for increasing its utility
in terms of nutrient content by depolymerizing lignin and
hemicellulose into soluble monomers and oligomers (Li,
et al., 2007; Aarum, et al., 2018). Recently, steam-
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exploded pine particles (SPP) were prepared to improve
their physical properties by breaking the glycosidic and
hydrogen bonds in the fiber and enhancing the release of
reducing sugars by up to 73%, thus, decreasing the anti-
nutritional factors (Wang, et al., 2019; Jung, et al., 2022).
SPP produced in this way has been used in poultry feed
(Goel, et al., 2021a) as soluble dietary fiber has better fer-
mentability and solubility than insoluble fiber (Chen,
et al., 2019; Moczkowska, et al., 2019). The importance of
solubles from shredded, steam-exploded pine particles
(SSPP) in chicken feeding has been greatly enhanced as
little information is available on the use of SSPP in live-
stock feeding.

Nutrient absorption occurs in different parts of the
gut. The surface area of the jejunum increases to
enhance the nutrient uptake (Alyileili, et al., 2020) while
the cecum plays an important role in the breakdown of
fibrous substances due to anaerobic fermentation. HS
adversely affects gut health by modifying the morphol-
ogy, permeability, and gut microbiota of chickens (Shi,
et al., 2019; Nanto-Hara, et al., 2020).

The role of SPP in modulating the proliferation of
fibrolytic bacteria has already been elucidated (Goel,
et al., 2021a). But the use of SSPP for feeding chickens
has not been explored. Furthermore, its role in broiler
chickens exposed to chronic cyclic heat stress (CHS) is
yet to be explained. The present study was conducted to
evaluate the effect of SSPP-supplemented chicken diets
on performance parameters, gene expression profiling,
and cecum microbiota in broiler chickens exposed to
CHS for 7 d. We hypothesized that when broilers are
exposed to chronic cyclic HS, dietary supplementation
with SSPP may modify gut health and development by
fueling the beneficial microbiota in the cecum and modi-
fying the gut length to develop heat resistance.
MATERIALS AND METHODS

The present experiment was conducted at the
research facility of Gyeongsang National University,
Korea. All experimental procedures were approved by
the Institutional Animal Care and Use Committee of
Gyeongsang National University (GNU-200916-
C0057).
Figure 1. The temperature of thermoneutral control and heat
stress rooms during the period of the experiment.
Preparation of Solubles From Shredded,
Steam-Exploded Pine Particles (SSPP)

SSPP was prepared as previously described (Goel,
et al., 2022a). Briefly, pinewood chips of approxi-
mately 2 £ 2 £ 0.5 cm3 were exploded with steam at
200°C for 11.5 min. The produced particles were used
in our previous studies (Goel, et al., 2021a; Goel,
et al., 2021b). In this study, we prepared water
extract of SSPP by mixing these particles with water
at a ratio of 46:100 (water to substance, v/w) and
extracted at 80°C for 213 min. This extract was then
stored at 4°C until use after filtering it with What-
man filter paper, grade 2 (Z177601, Sigma-Aldrich
Inc., Seoul, Korea). The SSPP thus produced con-
tained approximately 9.2% acid-insoluble lignin, 4.9%
phenolic compounds, and 75.2% carbohydrates.
Experimental Birds and Housing

On the eighth day of age, Ross 308 broiler chicks (n =
180) with similar body weights were distributed in the 3
dietary treatment groups. On the 29th day of age, the
three groups were exposed to 2 different temperature
conditions. Two identical adjoining rooms with auto-
mated climate-controlled facilities were prepared to pro-
vide different temperature conditions. Both rooms had
similar dimensions with no difference in terms of size,
temperature, light, ventilation rate, and so on. To nor-
malize the room effects, all 3 treatments were equally
distributed in both rooms. Birds were reared in cages.
Each room received an equal number of birds, with 3 die-
tary treatment groups containing 6 replicates per treat-
ment of 5 birds each. Birds were fed with grower and
finisher feed (Supplementary Table 1) after adding 0%,
0.1%, and 0.4% SSPP from the 8th day to the 36th d of
age. Until the 28th d of age, the temperature of the
rooms was maintained as per the recommendation of the
Ross 308 broiler guide. On the 29th d of age, the CHS
experiment was initiated after weighing each bird. The
temperatures of the two rooms were either maintained
at the recommended thermoneutral temperature (NT)
(21°C) or gradually increased for providing CHS condi-
tions (Figure 1). The heat treatment started from 9:00
AM with an increment of approximately 3°C/h to reach
31°C within the first 3 h and was maintained thereafter
for another 3 h before it was brought back to a thermo-
neutral temperature. Birds were reared for 7 d until the
35th d of age. Feed and water were provided ad libitum.
Average daily feed intake (ADFI), average daily gain
(ADG), and feed conversion ratio (FCR) were calcu-
lated based on the data recorded before and after the
experiment in each cage, and mortality was recorded
daily.
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Rectal Temperature Measurement

Rectal temperature (RT) was recorded using a digital
thermometer (HI 91610; Hanna Instruments Inc.,
Padova, Italy) by inserting the probe 3 cm inside the rec-
tum before and after HS on the final day (35th d of age)
of CHS.
Collection of Samples and Measurement

On the 36th d of age, 7 birds from each group were
humanely sacrificed to collect blood samples in heparin-
ized vacutainers for plasma processing, which were then
stored at �20°C until further processing. The weights of
internal organs such as the liver, spleen, and bursa of
Fabricius (bursa) were recorded and expressed as abso-
lute and relative to body weights. Similarly, the intesti-
nal length (duodenum, jejunum, ileum, and cecum) was
recorded and expressed as absolute and relative meas-
ures. The whole cecum and jejunum of each chick were
snap-frozen in liquid nitrogen for metagenomic and gene
expression studies.
Plasma Biochemical Analysis

Blood components such as glucose, total protein, trigly-
cerides, and total cholesterol were determined in the
plasma samples using a VetTest Chemistry Analyzer
(IDEXX Co., Ltd., Westbrook, ME) with dry-slide tech-
nology. Briefly, slides (IDEXX Co., Ltd., Westbrook,
ME) for each biochemical parameter were installed in the
analyzer, and the plasma samples were loaded through an
automated pipettor. The results were then recorded.
Quantitative Real-time PCR (qPCR)

The total RNA of jejunum samples was extracted
using TRIzol reagent (Thermo Fisher Scientific, Massa-
chusetts, Waltham, MA) following the manufacturer’s
instructions. The concentration and purity of the RNA
samples were determined using a Nanodrop spectropho-
tometer (Thermo Scientific, Waltham, MA). Each RNA
sample was reverse-transcribed using the Verso cDNA
synthesis kit (Thermo Fisher Scientific, Waltham, MA)
following the manufacturer’s instructions. Differential
gene expression analysis (Supplementary Table 2) was
performed using StepOnePlus real-time PCR systems
(Life Technologies, Carlsbad, CA) as follows: 10 min at
95°C, followed by 40 cycles of 15 s at 95°C and 1 min at
60°C. The 20 mL of RT-PCR reaction contained Power
SYBR green PCR master mix (Life Technologies, Carls-
bad, CA), 10 pmol concentration of forward and reverse
primers specific for a particular gene, and cDNA. The
geometric mean of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and b-actin were used as housekeep-
ing genes for normalization. The relative expression was
determined using the 2�DDct algorithm (Livak and
Schmittgen, 2001).
DNA Extraction and Sequencing

Total genomic DNA was extracted from the cecal
samples using a DNeasyPowerSoil Kit (Qiagen, Hilden,
Germany). These were quantified using a Quant-IT
PicoGreen (Invitrogen, Waltham, MA). The metage-
nome was estimated by constructing a 16S metagenomic
sequencing library using a Herculase II Fusion DNA
Polymerase Nextera XT Index Kit V2 (Illumina, San
Diego, CA). The Illumina platform was used to sequence
the library at Macrogen, Inc. (Seoul, Korea). Quality
profiling, adapter trimming, and read filtering were per-
formed by creating FASTQ files followed by assembling
paired-end reads into one sequence using the fastp pro-
gram and FLASH (v1.2.11) software (Mago�c and Salz-
berg, 2011; Chen, et al., 2018). The CD-HIT-EST and
BLAST+ (v2.9.0) programs were used to determine the
number of operational taxonomic units (OTUs) and
their similarity to the reference database (NCBI 16S
Microbial) (Zhang, et al., 2000; Li, et al., 2012). OTU
abundance and taxonomic information were determined
using the QIIME (v1.9) software. Alpha diversity was
determined using OTU, Chao1, Shannon, Goods Cover-
age, and Inverse Simpson Indices. Beta diversity was
evaluated using unweighted/weighted UniFrac dis-
tance.
Statistical Analysis

Analysis was performed using a completely random-
ized design. The data were analyzed using the general
linear model (GLM) procedure of 2-way ANOVA using
IBM SPSS statistics software package 25. 0 (IBM soft-
ware, Chicago, IL). Each cage was treated as an experi-
mental unit for growth studies, whereas an individual
bird was treated as the experimental unit for organ
weight, length, and body temperature. All data are
expressed as the mean § SEM. Duncan’s multiple-range
test was used to determine whether an interaction
existed. Differences were considered statistically signifi-
cant at P < 0. 05. Alpha-diversity (community richness
and diversity) and taxonomic analysis (phylum and
genus) were analyzed using the Scheirer Ray Hare test,
and the Dunn test was used when P values were signifi-
cant. The “Rcompanion” package of the R software ver-
sion 4.0.3 (R Core Team, 2020) was used.
PERMANOVA was performed to analyze beta diver-
sity. The correlation among microbial communities was
determined using the igraph package of the Rsoftware
and is presented as a network analysis. Graphs were pre-
pared using Prism-GraphPad software.
RESULTS

Broiler Performance

Table 1 presents the effect of different doses of SSPP
in diets on the growth performance parameters of birds
kept in either NT or HS. The initial body weight (IBW)
before starting the CHS experiment was similar in all



Table 1. Effects of dietary supplementation of solubles from shredded, steam-exploded pine particles on the growth performance param-
eters of thermoneutral and cyclic heat-stressed broiler chickens.

IBW (g) FBW (g) % difference in BW ADG ADFI FCR

0% NT 1672 § 27 2416 § 26 44.62 § 1.15 106.4 § 1.6 182.4 § 2.0 1.72 § 0.02
HS 1660 § 30 2192 § 33 32.24 § 3.24 80.5 § 5.5 162.3 § 5.7 2.04 § 0.09

0.10% NT 1710 § 24 2477 § 36 44.87 § 0.61 109.6 § 2.1 184.9 § 3.3 1.69 § 0.01
HS 1720 § 17 2283 § 42 32.78 § 2.08 85.2 § 3.9 167.8 § 3.3 1.98 § 0.07

0.40% NT 1680 § 5 2409 § 15 43.37 § 0.69 104.1 § 1.8 183.3 § 3.7 1.76 § 0.03
HS 1684 § 30 2242 § 54 33.08 § 2.08 84.4 § 2.7 167.0 § 4.3 1.98 § 0.04

Main effects
Temp NT 1687 § 12 2434 § 16 44.3 § 0.5 106.7 § 1.1 183.5 § 1.7 1.72 § 0.01

HS 1688 § 15 2239 § 26 32.7 § 1.4 83.4 § 2.3 165.7 § 2.5 2.00 § 0.04
Dose 0% 1666 § 19 2304 § 39 38.4 § 2.5 93.4 § 4.8 172.3 § 4.2 1.88 § 0.07

0.1% 1715 § 14 2380 § 39 38.8 § 2.1 97.4 § 4.2 176.3 § 3.4 1.84 § 0.06
0.4% 1682 § 15 2325 § 37 38.2 § 1.9 94.3 § 3.4 175.2 § 3.6 1.87 § 0.04

p values
Temp. 0.965 0.001 0.001 0.001 0.001 0.001
Dose 0.129 0.116 0.949 0.444 0.572 0.682
Temp. * Dose 0.901 0.739 0.837 0.618 0.874 0.593

Chickens were fed diets containing 0% (control), 0.1%, and 0.4% solubles from shredded, steam-exploded pine particles from the 8th day to the 35th
day of age. From 28th day to the 35th day of age, birds were either kept at a thermoneutral temperature (21.0 ◦C) or exposed to cyclic heat stress at
31.0°C for 6 h daily. Data show mean § SEM (n = 6).

Abbreviations: ADG, average daily gain; ADFI, average daily feed intake; FBW, final body weight; FCR, feed conversion ratio; HS, heat stress; IBW,
initial body weight; NT, normal temperature; Temp, temperature.

4 GOEL ET AL.
the treatment groups. However, after 7 d of CHS, a tem-
perature effect was observed and birds exposed to a
higher temperature (HS) had lower (P = 0.001) final
body weight (FBW) and percent difference in body
weight (PDBW) in comparison to birds kept at NT.
Similarly, growth parameters such as ADG, ADFI, and
FCR also showed a temperature effect; ADG and ADFI
were decreased (P = 0.001) while FCR was increased
(P = 0.001) in CHS birds in comparison to NT. No inter-
action or dose effect was observed in the ADG, ADFI,
and FCR of chickens fed with increasing concentrations
of SSPP in the diets (Table 1).
Table 2. Effects of dietary supplementation of solubles from
shredded, steam-exploded pine particles on the rectal temperature
of thermoneutral and cyclic heat-stressed broiler chickens.

Rectal temperature

Before HS After HS DT

0% NT 41.30 § 0.09 41.25 § 0.15 �0.05 § 0.15
HS 41.10 § 0.06 42.83 § 0.18 1.73 § 0.22

0.1% NT 41.35 § 0.08 41.15 § 0.09 �0.20 § 0.07
HS 41.15 § 0.04 42.88 § 0.20 1.73 § 0.19

0.4% NT 41.30 § 0.09 41.25 § 0.11 �0.05 § 0.14
HS 41.07 § 0.03 42.60 § 0.10 1.53 § 0.13

Main effects
Rectal Temperature

RT was recorded before and after HS on the final day of
the experiment (Table 2). Birds exposed to CHS had a
lower (P = 0.001) RT than NT birds before heat exposure
on the final day of the CHS experiment. However, the RT
after HS on the same day and DT was higher (P = 0.001)
in CHS birds than in NT birds. No dose or interaction
effects were observed in terms of RT when birds were fed
different doses of SSPP and reared under NT and CHS con-
ditions (Table 2).
Temp NT 41.32 § 0.05 41.22 § 0.07 �0.10 § 0.07
HS 41.11 § 0.03 42.77 § 0.10 1.67 § 0.10

Dose 0% 41.20 § 0.06 42.04 § 0.26 0.84 § 0.30
0.1% 41.25 § 0.05 42.02 § 0.28 0.77 § 0.31
0.4% 41.18 § 0.06 41.93 § 0.22 0.74 § 0.25

p values
Temp 0.001 0.001 0.001
Dose 0.610 0.702 0.805
Temp * Dose 0.962 0.422 0.544

Chickens were fed diets containing 0% (control), 0.1%, and 0.4% solu-
bles from shredded, steam-exploded pine particles from the 8th day to the
35th day of age. From 28th day to the 35th day of age, birds were either
kept at a thermoneutral temperature (21.0°C) or exposed to cyclic heat
stress at 31.0°C for 6 h daily. Data show mean § SEM (n = 6).

Abbreviations: HS, heat stress; NT, normal temperature; Temp,
temperature.
Organ Weight and Length

Absolute and relative organ weights are shown in
Supplementary Table 3. No dose-dependent effect was
observed in the absolute and relative liver and bursa
weights on the final day of the CHS experiment. How-
ever, a temperature effect was observed in both meas-
ures for the 2 organs, indicating higher (P = 0.009;
P = 0.001) liver weight and lower (P = 0.001;
P = 0.005) bursa weight in CHS birds than in birds kept
at NT. No interaction, dosage, or temperature effect was
observed on the absolute and relative weights of the
spleen in chickens (Supplementary Table 3).
The effect of dietary SSPP supplementation on abso-

lute and relative organ length when birds were exposed
to NT or CHS conditions is presented in
Supplementary Table 4. No temperature, dose, or inter-
action effects were observed in the absolute length of the
different portions of the intestine (duodenum, jejunum,
ileum, cecum, and total gut length) of the chickens. Sim-
ilarly, there were no observable effects on the relative
length of the duodenum. However, the relative jejunum
length showed a temperature (P = 0.003) and dosage



Table 3. Effects of dietary supplementation of solubles from shredded, steam-exploded pine particles on the plasma biochemicals of
thermoneutral and cyclic heat-stressed broiler chickens.

Glucose Total protein Triglyceride Cholesterol

0% NT 291.1 § 14.2 3.5 § 0.2 48.9 § 7.9 151.7 § 10.4
HS 304.6 § 15.6 4.4 § 0.2 65.7 § 9.2 187.9 § 8.7

0.1% NT 306.1 § 16.1 3.8 § 0.2 55.9 § 9.1 170.1 § 9.6
HS 285.3 § 17.3 3.7 § 0.1 58.9 § 8.2 161.6 § 7.9

0.4% NT 290.6 § 24.1 3.6 § 0.2 50.7 § 5.8 149.9 § 8.3
HS 292.0 § 23.6 3.7 § 0.3 60.7 § 9.7 173.4 § 16.1

Main effects
Temp NT 296.0 § 10.3 3.6 § 0.1 51.8 § 4.3 157.2 § 5.6

HS 294.0 § 10.6 3.9 § 0.1 61.8 § 5.0 174.3 § 6.8
Dose 0% 297.9 § 10.3 3.9 § 0.2 57.3 § 6.3 169.8 § 8.2

0.1% 295.7 § 11.7 3.7 § 0.1 57.4 § 5.9 165.9 § 6.1
0.4% 291.3 § 16.2 3.6 § 0.2 55.7 § 5.6 161.6 § 9.3

p values
Temp 0.898 0.132 0.156 0.055
Dose 0.939 0.393 0.976 0.744
Temp * Dose 0.658 0.128 0.715 0.106

Chickens were fed diets containing 0% (control), 0.1%, and 0.4% solubles from shredded, steam-exploded pine particles from the 8th day to the 35th
day of age. From 28th day to the 35th day of age, birds were either kept at a thermoneutral temperature (21.0°C) or exposed to cyclic heat stress at 31.0°C
for 6 h daily. Data show mean § SEM (n = 7).

Abbreviations: HS, heat stress; NT, normal temperature; Temp, temperature.
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(P = 0.041) effect and was found to be higher in CHS
birds than in NT birds. Birds fed 0.4% SSPP had a lower
relative jejunum length than those fed the 0% and 0.1%
SSPP-supplemented diets. The relative ileum length
showed a temperature (P = 0.012) effect and was higher
in CHS birds than in NT birds. The relative cecum
length showed a dosage effect (P = 0.034) and was
decreased by 0.4% SSPP compared to birds fed 0%
SSPP. The relative total gut length also showed a tem-
perature (P = 0.007) and dosage (P = 0.034) effect, with
the birds exposed to CHS having higher relative total
gut length in comparison to birds kept at NT, whereas
0.4% SSPP-supplemented chicks had lower relative total
gut length in comparison to birds fed 0% SSPP
(Supplementary Table 4).
Plasma Biochemical Parameters

The effects of dietary SSPP supplementation on the
biochemical parameters of plasma, such as glucose, total
protein, triglyceride, and cholesterol when birds were
exposed to NT or HS conditions are presented in Table 3.
No temperature effect, dose effect, or interaction (P >
0.05) was observed among the different treatment
groups.
Gene Expression

The expression of the gut health-related genes is
shown in Figure 2. No temperature, dose, or interaction
effects were observed in the expression of the zona occlu-
dens (ZO) 1 and -2, and glucagon-like peptide (GLP) 2
genes when birds were supplemented with dietary SSPP
and exposed to NT or HS. The expression of mucin2
(MUC2) and occludin (OCLN) genes showed a tem-
perature effect and was found to be lower (P < 0.05) in
CHS birds than in NT birds. The expression of the
OCLN gene showed a nonsignificant increasing trend (P
> 0.05) in 0.1% NT and 0.4% NT compared to 0% NT
but decreased significantly (P < 0.05) in 0.1% HS and
0.4% HS compared to 0.1% NT and 0.4% NT (Figure 2).
Figure 3 shows the expression of stress-related genes

in chickens. The expression of heat shock protein (HSP)
-70 and -90 genes was significantly increased (P < 0.05)
in 0% HS compared to that in 0% NT. No temperature
or dose effects were observed on the expression of
HSP70 and -90 genes. The expression of the NADPH
oxidase (NOX) 1 gene showed a dose-dependent effect
and was found to be significantly increased (P < 0.05)
by 0.4% in comparison to 0% and 0.1% SSPP-supple-
mented birds. No temperature, dose, or interaction
effects were observed in the expression of NOX4, super-
oxide dismutase (SOD), and catalase (CAT) genes
when broilers were supplemented with SSPP in diets
and exposed to NT or HS.
Cecum Microbiota

Various alpha-diversity indices such as OTUs, Chao1,
Shannon, Inverse Simpson, and Good’s Coverage were
determined to evaluate the community richness and
diversity in the cecum microbiome of the birds
(Figure 4). No temperature, dose, or interaction effects
(P > 0.05) were observed in the alpha diversity indices.
Beta diversity was determined using unweighted and
weighted UniFrac distance. The unweighted UniFrac
distances were significantly different (P < 0.05) among
the treatment groups. No significant variations (P >
0.05) were observed in weighted UniFrac distances
(Figure 5).
The cecum microbiota in terms of bacterial phyla is

presented in Figure 6. Firmicutes and Bacteroidetes
were the dominant phyla in chicken cecum. The abun-
dance of Bacteroidetes was significantly lower in 0.1%
NT group than in the 0% NT group. Furthermore, the
abundance of Bacteroidetes was recovered and found to



Figure 2. Effects of dietary supplementation of solubles from shredded, steam-exploded pine particles on the expression of intestinal health-
related genes (a) ZO1 (b) ZO2 (c) GLP2 (d) MUC2 and (e) OCLN respectively, in the jejunum of broilers reared under normal or cyclic heat stress
conditions. Chickens were fed diets containing 0% (control), 0.1%, and 0.4% solubles from shredded, steam-exploded pine particles from the 8th day
to the 35th day of age. From 28th day to the 35th day of age, birds were either kept at a thermoneutral temperature (21.0°C) or exposed to cyclic
heat stress at 31.0°C for 6 h daily. Data show mean § SEM (n = 7). Abbreviations: HS, heat stress; NT, normal temperature.
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be higher in 0.1% HS than in 0.1% NT. No temperature,
dose, or interaction effects were observed for the other
bacterial phyla present in the cecum of dietary SSPP-
supplemented birds exposed to NT or HS.

The 30 most abundant bacterial genera present in the
cecum of dietary SSPP-supplemented birds when they
were exposed to NT or CHS are presented in Figure 7.
Bacteroides and Parabacteroides were the most abun-
dant genera in the cecum. The abundance of Bacteroides
was lower in SSPP-supplemented birds (0.1% SSPP:
14.1%; 0.4% SSPP: 16.7%) than in 0% SSPP-supple-
mented birds (20.4%).

The abundance of the bacterial genera Rothia, Sub-
doligranulum, Desulfitobacterium, Leptotrichia, Por-
phyromonas, and Parasutterella decreased, while that
of Pseudathrobacter, Prevotella, Limosilactobacillus,
Frigidibacter, Undibacterium, Gallionella, and Pseudo-
monas increased under CHS (Figures S1 and S4).
Streptococcus had a dose-dependent increase with the
highest abundance in 0.4% SSPP. Sphingomonas and
Desulfonispora increased by 0.1% compared to 0% and
0.4% SSPP. Escherichia abundance increased with
0.4% SSPP compared to 0% and 0.1% SSPP. The
abundance of Porphyromonas was higher at 0% SSPP
than at 0.4% SSPP (Figures S2 and S4).
Mycolicibacterium and Sphingomonas increased by
0.1% HS, whereas Escherichia increased by 0.4% NT,
compared to all other treatments. Anaerobium, Lach-
noclostridium, and Oscillibacter decreased in 0% HS
compared with that in 0% NT. Anaerobium was also
decreased by 0.4% NT compared with that of 0% NT.
The abundance of Acutalibacter was lower in 0.4% NT
than in 0% NT and 0.4% HS while that of Turicibacter
was higher in the 0.1% HS group than in the 0.1% NT
group. Parasutterella increased in abundance with
0.1% HS compared to 0% HS, whereas it decreased in
0% HS compared to 0% NT, 0.1% NT, and 0.4% NT,
and decreased in 0.4% HS compared to 0% NT (Figures
S3 and S4).
The correlation network analysis presented in

Figure 8 revealed that the bacterial species Sporanaer-
obacter acetigenes from the class Tissierellia and Nega-
tivibacillus massiliensis from others were positively
correlated with the species of class Clostridia. Simi-
larly, Shigella sonnei from the class Gammaprotobacte-
ria was positively correlated with Bacillus cereus from
the class Bacilli. In addition, most species were posi-
tively correlated within the same class. No negative
correlation was observed when the correlation coeffi-
cient was 0.7.



Figure 3. Effects of dietary supplementation of solubles from shredded, steam-exploded pine particles on the expression of stress-related genes
(a) HSP70 (b) HSP90 (c) NOX1 (d) NOX4 (e) CAT and (f) SOD respectively, in the jejunum of broilers reared under normal or cyclic heat stress
conditions. Chickens were fed diets containing 0% (control), 0.1%, and 0.4% solubles from shredded, steam-exploded pine particles from the 8th day
to the 35th day of age. From 28th day to the 35th day of age, birds were either kept at a thermoneutral temperature (21.0°C) or exposed to cyclic
heat stress at 31.0°C for 6 h daily. Data show mean § SEM (n = 7). Abbreviations: NT, normal temperature; HS, heat stress.
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DISCUSSION

Broilers are a favorable source of meat and play an
essential role in protein production, which may be
affected by increasing farm temperatures owing to global
warming (Quinteiro-Filho, et al., 2010; Awad, et al.,
2020). In the present study, CHS negatively affected
parameters such as FBW, PDBW, ADG, ADFI, and
FCR. Performance parameters may be correlated with
respiration rate and panting in chickens. The panting
behavior increases with temperature (Kang, et al.,
2020). Higher respiration rates keep the bird away from
being fed, resulting in a decrease in ADFI and a further
reduction in body weight and related parameters. The
absence of negative effects on the growth performance of
broilers supplemented with SSPP in the present study is
a positive sign of its use in poultry feed.

RT has been effectively used as an indicator of HS in
chickens (Chen, et al., 2013). On the final day of CHS
experiment, the RT was lower before heat exposure but
increased when birds were exposed to CHS. Previous
studies have also suggested an increase in RT when birds
were exposed to acute or chronic HS (Barrett, et al.,
2019; Goel, et al., 2021b). Continuous heat exposure ini-
tially increases RT and stabilizes thereafter, indicating
adaptation (Chen, et al., 2013). Thus, the lower RT in
the CHS birds compared to NT on the final day of CHS
experiment before heat exposure might be due to an
adaptation to develop heat tolerance.
The liver is an important organ for metabolism and

hemostasis under stressful conditions (Emami, et al.,
2020) while the bursa is an important immune organ
that may play a role in gut barrier dysfunction in HS. In
the present study, the absolute and relative weights of
the liver increased, while those of the bursa decreased
under CHS. This corroborates previous studies where
liver weight increased and bursa weight decreased in HS
birds (Quinteiro-Filho, et al., 2010; Chegini, et al., 2018;
Lu, et al., 2019a). This could be due to the increase in
glycogenolysis, gluconeogenesis, glycosylation, glutathi-
one production, and fat deposition in the liver and
enhanced lesion scores leading to atrophy and bursa
damage in heat-exposed birds (Pamok, et al., 2009; Jas-
trebski, et al., 2017).
In general, the small intestine is responsible for the

digestion and absorption of nutrients in chickens.
Reduced feed intake is one of the implications of HS
(Awad, et al., 2020). Adaptive responses occur in a liv-
ing system to counter adverse situations. Thus, an
increase in relative intestinal length is expected to



Figure 4. Effects of dietary supplementation of solubles from shredded, steam-exploded pine particles on the alpha-diversity indices represent-
ing (a) OTUs (b) Chao1 index (c) Shannon index (d) Inverse Simpson index, and (e) Goods Coverage index in the cecum of broilers reared under
normal or cyclic heat stress conditions. Chickens were fed diets containing 0% (control), 0.1%, and 0.4% solubles from shredded, steam-exploded
pine particles from the 8th day to the 35th day of age. From 28th day to the 35th day of age, birds were either kept at a thermoneutral temperature
(21.0°C) or exposed to cyclic heat stress at 31.0°C for 6 h daily. The number of samples (n = 7). Abbreviations: HS, heat stress; NT, normal tempera-
ture.
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maintain nutrient absorption and digestibility during
feed deprivation. In the present study, the relative
lengths of the jejunum and ileum increased in CHS birds
with lower FI. Furthermore, enhanced simple sugar due
to exogenous enzyme supplementation is associated
with lower small intestine and cecum relative length in
chickens (Wu, et al., 2004; Zhang, et al., 2014). A
decrease in the jejunum and cecum length of birds fed
0.4% SSPP compared to those fed 0% and 0.1% SSPP
could be attributed to the availability of higher simple
sugars in the SSPP-supplemented diets.

The ZO family is responsible for the connection
between tight junctions and the cytoskeleton while
occludin mediates the binding between two epithelial
cells by sealing the paracellular space (Ulluwishewa,
et al., 2011). Previous studies have reported no variation
in the ZO1 gene expression after 24 and 72 h of HS in
broilers (Uerlings, et al., 2018) which correlates with our
findings. This could be due to the lower severity of heat
exposure and comparatively stronger binding between
tight junctions and the cytoskeleton. Furthermore, in
the present study, the expression of MUC2 and OCLN
genes decreased in CHS birds. This is in agreement with
previous studies, where the jejunal expression of OCLN
and MUC2 was decreased in HS broilers (Song, et al.,
2014; Liu, et al., 2022). Mucin protects the intestine
from pathogenic penetration (Forder, et al., 2012). A
decrease in both the genes indicates the dysfunction of
the tight junction present between the paracellular
space of the epithelium, whcih acts as the first line of
defense that may further lead to pathogenic invasion.
GLP family-related genes are linked with appetite and
its administration results in the suppression of food
intake (Dalvi and Belsham, 2012). It was expected that
the decrease in ADFI might be related to GLP2. How-
ever, in the present study, no significant variation was
observed in the expression of GLP2 in CHS chickens.
Previous studies have also suggested that GLP levels in
the jejunum, ileum, and serum were similar in fasted
and heat-exposed chickens (Gilani, et al., 2018; Wang,
et al., 2021). This could be due to the adaptation of birds
to CHS as they were exposed to heat for 6 h daily and
returned to thermoneutral temperatures for the rest of
the day leading to recovery. A decrease in feed intake



Figure 5. Effects of dietary supplementation of solubles from shredded, steam-exploded pine particles on the beta diversity representing (a)
Unweighted and (b) Weighted UniFrac distances in the cecum of broilers reared under normal or cyclic heat stress conditions. Chickens were fed
diets containing 0% (control), 0.1%, and 0.4% solubles from shredded, steam-exploded pine particles from the 8th day to the 35th day of age. From
28th day to the 35th day of age, birds were either kept at a thermoneutral temperature (21.0°C) or exposed to cyclic heat stress at 31.0°C for 6 h
daily. Red filled circle; 0% NT, blue filled triangle; 0.1% NT, green filled square; 0.4% NT, purple filled diamond; 0% HS, orange empty circle; 0.1%
HS and yellow empty triangle; 0.4% HS. The number of samples (n = 7). Abbreviations: HS, heat stress; NT, normal temperature.
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might be due to panting behavior under HS, which keeps
the birds away from feed, ultimately adversely affecting
performance parameters.

Genes related to the HSP family act as markers under
HS as their expression increases under stress conditions
(Chegini, et al., 2018; Roushdy, et al., 2018). The expres-
sion of HSP-related genes was significantly higher in 0%
HS than in 0% NT. The beneficial effect of dietary SSPP
has been observed in heat-exposed birds, as the expres-
sion of HSP-related genes showed a decreasing trend (P
> 0.05) in comparison to non-SSPP-supplemented diets.
Members of the NOX family are linked to superoxide
and reactive oxygen species (ROS) generation (Kat-
suyama, 2010). The expression of NOX family-related
Figure 6. Effects of dietary supplementation of solubles from shredded,
and (b) Bacteroidetes abundance (significantly modified phylum) in the cecu
ens were fed diets containing 0% (control), 0.1%, and 0.4% solubles from shre
age. From 28th day to the 35th day of age, birds were either kept at a therm
for 6 h daily. The number of samples (n = 7). Abbreviations: HS, heat stress;
genes increases under HS (Kikusato, et al., 2015). Anti-
oxidant-related genes play crucial roles in the control of
ROS production. The expression of antioxidant genes is
modulated under HS (Roushdy, et al., 2018). In the pres-
ent study, the expression of the NOX1 was higher in the
0.4% SSPP group than in the 0% and 0.1% SSPP-sup-
plemented birds. Previous studies conducted on dietary
supplementation with extracts prepared using steam
also reported enhanced expression of NOX family
related genes in chickens (Mavrommatis, et al., 2021).
Thus, it can be concluded that the enhanced expression
of NOX1 could be related to dietary intervention using
the steam explosion method. An increase in the expres-
sion of NOX family-related genes might be associated
steam-exploded pine particles on the (a) relative abundance of phylum
m of broilers reared under normal or cyclic heat stress conditions. Chick-
dded, steam-exploded pine particles from the 8th day to the 35th day of
oneutral temperature (21.0°C) or exposed to cyclic heat stress at 31.0°C
NT, normal temperature.



Figure 7. Effects of dietary supplementation of solubles from shredded, steam-exploded pine particles on the relative abundance of the genus in
the cecum of broilers reared under normal or cyclic heat stress conditions. Chickens were fed diets containing 0% (control), 0.1%, and 0.4% solubles
from shredded, steam-exploded pine particles from the 8th day to the 35th day of age. From 28th day to the 35th day of age, birds were either kept
at a thermoneutral temperature (21.0°C) or exposed to cyclic heat stress at 31.0°C for 6 h daily. Data show mean (n = 7). Abbreviations: HS, heat
stress; NT, normal temperature.

Figure 8. The network pattern of cecum microbiota at class and species levels in broiler chickens following spearman correlation. The blue lines
among nodes stand for positive correlations and the thickness of lines corresponds to correlation coefficients taken as 0.7. The color of the circle indi-
cates class and each circle independent of color represent species.
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with adaptation to withstand a higher level of ROS
(Goel, et al., 2021c). Consequently, CHS did not affect
the expression of NOX or antioxidant-related genes.

The intestine is crucial for nutrient digestion which is
partly supported by beneficial microorganisms coloniz-
ing the gut for optimal growth and health of birds.
Many factors influence the chicken microbiota. For
instance, environmental factors such as enhanced tem-
perature modulate the gut microbiota in chickens
(Wang, et al., 2018b). The type of HS, intensity of tem-
perature, and time of exposure are relatively important
to depict the adverse effects on intestinal health. At 31°
C, short-term acute HS for 6 h had no effect, but long-
term heat exposure for 14 d significantly modified alpha-
diversity indices in broilers (Wang, et al., 2018b; Goel,
et al., 2021b). No significant variation was observed in
the alpha-diversity indices in this study. The discrep-
ancy in the results might be attributed to the shorter
period of HS imposed in the cyclic form for seven days.
In terms of beta diversity, the unweighted UniFrac dis-
tances that considered the presence and absence of
microbial species were significantly different among the
treatment groups. This might be due to the presence of
beneficial bacteria in SSPP-supplemented diets. The
increased presence of pathogenic bacteria in CHS birds
due to heat exposure can not be ignored.

Firmicutes and Bacteroidetes were the major phyla
identified in the chicken cecum. This is in agreement
with previous studies (Goel, et al., 2021b; Goel, et al.,
2022b). Bacteroidetes grow on polysaccharides and their
abundance increases in heat-exposed chickens (McBride,
et al., 2009; Wang, et al., 2020). The increase in the
abundance of Bacteroidetes in 0.1% HS compared with
0.1% NT in this study might be attributed to the effect
of HS.

Bacteroides and Parabacteroides were the most abun-
dant bacterial genera in the cecum. This is consistent
with the results of previous studies (Saati�Santamaría,
et al., 2022). Rothia is a frequently detected genus,
whereas Leptotrichia is dominant in chicken with low
FCR (Shah, et al., 2019; Kursa, et al., 2022). Subdoli-
granulum is a butyrate-producing genus with probiotic
activity in chickens (Polansky, et al., 2015). Desulfito-
bacteria grow on decomposition products of lignin
(Mingo, et al., 2014). A decrease in the abundance of
Rothia, Leptotrichia, Subdoligranulum, and Desulfito-
bacteria in CHS birds indicates poor gut health and can
be correlated with reduced performance parameters
including feed intake and FCR in chickens. The absence
of Desulfitobacteria in the 0% HS could be due to the
lack of lignin, which requires further investigations.

Limosilactobacillus reuteri has probiotic activity and
a protective effect in heat-exposed birds (Mohammed,
et al., 2019). In the present study, its abundance was sig-
nificantly increased in CHS birds, similar to our previous
study, where we reported an increase in the abundance
of Limosilactobacillus in heat-exposed birds supple-
mented with steam-exploded pine particles (Goel, et al.,
2021b). Although not significant, the numerically higher
abundance of Limosilactobacillus in heat-exposed
SSPP-supplemented birds might be due to the same
source of pine wood used in the preparation of SSPP.
Prevotella and Undibacterium are associated with

infection and low body weight in chickens (Falagas and
Siakavellas, 2000; Zhang, et al., 2022). An increase in
the abundance of Prevotella and Undibacterium in CHS
birds indicates the adverse effect of heat exposure, which
was also correlated with a decrease in body weight in the
present study.
Pseudarthrobacter is a cold-resistant bacterial genus

that is least abundant in the gut and is present in
chicken meat treated with chilled air (Chen, et al.,
2020). Its enhanced abundance in the cecum of heat
exposed birds is unclear. Pseudomonas is a multidrug-
resistant bacterial genus whose prevalence is extensively
related to the spoilage of chicken meat (Lee, et al.,
2017). A higher abundance of Pseudomonas in the
cecum of CHS birds enhanced the chances of cross-con-
tamination of the carcass leading to a higher risk of poor
carcass quality and reduced shelf life of chicken meat.
Streptococcus can degrade fibers and beta-glucans

(Beckmann, et al., 2006). An increase in its abundance
was observed in the SSPP-supplemented diet (0.1% and
0.4%) compared with that in control (0% SSPP). Previ-
ous studies have also reported an increased Streptococ-
cus abundance in high-fiber-containing diets (Venardou,
et al., 2021). The dose-dependent increase in the abun-
dance of Streptococcus in the present study could be
attributed to the presence of fibers and lignin in the
SSPP.
Desulfonispora ferments organosulfonate to produce

acetate and ammonia, which have a detrimental effect
on pathogenic microorganisms such as salmonella (Law-
hon, et al., 2002; Beckmann, et al., 2006). A higher
Desulfonispora abundance in the 0.1% compared to the
0% and 0.4% SSPP-supplemented diets indicated better
gut health due to reduced pathogenic loads.
The abundance of genera Lachnoclostridium, Oscilli-

bacter, and Parasutterella were significantly decreased
in 0% HS compared to 0% NT. Generally, energy
demand increases under HS conditions. The genera
Lachnoclostridium and Oscillibacter are responsible for
butyrate production for energy (Polansky, et al., 2015;
Ríos-Covi�an, et al., 2016). However, a decrease in their
abundance may account for the reduced energy levels in
HS chickens. Furthermore, Parasutterella abundance
was negatively influenced by CHS, but dietary SSPP
supplementation increased its abundance (0.1% HS
compared to 0% HS) indicating its role in mitigating the
effects of CHS.
In the present study, Turicibacter abundance was

increased in HS birds (0% HS compared to 0% NT) but
decreased significantly in 0.1% HS compared to 0.1%
NT. Enhanced Turicibacter abundance was accompa-
nied by a decrease in MUC2 and OCLN expression, sug-
gesting impaired gut health in CHS birds. Additionally,
decreased Turicibacter abundance (0.1% HS compared
with 0% NT) could also be related to the lower ADFI in
CHS birds. As a result, Turicibacter from the family
Turicibacteraceae is inversely correlated with tight
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junction in mice and feed intake in chickens (Metzler-
Zebeli, et al., 2019; Liu, et al., 2020).

Chronic heat stress compromises liver function by
enhancing lipid deposition leading to hepatic steatosis
(Lu, et al., 2019b). The genus Sphingomonas reduces
liver fat by synthesizing sphingosine that forms sphingo-
myelin with fatty acid derivatives (Li, et al., 2020).
Increased Sphingomonas abundance in 0.1% HS indi-
cates that SSPP supplementation may protect the liver
from the excessive deposition of fat under HS in chick-
ens.

The abundance of Escherichia increases under HS in
chickens (Song, et al., 2013). In the present study, it was
absent in CHS birds and was only detected in 0.4% NT
showing dose and interaction effects. The reasons for
this are not clear and require further investigation.

The genera Frigidibacter, Gallionella, Mycolicibacte-
rium, Anaerobium, Acutalibacter, and Porphyromonas
also differ significantly, but the lack of information
about their role emphasizes the need for further investi-
gations.

Sporanaerobacter acetigenes from the class Tissierel-
lia utilize sugars, peptides, amino acids, and ferment glu-
cose to produce acetate (Ziganshina, et al., 2014).
Faecalibacterium prausnitzii is a butyrate-producing
bacterium that modifies goblet cells and mucin to
strengthen the mucosal layer and inhibit pathogenic
penetration in the gut (Duncan, et al., 2002; Wrzosek,
et al., 2013). The exact role of S. acetigenes is yet to be
explored, but its positive correlation with F. prausnitzii
indicates its beneficial role in the chicken gut. Negativi-
bacillus is positively correlated with the growth perfor-
mance of chickens (Liu, et al., 2021). Furthermore, the
abundance of Ruthenibacterium lactatiformans is higher
in small birds than in larger ones (Lundberg, et al.,
2021). In contrast, in the present study, N. massiliensis
was positively correlated with R. lactatiformans which
requires further investigation. S. sonnei and B. cereus
cause disease in chickens (Shi, et al., 2014; Tahmasebi,
et al., 2014) and were positively correlated with each
other in the current study. Two more species from the
class Bacilli, namely Lactobacillus gallinarum and Limo-
silactobacillus reuteri were found to be positively corre-
lated with each other. These species are beneficial
bacteria that protect the gut from pathogenic invasion
by colonizing intestinal epithelial cells and are thus used
as probiotics in chickens (Spivey, et al., 2014; Neveling,
et al., 2017; Nii, et al., 2020).

Thus, CHS decreased performance parameters and
enhanced RT in broiler chickens. Gut health is negatively
influenced by CHS, as indicated by the suppressed expres-
sion of intestinal health-related genes (MUC2 and OCLN)
and modified cecum microbiota. Dietary supplementation
with SSPP helps mitigate CHS effects by proliferating the
beneficial bacterial genera in the chicken cecum. Further-
more, the expression of stress-related genes (HSP70 and
HSP90) was increased in unsupplemented heat-exposed
birds but was similar in SSPP-supplemented heat-exposed
birds compared to birds kept at thermoneutral tempera-
tures, confirming the beneficial effects of SSPP.
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