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The environmental sustainability of feed ingredients, including water use, plays a
central role in reducing the footprint of pig production. Sorghum, due to its
nutritional value and tolerance to hydric stress, can represent a valid alternative to
corn. This study aims to provide a comprehensive evaluation of sorghum, as a
complete replacement for corn in post-weaning piglet diets, uniquely applying an
integrated multi-omics approach (microbiota 16S rRNA sequencing and *H-NMR
metabolomics) to investigate effects on growth performance and gut health. At
weaning (d0), 522 pigs were assigned to one of 3 diets: Control (CTR), sorghum
(SO), and extruded sorghum (EX_SO). At dO, d7 and d28 pigs were weighed, ear
and tail lesions were scored and fecal samples collected for microbiota,
metabolomics, and dry matter (DM) analysis. Feed intake (Fl), behavior
measurements (BMs) and environmental gases were recorded on d7, d14 and
d28. The diet did not affect the BW (p>0.10), average daily gain (ADG; p>0.10) and
FI. At d28, the feed to gain ratio (p=0.09) and the fecal DM (p=0.08) tended to be
4.1% lower and 22% higher respectively in the SO group compared with the CTR.
Lesions and BMs did not differ. At d7, Oscillospira (p<0.01), was more abundant in
the CTR than EX_SO; 2-Oxogutarate, Acetoin, 2-Methyl 3-Ketovalerate, 3-Methyl
2-Oxovalerate were more abundant in the EX_SO than CTR. At d28, the diet
affected the beta-diversity (p=0.05); Olsenella was more abundant in the CTR than
in the SO (p<0.01), Olsenella (p=0.01) and Ligilactobacillus (p=0.01) were more
abundant, while Anaerovoracaceae_Family Xl UCG-001 (p=0.01) was less
abundant in the CTR group than EX_SO; Shuttleworthia (p=0.02) and
Syntrophococcus (p<0.01) were more abundant in the SO than in the EX_SO;
butyrate, propionate and valerate were more abundant in the EX_SO than CTR
(p<0.05). In conclusion, this study demonstrates that the complete replacement of
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corn with sorghum (12% total inclusion) does not impair post-weaning piglet
performance, health and welfare under commercial conditions. The extrusion
process promoted the modulation of microbial activity and metabolites in large
intestine. Results support sorghum as a sustainable alternative; further studies
should assess resistant starch and integrate multi-omics.
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1 Introduction

The growing issue of desertification in various regions
worldwide poses a significant threat to the sustainability of
animal production systems. As water resources become
increasingly scarcer, optimizing their use in agriculture and
livestock becomes an essential priority (FAO, 2018). In this
context, the environmental sustainability of feed ingredients plays
a central role in reducing the ecological footprint of animal
production, as feed accounts for the largest share of resource
consumption (Mottet et al,, 2017). In swine nutrition, both the
environmental footprint and the blue water consumption are
strongly influenced by the type and origin of the raw materials
used in feed formulations. Among the cereals, corn is one of the
most widely used ones in pig diets, but it is responsible for
approximately 21% of total blue water consumption (Sporchia
et al, 2021). In response to these concerns, and in alignment with
the European Union’s environmental policies, such as the Green
Deal and the “Farm to Fork” strategy, there is growing interest in
identifying more sustainable alternatives to conventional feed
ingredients, including corn (European Commission, 2020).
Sorghum (Sorghum vulgare) is a cereal of considerable interest
due to its remarkable tolerance of hydric stress and adaptability to
arid and semi-arid climates. It offers both environmental and
economic advantages (Amelework et al., 2015). Moreover, from a
nutritional perspective, sorghum is nutritionally rich in starch
(~60-70%) and provides a moderate protein content (~90-115 g/
kg), with protein digestibility coefficients that vary by animal species
and grain processing but can reach up to 0.84 (Torres Cepeda et al.,
1996; Mariscal-Landin et al., 2010). These features suggest that
sorghum could be a viable substitute for corn in pig’ diets. Its large
inclusion in the pigs’ diet is quite acceptable for growing and
finishing pigs (Stein et al., 2016; Benz et al., 2011). However, the
inclusion of sorghum in post-weaning diet is uncommon and has
produced variable results in terms of performance. While some
studies report that replacing corn with sorghum (at levels between
30-61%) can support similar growth rates in weaning piglets
(Rodrigues et al., 2016), others indicate a reduction in
performance at higher inclusion levels, likely due to of anti-
nutritional factors presence the sorghum depending on cultivar
(Pan et al., 2021; Thomas et al., 2020). To date, advances in
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sorghum breeding have produced lower-tannin cultivars (Hodges
et al, 2021). Currently, in the European Union, legislation requires
that sorghum cultivars contain less than 0.4% tannins to be
included as feed ingredients (European Commission, 2000).

Technological treatments, such as extrusion, have been
suggested as a way to mitigate the negative effects of
antinutritional factors in cultivars that are rich in them.
Additionally, the extrusion process is generally recognized for
improving digestibility by modifying the starch structure and
enhancing feed palatability (Fang et al, 2025; Rodrigues et al,
2016; Liu et al.,, 2013; Chae et al., 2000). Rodriguez et al. (2020)
found that extruded sorghum improved the digestibility of gross
energy, digestible and metabolizable energy, starch, and crude
protein, although these improvements did not always translate
into better growth or feed conversion ratios. However, other
studies do not report significant improvements in sorghum
digestibility due to the extrusion process (Chae et al, 2000).
Consequently, the impact of extrusion on the nutritional value of
sorghum remains unclear. An adequately controlled extrusion
process, particularly during the cooling phase, disrupts the starch-
protein matrix, promotes starch gelatinization, and limits
retrogradation, thereby increasing enzymatic access to starch and
protein and improving digestibility (Yadav et al., 2022). By contrast,
suboptimal cooling (for example, a low target temperature or a slow
cooling rate), promotes starch retrogradation. This increases of
resistant starch levels, leading to a concomitant reduction in small-
intestinal digestibility (Xie et al., 2014).

Taken together, these findings reinforce the feasibility of
incorporating sorghum into post-weaning piglet diets as part of a
broader strategy aimed at enhancing the sustainability and
resilience of swine production. However, inconsistent results
across studies (Liu et al., 2013; Chae et al,, 2000) and the fragile
intestinal health of piglets during the early post-weaning period still
restrict the use of sorghum in post-weaning diets.

Moreover, the majority of the studies have focused on growth
performance outcomes, with far less attention given to the gut
microbiota—metabolite axis, which is increasingly recognized as a
key determinant of post-weaning piglet health (Chen et al., 2025).
The early post-weaning period is particularly critical, as intestinal
immaturity and environmental stressors make piglets more
vulnerable to gut dysbiosis, metabolic imbalances, and reduced
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performance (Zheng et al., 2024). A deeper understanding of how
dietary sorghum can influence the microbial communities, its
metabolism, and derived metabolites is essential to evaluate its
suitability as a sustainable corn substitute.

We hypothesize that sorghum will not negatively impact the
performance of piglets compared to corn during the post-weaning
phase. Additionally, we hypothesize that the extrusion process will
support the intestinal health and well-being of piglets by improving
nutrient digestibility and modulating the gut microbiota and
its metabolism.

Therefore, the present study aims to evaluate the effects of
replacing corn with sorghum, both non-extruded and extruded, in a
post-weaning piglet diet on growth performance, gut health using a
multi-omics approach and animal welfare.

2 Materials and methods
2.1 Experimental design

The procedures complied with the Italian law pertaining to
experimental animals and were approved by the Ethic- Scientific
Committee for Experiments on Animals of the University of
Bologna (Trial ID 4796, Prot. n. 218339/2024).

The study was performed at a commercial farm located in
northern Italy. A total of 522 weaned piglets from a single
farrowing batch were enrolled in the study. At weaning (d0),
piglets were selected based on body weight (BW: 6.63 + 1.091 kg),
age (28 + 2.1 days) and litter origin. They were individually identified
with numbered ear tags, and allocated to one of the following dietary
treatments, with four replicates (pens) per treatment: Control (CTR),
Sorghum (SO), or Extruded Sorghum (EX_SO). Allocation was
performed using a randomized block design based on initial BW,
age, and litter of origin to ensure balanced mean weights, age and
same litters representation across groups at the beginning of the
study. The pens provided a space allowance of 0.31 + 0.01 m’
per piglet.

Piglets had a two-phase feeding program: phase I started on the
day of weaning (d0) and lasted until one-week post-weaning (d7),
while phase II spanned from d7 to four weeks post-weaning (d28).
Throughout all feeding phases, diets were provided in pelleted form.
The CTR diet included corn (Phase I = 7%; Phase II = 10%). The SO
and EX_SO diets replaced 100% of the corn with non-extruded and
extruded sorghum, respectively. Table 1 presents the inclusion
levels of raw materials and the nutrient composition of
experimental diets. Diets were isoenergetic and iso amino acidic
(within each phase) and formulated to meet the nutritional
requirements of the piglets at the different stages of growth (NRC,
2012). The piglets had ad libitum access to water and feed
throughout the entire duration of the experimental trial.

Piglets were weighed individually on days d0, d7 and d28, and
the ADG was calculated. On d7, d14 and d28, the amount of feed
delivered, and feed residues were recorded to estimate the feed
intake (FI) per each pen and the Feed-to-Gain ratio (F:G)
were calculated.
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Two types of animal-based measures (ABMs) were assessed:
behavioral measures (BMs) and ear and tail lesions. Both were
adapted from Vitali et al. (2020), Amatucci et al. (2023), Palumbo
et al. (2023, 2025), the Welfare Quality® protocol (2009), and the
Classyfarm® protocol (2019). The evaluation of BMs was conducted
on the same days as FI recordings, whereas the assessment of ear and
tail lesions was performed on d7 and d28. In brief, BMs were
evaluated in the morning, when the animals were more active,
between 10:00 am and 11:00 am. The weaned pigs were observed
directly in each pen five times, with a two-minute interval between
each scan. Before the initial observation, if needed, the assessor
clapped their hands to prompt all animals to stand, and after five
minutes, the pigs could be observed. The behaviors recorded included
two types of observations: abnormal behaviors (such as suckling) and
the following behavior categories defined in Welfare Quality® (2009):

1. Social behavior, divided into “negative social behavior,”
which includes aggressive interactions, and “positive social
behavior,” which includes actions such as sniffing, nosing,
licking, playing, and gently moving away from another
animal without any aggression or fighting.

2. Exploratory behavior, divided into “exploring the pen,”
which includes sniffing, nosing, and licking the
surroundings, and “exploring enrichment material,”
which involves playing with straw or other enrichment
materials. Animals not displaying social or exploratory
behaviors were recorded as “resting” when they were
inactive and lying down, or as “other” for activities such
as eating or drinking. The frequency of each behavior was
then expressed as the percentage (%) of the average of the
five observations of the animals exhibiting the behavior
over the total of animals in the pen:

(n of pigs demonstrating the
behavior [total of pigs in the pen) x100

Tail lesion scores ranged from 0 to 2: 0 = no injuries; 1 = superficial
bite along the tail with no evidence of swelling; 2 = presence of scarring,
visible open lesion, swelling, or partial absence of the tail, according to
the method proposed by WelfareQuality® (2009). For ear lesions,
meaning any visible lesion observed on the ears of each pig, the scoring
was as follows: 0 = up to 4 visible lesions; 1 = 5 to 10 visible lesions;
2 =11 to 15 visible lesions, as described in the Welfare Quality® (2009)
method. The results for each pen were expressed as the prevalence of
the scores obtained (0, 1, 2), representing the proportion of animals
assigned to each category. A lesion score index (LSI) was then
calculated applying the following formula:

Lesion score index (LSI) : [% lesion type 1 + (2+% lesion type 2)]

The LSI index considers both the frequency and severity of the
lesions, ranging from 0 to 200 (where 0 represents the absence of
lesions and 200 represents all animals with severe lesions).

On d7 and d28, a total of 45 fecal samples per timepoint (15
pigs/group) were collected from the same piglets using rectal swabs
stored into a sterile tube. The samples were snap frozen in liquid
nitrogen and then stored at -80 °C for subsequent bacterial
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TABLE 1 Ingredients and composition of piglet’s post-weaning diet.

Phase | Phase Il

SO SO

Ingredients, %
Whole grain flaked Oat, Corn and Barley 21.93 21.80 21.96 - - -
Wheat flour 18.83 19.00 18.83 14.00 12.50 13.00
Sweet whey powder 10.93 10.93 10.93 9.00 9.00 9.00
Barley 10.00 10.00 10.00 15.06 15.07 15.07
Corn 7.00 - - 10.67 - -
Sorghum - 7.00 - - 12.50 -
Extruded Sorghum - - 7.00 - - 12.00
Oat - - - 10.00 10.00 10.00
Beet pulp - - - 1.50 1.50 1.50
Bakery co-products - - - 10.00 10.00 10.00
Porcine plasma 6.00 6.00 6.00 - - -
Milk powder 4.00 4.00 4.00 - - -
Sucrose 3.50 3.50 3.50 - - -
Soybean oil 3.02 3.02 3.02 3.50 3.53 3.53
Fishmeal 2.83 2.83 2.83 - - -
Extruded food products 2.00 2.00 2.00 5.33 5.00 5.00
Dried Yogurt 2.00 2.00 2.00 9.00 9.00 9.00
Extruded whole soybean 1.83 1.83 1.83 - - -
Soybean protein concentrate 53% 1.33 1.33 1.33 7.00 7.00 7.00
Lysine sulfate 70% 1.00 0.99 0.99 1.09 1.09 1.09
Formic acid 0.83 0.83 0.83 1.00 1.00 1.00
Methionine hydroxy - - - 0.42 0.41 0.41
Benzoic Acid - - - 0.33 0.33 0.33
Lignocellulose 0.57 0.58 0.58 - - -
Vitamin-Mineral Premix" 0.40 0.40 0.40 0.40 0.40 0.40
L-Threonine 0.30 0.30 0.30 0.35 0.34 0.34
Organic acids 0.30 0.30 0.30 - - -
DL-Methionine 0.29 0.28 0.28 - = N
L-Valine 0.25 0.24 0.24 0.17 0.15 0.15
Organic calcium (Lithothamnion) 0.18 0.18 0.18 0.23 0.23 0.23
L-Tryptophan 0.13 0.12 0.12 0.14 0.13 0.13
Liquid choline 75% 0.10 0.10 0.10 0.10 0.10 0.10
Monocalcium phosphate 0.10 0.10 0.10 0.43 0.43 0.43
Xylanase, cellulase, and beta-glucanase 0.10 0.10 0.10 0.10 0.10 0.10
Phytase 0.10 0.10 0.10 0.10 0.10 0.10

(Continued)
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TABLE 1 Continued

Phase Il

SO

Gross chemical composition calculated

Dry matter % 90.51 90.57 90.58 90.01 90.12 90.11
Crude protein % 18.58 18.74 18.72 16.12 16.30 16.29
Lipids % 6.83 6.76 6.77 6.77 6.71 6.70
Crude fiber % 2.92 291 2.94 3.47 3.49 3.51
Ash% 4.77 4.79 4.79 4.73 4.75 4.75
NDF % 8.59 8.58 8.60 10.83 10.88 10.87
Calcium % 0.62 0.62 0.62 0.60 0.60 0.60
Phosphorus % 0.47 0.48 0.48 0.43 0.43 0.43
Digestible Energy, kcal 3628 3629 3629 3497 3497 3497

Phase I, from the day of weaning and lasted until one week post-weaning; Phase II, from one week post-weaning to four weeks post-weaning; CTR, control diet included corn (Phase I = 7%; Phase
1T = 10%); SO, Sorghum-based diet in which 100% of the corn was replaced with non-extruded sorghum; SO, Extruded Sorghum-based diet in which 100% of the corn was replaced with extruded
sorghum;

Vitamin-Mineral Premix= contains Vitamin A 3,750,000 1U/kg, Vitamin D3 500,000 IU/kg, Vitamin E 50,000 mg/kg, Vitamin K3 1,500 mg/kg, Vitamin B1 1,250 mg/kg, Vitamin B2 2,000 mg/
kg, Calcium D-Pantothenate 5,555 mg/kg, Vitamin B6 1,500 mg/kg, Vitamin B12 Cyanocobalamin 30 mg/kg, Vitamin C 20,000 mg/kg, Niacin 10,000 mg/kg, Folic Acid 300 mg/kg, and Biotin 38
mg/kg. Includes trace elements such as Iron 40,000 mg/kg, Manganese 11,250 mg/kg, Zinc 23,750 mg/kg, Iodine 250 mg/kg, Selenium 75 mg/kg, and Copper 20,000 mg/kg. Contains citric acid
190 mg/kg as a preservative. Includes antioxidants BHT 763 mg/kg and propyl gallate 63 mg/kg. Anti-caking agents include precipitated and dried silica 475 mg/kg and sepiolite 50,000 mg/kg.

DNA extraction (V3-V4 16S rRNA for microbiota profiling),
metabolomic profile analysis, and dry matter content The
concentration of air ammonia (NH;) and carbon dioxide (CO,)
gases were assessed on the same days as ABMs were recorded, using
a XAM8000 Multigas Detector (Driger, Liibeck, Germany). The
instrument was calibrated prior to each measurement session
according to the manufacturer’s specifications to ensure data
accuracy. According to the method of Palumbo et al. (2023) and
Palumbo et al. (2025), each gas was measured at the pigs’ level
(approximately 30 cm above the ground) at three locations per pen:
the corner closest to the center of the room, the middle of the pen,
and the opposite corner near the external wall. Measurements were
taken with the probe held steadily at each location for
approximately 10-15 seconds, allowing for stabilization of sensor
readings before recording the values.

2.2 Laboratory analysis

2.2.1 Quantification of dry matter in feces

The dry matter content of the frozen fecal samples was
determined after freeze-drying for 72 hours. Results were
expressed as the percentage (%) of dry matter over the total
weight of fresh fecal sample freeze dried.

2.2.2 Proton nuclear magnetic resonance
spectroscopy analysis for identifying
metabolomic profile

The metabolomic profiles of the feces were prepared for proton
nuclear magnetic resonance (‘"H-NMR) analysis by vortex-mixing
80 mg of each sample with ImL of deionized water, followed by
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centrifugation for 10 min at 18,630 g and 4 °C. A total of 700 uL of
supernatant were added to 100 uL of D,O solution of 2,2,3,3-d,-3-
(trimethylsilyl)-propionic acid sodium salt (TSP) 10mM, used as
NMR chemical-shift reference, buffered at pH 7.00 + 0.02 by means
of 1M phosphate buffer. 10 uL of NaN; (2 mmol/L) was also added
to avoid microbial proliferation. Finally, the sample was centrifuged
again at the above conditions. "H-NMR spectra were recorded at
298 K with an AVANCE III spectrometer (Bruker, Milan, Italy)
operating at a frequency of 600.13 MHz, following the procedure
described by Virdis et al. (2024). The characterization the molecular
profile was done in Chenomx software (Chenomx Inc., Canada, ver
8.3) by means of comparisons with Chenomx’s (ver. 10) and
HMDB’s (release 2) databases. The quantification of the
molecules in absolute terms was done in one reference sample, by
relying on TSP as internal standard. Probabilistic quotient
normalization (PQN) (Dieterle doi: 10.1021/ac051632c) was
employed to adjust any other spectrum towards the reference, to
compensate for differences in insoluble solids and water. Each
molecule’s concentration was calculated by considering the area
of one of its signals, measured by global spectra deconvolution,
implemented in MestReNova software (Mestrelab research S.L.
Santiago De Compostela (Spain) - ver 14.2.0-26256). This was
done after the application of a line broadening of 0.3 and after
having adjusted the baseline by Whittaker Smoother procedure.

2.2.3 Fecal microbiota analysis

Total bacterial DNA was isolated and extracted using the
FastDNA SPIN kit (MP Biomedicals, Santa Ana, CA, USA). The
concentration and purity of the extracted bacterial DNA were
evaluated with a NanoDrop spectrophotometer (Fisher Scientific,
Schwerte, Germany) by measuring the absorbance ratios at 260/280
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and 260/230. The V3-V4 regions of the 16S rRNA gene (~460 bp)
were amplified, and amplicons were generated using the universal
primers (Takahashi et al., 2014). Amplification was performed
using the Platinum ' Taq DNA Polymerase High Fidelity
(Thermo Fisher Scientific, Monza, Italy), and the resulting
amplicons were sequenced on the Illumina MiSeq platform (300
x 2 bp). Library preparation followed the standard protocol for the
MiSeq Reagent Kit V3, and sequencing was conducted using the
MiSeq platform (Illumina Inc., San Diego, CA, USA).

2.3 Statistical and bioinformatic analysis

Statistical analyses and bioinformatic analyses were performed
out using RStudio (RStudio, PBC, Boston, MA, USA). Prior to model
fitting, the assumption of normality for the dependent variable was
assessed visually using a quantile-quantile plot (qqnorm) and
statistically using the Shapiro-Wilk test. Data on individual piglet
performance (BW and ADG), fecal NH;, and dry matter were
analyzed using the “lme4” function from the homonymous R
package with a linear mixed-effects model and an ANOVA model.
The experimental diet (CTR vs. SO vs. EX_SO) and sex were included
as fixed factors, while the sow and the experimental pen were
included as random factors. Group performance such as FI, F: G
ratio, BMs and LSI together with air gases were fitted in a linear
regression model (“Im” function) and ANOVA model including the
experimental diet as fixed factor. For individual performance, piglet
was the experimental unit, while for group performance, the pen was
used as experimental unit. Model diagnostics were performed to
assess the adequacy of model assumptions. The distribution of
residuals was examined visually using a quantile-quantile (Q-Q)
plot and an overlaid reference line (qqnorm and qgline), to evaluate
the assumption of normality. In addition, residual versus fitted value
plots, obtained via the “plot” function, were inspected to verify the
assumption of homoscedasticity and to detect any potential model
misspecification or influential data points. Comparisons between
dietary groups were tested using a post-hoc test (Tukey test).

The statistical analysis of the metabolomic data consisted of two
parts. First, the metabolomic datasets were analyzed using a
multivariate approach with MetaboAnalyst 6.0. Subsequently, the
most relevant metabolites were analyzed using an ANOVA model
(Virdis et al., 2024). In the multivariate analysis, the data were
normalized using sum and log transformation to account for
systematic differences between samples. After the normalization
data were analyzed using partial least squares-discriminant analysis
(PLS-DA) on MetaboAnalyst 6.0, the variable importance
projection (VIP) scores were determined for diet and timepoint.
Metabolites with a VIP score > 1.8 were analyzed using a linear
mixed effects model and ANOVA model in which the fixed and
random factors were the same as those utilized for individual piglet
performance (BW and ADG), and fecal dry matter.

Regarding microbiota profile, amplicon sequence variants
(ASVs) were generated using DADA2 1.14.0 (Callahan et al,, 2016),
for the taxonomic assignment, the Silva database release 138.1 (Quast
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etal, 2013) was used as a reference. Briefly, primers were trimmed to
a consistent length: forward reads were truncated at position 290, and
reverse reads were truncated at position 220 to remove low-quality
sequences. The statistical analysis of alpha diversity indices (Shannon,
Simpson, and Chaol), beta diversity, and taxonomic composition
were performed the “phyloseq” (McMurdie and Holmes, 2013),
“Vegan” (Dixon, 2003), “Adonis” (Martinez Arbizu, 2020) and
“DESeq2” (Love et al.,, 2017) packages. Alpha diversity indices were
analyzed using an ANOVA model incorporating the same fixed and
random factors as those used in the individual performance analysis.
A Euclidean distance matrix was computed from the variance
stabilizing -transformed abundance table and used to perform
Principal Coordinates Analysis (PCoA) using the “ordinate”
function in phyloseq. The beta diversity was calculated and plotted
using a non-parametric multidimensional scaling plot; the differences
were tested using a PERMANOVA (Adonis.test) model with 999
permutations including the same factors used for alpha diversity,
except for pen, which was treated as a fixed effect. Pairwise contrast
was made using the pairwise Adonis function. Differences in
taxonomic composition between treatments were tested using the
“DESeq2” package, aggregating data at the genera level. For data
normalization and to reduce the dependence of variance on the mean,
the variance stabilizing transformation was applied using the
“varianceStabilizingTransformation” function from the DESeq2
package. Pairwise comparisons between experimental groups were
performed using the “results” function with contrasts specified for
each comparison. Differentially abundant genera were identified
based on an adjusted p-value (Benjamini-Hochberg false discovery
rate, FDR) < 0.05, and results were expressed as log, fold changes
(log,FC) between groups. A correlation analysis was performed
between the significantly different bacterial genera and metabolites
derived by the pairwise comparisons between groups. Correlations
were computed using Spearman’s rank correlation coefficient as
implemented in the “microbiome” package. Statistical significance
was assessed by two-sided testing, and p-values were corrected for
multiple testing using the Benjamini-Hochberg FDR procedure.
Results were expressed as least-squares means and standard error
of the mean (SEM). A difference was declared significant when p-
value (p) < 0.05 and tendency when 0.05 < p < 0.10.

3 Results
3.1 Health, performance and behaviors

Throughout the experimental period, mortality rates were 1.87%
in the CTR group, 2.57% in the SO group, and 1.86% in the EX_SO
group, showing no difference between the experimental groups.

Piglets fed the CTR diet and those receiving the SO and EX_SO
diets exhibited no significant differences in BW at all the timepoints
and similar ADG during the periods d0 to d7, d7 to d28, and dO to
d28 (Table 2). Parameters related to FI and F:G did not show any
significant variations among the dietary groups, except for a
tendency in F:G from day 0 to day 28, where piglets from the SO
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TABLE 2 Effects of replacing corn with sorghum or extruded sorghum
and sex on individual body weight and average daily gain of pigs from
weaning to four weeks post-weaning.

P-values®

Dietary treatments

SEM

SO EX_SO Diet Sex

Body weight, kg

do 6.58 6.60 6.67 0.117 = 0.66 0.10

d7 8.05 8.30 8.04 0.354 | 0.84 0.09

d28 15.50 16.00 15.70 0.656 | 0.82 0.46
Average daily gain, g/d

do to d7 200 244 203 193 020 0.03

d7 to d28 358 373 367 14.1 0.78 073

do to d28 318 340 326 108 033 0.62

CTR, control diet included corn (Phase I = 7%; Phase II = 10%); SO, Sorghum-based diet in
which 100% of the corn was replaced with non-extruded sorghum; SO, Extruded Sorghum-
based diet in which 100% of the corn was replaced with extruded sorghum; d0, weaning day;
d7, 1 week post-weaning; d28, 4 weeks post-weaning;

"The reported P-values indicate the overall effect of dietary treatment and sex.

*Y Values within a row with different superscripts tend to differ (0.05 < p < 0.10).

group tended to have better feed conversion compared to the CTR
group (P = 0.09; Table 3).

Regarding BMs, ear and tail LSI, as well as air gas
concentrations, the results did not reveal significant differences
between piglets fed with CTR diet and those receiving the
experimental diets (Tables 4 - 6, respectively).

TABLE 3 Effects of replacing corn with sorghum or extruded sorghum
on feed intake and feed to gain per pen of pigs from weaning to four
weeks post-weaning.

Dietary treatments

CTR SO EX_SO

Feed intake, g

do to d7 243 262 235 9.4 0.18
d7 to d14 409 381 390 33.1 0.83
d14 to d28 606 631 607 15.6 0.48
d7 to d28 540 546 533 15.7 0.84
do to d28 464 458 474 133 0.68

Feed-to-Gain ratio

do to d7 1.20 1.09 1.20 0.100 0.67
d7 to d28 1.50 1.47 1.47 0.039 0.73
do to d28 146 * 1407 1417 0.019 0.09

CTR, control diet included corn (Phase I = 7%; Phase II = 10%); SO, Sorghum-based diet in
which 100% of the corn was replaced with non-extruded sorghum; SO, Extruded Sorghum-
based diet in which 100% of the corn was replaced with extruded sorghum; d0, weaning day;
d7, 1-week post-weaning; d14, 2 weeks post-weaning; d28, 4 weeks post-weaning.

! The reported P-values indicate the overall effect of dietary treatment.

*¥ Values within a row with different superscripts tend to differ (0.05 < p < 0.10).
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3.2 Dry matter percentage in the feces

Fecal dry matter content tended to be influenced by diet at d28
(P =0.08), with a lower tendency in piglets of CTR group compared
to SO group (Figure 1). No significant differences were detected on
the other sampling timepoints.

3.3 Metabolomic profile of the feces

Figure 2 presents the results of multivariate analyses (PLS-DA)
evaluating the impact of diet on the fecal metabolomic profile at d7
and d28. As shown in the left section of the figure, the samples were
partially separated into the three experimental groups (CTR, SO,
and EX_SO) at each time point and the most separated group were
CTR vs EX_SO by PC1 (10.7% of explained variance at d7; 26.1% of
explained variance at d28), while the SO group samples were
located in between the two clusters of CTR and EX_SO.

On d7, the CTR group was characterized (VIP score > 1.8) by a
higher abundance of phenylalanine, while the EX_SO group was
characterized by a higher abundance of 2-oxoglutarate, acetoin, 2-
methyl-3-keto, and 3-methyl-2-oxo. The ANOVA analysis on d7
revealed that the CTR group had a significantly higher
concentration of phenylalanine (p = 0.05; Supplementary
Table 1), along with significantly a lower concentration of acetoin
(p < 0.01) compared to the EX_SO group. Additionally, the CTR
group showed lower levels of 2-oxoglutarate (p < 0.01), 2-methyl-3-
keto (p < 0.01) and 3-methyl-2-oxo (p < 0.01) when compared to
both the SO and EX_SO groups.

At d28, the CTR group was characterized (VIP score > 1.8) by a
higher abundance of xanthine, while the SO group was enriched in
methionine. Conversely, the EX_SO group showed increased levels
of butyrate, 3-phenylpropionate, propionate, and valerate. The
ANOVA model confirmed that the CTR group exhibited a higher
concentration of xanthine (p < 0.01) and methionine (p = 0.01), and
lower concentrations of butyrate (p < 0.01) compared to the EX_SO
group. Conversely, the EX_SO group had higher concentrations of
3-phenylpropionate (p < 0.01), propionate (p < 0.01), and valerate
(p < 0.01) compared to both the CTR and SO groups.

3.4 Microbiota profile of the feces

The sequencing process produced 4°516°427 reads. As a
preliminary verification, rarefaction curves were plotted
(Supplementary Figure 1), showing the number of species in
relation to the sample size of the sequence. Overall, all samples
reached a plateau, suggesting good sequencing efficiency and
indicating that the procedure captured all the taxonomic variability
present. At d7, the DADA2 algorithm identified a total of 1,900
amplicon sequence variants, belonging to 15 phyla (mainly Firmicutes
87.29 + 2.57% and Bacteroidota 8.90 *+ 0.64%), 63 families
(predominantly Lactobacillaceae 27.2 + 7.67%, Lachnospiraceae 22.6
+ 1.22%, and Clostridiaceae 11.0 + 5.65%), and 181 genera (mainly
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TABLE 4 Effects of replacing corn with sorghum or extruded sorghum
on behavioral animal-based measures per pen of pigs from weaning to
one week to four weeks post-weaning.

Dietary treatments

Behavioral animal-
based measure, %

CTR SO EX_SO

Resting

d7 3470 | 3230 37.30 5.760 0.83

d14 43.60 | 34.80 37.80 5.110 0.63

d28 26.10 = 37.90 29.20 6.280 0.42
Abnormal

d7 268 | 437 2.07 1.530 0.57

d14 2.44 1.10 2.08 0.659 0.37

d28 3.68 | 451 2.87 0.625 0.23
Positive interaction

d7 627 | 845 6.20 1.300 0.42

di4 658 | 8.29 6.95 1.120 0.55

d28 1260 10.60 12.90 3.210 0.86
Negative interaction

d7 3.63 | 648 4.00 2.900 0.76

d14 443 | 5.06 2.83 0.972 0.30

d28 423 | 4.83 3.84 0.864 0.73
Exploring enrichment material

d7 4.01 6.36 14.41 5.450 0.41

d14 235 | 297 2.88 0.617 0.75

d28 600 | 6.62 6.22 3.260 0.99
Exploring the pen

d7 28.10 | 26.20 21.10 7.250 0.78

d14 29.10 | 38.50 33.60 6.490 0.60

d28 3050 | 1830 27.80 4.490 0.19
Others

d7 2050 | 15.90 14.90 4.350 0.64

d14 1150 11.50 11.60 1.970 1.00

d28 1690  17.30 17.10 2.850 1.00

CTR, control diet included corn (Phase I = 7%; Phase II = 10%); SO, Sorghum-based diet in
which 100% of the corn was replaced with non-extruded sorghum; SO, Extruded Sorghum-
based diet in which 100% of the corn was replaced with extruded sorghum; d7, 1 week post-
weaning; d14, 2 weeks post-weaning; d28, 4 weeks post-weaning.

! The reported P-value indicate the overall effect of the dietary treatment.

Lactobacillus 21.6 + 13.64%, Clostridium sensu stricto 1 10.7 + 6.41%,
Blautia 6.9 + 1.86%, Ruminococcus torques group 4.6 + 2.76%,
Lactobacillaceae_ HT002 4.5 + 2.76%, and Subdoligranulum 4.09
+ 1.61%).

At d28, the DADA2 algorithm identified a total of 2,829
amplicon sequence variants, belonging to 18 phyla (mainly
Firmicutes 82.5 + 1.26% and Bacteroidota 10.0 + 0.19%),

Frontiers in Animal Science

10.3389/fanim.2025.1670477

67 families (predominantly Lachnospiraceae 19.3 + 0.45%,
Clostridiaceae 13.6 + 4.27%, Lactobacillaceae 13.3 + 5.40%, and
Ruminococcaceae 8.6 + 0.36%), and 186 genera (mainly
Clostridium sensu stricto 1 13.4 + 4.57%, Lactobacillus 11.9 +
8.65%, Blautia 5.7 + 0.86%, Terrisporobacter 4.1 + 2.36%,
Subdoligranulum 3.6 + 0.69%, Oscillospiraceae UCG-005 3.0 *
0.31%, Prevotella_9 2.8 + 0.36%, Faecalibacterium 2.06 + 0.40%,
Agathobacter 1.80 + 0.42%, and Rikenellaceae RC9 gut group 1.75
+ 0.11%).

Microbiota analysis revealed no significant effects of dietary
treatments on alpha diversity indices (Shannon, InvSimpson,
Chaol) across the two timepoints (d7 and d28; Figure 3). Beta
diversity was also unaffected by the experimental diets at d7 (R* =
0.05, p = 0.11; Figure 4A), while at d28, the dietary treatment
showed a significant effect (R* = 0.05, p = 0.05; Figure 4B), with
pairwise comparisons indicating a significant difference between the
CTR and SO groups (p = 0.03). Taxonomic analysis at genus level
revealed that at d7, the genus Oscillospira (log,FC: 4.39, p -adj <
0.01; Figure 5) was more abundant in the CTR group compared to
the EX_SO group. At d28, Olsenella (log,FC: 2.49, p -adj < 0.01) was
more abundant in the CTR group compared to the SO group.
Additionally, Olsenella (log,FC: 2.34, p -adj = 0.01) and
Ligilactobacillus (log,FC: 3.94, p -adj = 0.01) were more
abundant, whereas Anaerovoracaceae_Family XIII UCG-001
(log,FC: -3.73, p -adj = 0.01) was significantly less abundant in
the CTR group than in the EX_SO group. Additionally,
Shuttleworthia (log,FC: 2.17, p -adj = 0.02) and Syntrophococcus
(log,FC: 16.22, p -adj < 0.01) were more abundant in the SO group
compared to the EX_SO group.

3.5 Correlation analysis between
metabolites and microbial taxa of the feces

On d7, no significant correlations were detected between
bacterial genera and metabolites. Figure 6 shows the significant
correlations between bacterial genera and metabolites identified on
d28. Ligilactobacillus was positively correlated with xanthine (r =
0.56, p = 0.02) and negatively correlated with 3-phenylpropionate (r
= -0.50, p = 0.03). Olsenella showed positive correlations with
glutarate (r = 0.54, p = 0.02) and thymine (r = 0.51, p = 0.03).
Anaerovoracaceae Family XIII UCG-001 was positively correlated
with butyrate (r = 0.51, p = 0.03).

4 Discussion

Complete replacement of corn (up to 10%), in both non
—extruded and extruded forms, did not impair growth
performance and survivability in post-weaning piglets. These
findings align with those of Chae et al. (2000) and Rodrigues
et al. (2016) who showed that fully substituting corn with
sorghum did not compromise growth during the post-weaning
period. In their study, ADG was not affected by dietary treatments,
indicating that sorghum supports growth rates comparable to corn.
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TABLE 5 Effects of replacing corn with sorghum or extruded sorghum
on behavioral animal-based measures per pen of pigs from weaning to
four weeks post-weaning.

Dietary treatments

Lesion Score
Index

CTR SO EX_SO
Ears
d7 71.80 | 83.60 81.90 16.5 0.86
d28 4240 | 39.80 39.20 11.1 0.98
Tail
d7 0.54 1.10 2.17 0.87 0.44
d28 7120 | 104.90 98.90 37.0 0.79

CTR, control diet included corn (Phase I = 7%; Phase II = 10%); SO, Sorghum-based diet in
which 100% of the corn was replaced with non-extruded sorghum; SO, Extruded Sorghum-
based diet in which 100% of the corn was replaced with extruded sorghum; d7, 1 week post-
weaning; d28, 4 weeks post-weaning.

! The reported P-value indicate the overall effect of the dietary treatment.

TABLE 6 Effects of replacing corn with sorghum or extruded sorghum
on air carbon dioxide and ammonia per pen of pigs from weaning to
four weeks post-weaning.

Dietary treatments
CTR SO EX_SO

Carbone dioxide, Vol%

Air gas

d7 0.096 0.111 0.098 0.015 0.75

d14 0.117 0.107 0.117 0.011 0.76

d28 0.206 0.188 0.194 0.029 0.91
Ammonia, ppm

d7 3.71 5.79 1.38 1.93 0.32

d14 2.00 4.08 2.17 1.75 0.66

d28 9.42 9.67 8.75 143 0.90

CTR, control diet included corn (Phase I = 7%; Phase II = 10%); SO, Sorghum-based diet in
which 100% of the corn was replaced with non-extruded sorghum; SO, Extruded Sorghum-
based diet in which 100% of the corn was replaced with extruded sorghum; d7, 1 week post-
weaning; d14, 2 weeks post-weaning; d28, 4 weeks post-weaning.

! The reported P-value indicate the overall effect of the dietary treatment.

Additionally, Chae et al. (2000) observed that piglets receiving
extruded grains, regardless of whether the grains were corn or
sorghum, achieved a better F:G ratio and consumed less feed from
weaning until 33 days post-weaning. This suggests a modest
improvement in efficiency associated with extrusion processing.
In our study, extrusion of sorghum did not produce statistically
significant improvements of the piglets’ performance. Extrusion
process is often associated with improved nutrient availability
(Rodrigues et al., 2016; Liu et al, 2013). However, the cooling
temperature following extrusion may lead to the retrogradation of
sorghum starch resulting in an increase in resistant starch content
in EX_SO diet, which in turn, could reduce its digestibility (Xie
et al, 2014). In addition, in the present study, a trend for better F:G
ratio was observed in the SO group compared with the CTR group
considering the total period (d0-d28). This slight effect may be due
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to the properties of sorghum starch. In fact, starch is found inside
the endosperm of cereals, enmeshed in a protein matrix. This
matrix is particularly strong in sorghum due to the starch-kafirin
(most bunt protein in the matrix) relationship (Haziman et al,
2025). This starch-kafirin complex in sorghum may reduce the
velocity of starch digestibility, leading to better nutrient absorption
in post-weaning piglets.

In line with this trend, increased fecal dry matter content in SO-
fed compared to the CTR-fed piglets at d28 was observed. This may
reflect enhanced water reabsorption, potentially indicating more
efficient nutrient absorption and a reduced incidence of diarrhea in
the SO group (Pedersen et al., 2012; Vente-Spreeuwenberg et al.,
2003). However, a study by Pan et al. (2021) reported negative
effects of corn replacement with sorghum during the post-weaning
phase, including impairments in gut health. The discrepancy
between the findings of the present study and those reported by
Pan et al. (2021) is likely attributable to differences in the sorghum
varieties used, as certain types contain higher levels of anti-
nutritional factors, such as tannins, which can negatively impact
gut health and nutrient digestibility and performance (Girard and
Bee, 2020; Pan et al., 2022). It is indeed important to note that in
this study, white sorghum of European origin, characterized by a
tannin content of < 0.4% was used, whereas in the study by Pan et al.
(2021), the authors used non-European cultivars.

Building upon the previously discussed findings on dry matter,
we included metabolomic and fecal microbial analysis to gain
deeper insights into the physiological adaptations induced by
replacing corn with sorghum post-weaning piglet diet, thereby
assessing its impact on gut health.

Notably dietary treatment led to a more impactful effect on
microbiota and gut metabolites at d28 than at d7. The lack of
significant results on alpha and beta diversity of the microbiota at
d7 for the microbiota suggests that microbial community require
more time to adapt to a different diet. In contrast, some changes were
observed in the metabolome on d7. This discrepancy in the outcomes
obtained between the two omics approaches can be attributed to the
intrinsic characteristics of the techniques themselves. Specifically, it
should be noted that metabolomics is able to capture more rapid
fluctuations within the environment, whereas 16S analysis provides
information on relative abundances without revealing the actual
activity of the microorganisms (Go et al., 2024). Notably, on d 7,
fecal phenylalanine levels were higher in CTR piglets compared to
EX_SO piglets. The excess phenylalanine in the feces of CTR animals
suggests less efficient amino acid utilization or limited microbial
degradation of this aromatic amino acid during early post-weaning
period (Beaumont et al., 2020). On the other side, the EX_SO group
was characterized by an increase in metabolite derived by BCAAs
fermentation such as 2-ketoacids (e.g. 2-methyl-3-keto, 3-methyl-2-
0x0), suggesting a lack of absorption of BCAAs in the small intestine.
Furthermore, the increase in these compounds may also have favored
their decarboxylation and thus an increase in pyruvate metabolism,
which manifested itself in an increase in acetoin (a by-product of
pyruvate fermentation).

The correlation analyses between microbial taxa and
metabolites did not reveal meaningful associations at this early
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FIGURE 1

Effects of replacing corn with sorghum or extruded sorghum on fecal dry matter percentage from weaning to one-week post-weaning (d7) and four
weeks post-weaning (d28). Fecal samples (45 per timepoint, 15 per experimental group) were collected from the same piglets at 1 and 4 weeks
post-weaning. CTR, control diet included corn (Phase | = 7%; Phase Il = 10%); SO, Sorghum-based diet in which 100% of the corn was replaced with
non-extruded sorghum; SO, Extruded Sorghum-based diet in which 100% of the corn was replaced with extruded sorghum; P, The reported P-value
indicates the overall effect of the dietary treatment. d7 = 1 week post-weaning; d28 = 4 weeks post-weaning.
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stage. Although Oscillospira was more abundant in the CTR group
compared to EX_SO, this genus was not correlated with any of the
metabolites identified, indicating a lack of functional association at
this stage. This genus, is generally associated with fiber fermentation
and positive colonic health (Den Besten et al., 2013; Slavin, 2013;
Siddiqui and Cresci, 2021; Zhao et al., 2018). Its increase in the CTR
group, together with the absence of severe diarrhea and no
difference in the dry matter at d7 suggested good gut health of
the CTR group, beside the higher concentration in phenylalanine
(Tao et al., 2015).

Differences in microbial and metabolomic profile were most
evident on d28. Although no significant dietary effects on alpha
diversity indices (Shannon, Inverse Simpson, Chaol) were
observed, suggesting that the overall richness and evenness of
microbial species were maintained across all treatments (Yu et al.,
2024), a significant effect of dietary treatment on beta diversity
emerged, with distinct microbial community shifts between the
groups. Differences in the taxa abundance between groups were
especially evident when comparing CTR and EX_SO groups which
differs for the abundance in three taxa (Anaerovoracaceae Family
XIII UCG-001, Ligilactobacillus and Oscillospira).

Also, for the metabolome, the clustering in the groups seems
more evident (and explains a greater variance) at d28 than at d7, and
the greatest difference was found between the CTR group and the
SO_EX group. The piglets fed the EX_SO diet exhibited significantly
elevated levels of short-chain fatty acids (SCFAs) in the feces, notably
butyrate, propionate, and valerate. Butyrate serves as the primary
energy source for colonocytes, fulfilling up to 70-80% of their energy
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requirements. It supports gut barrier integrity by acidifying the
colonic lumen (lowering pH), thereby inhibiting pathogenic
bacteria, and by modulating immune and inflammatory responses
through various signaling pathways (Den Besten et al., 2013; Slavin,
2013; Siddiqui and Cresci, 2021). The higher concentration of
butyrate observed in EX_SO piglets compared to CTR might
suggest an increased butyrogenic bacterial activity, likely through
enhanced fermentation of resistant starch components that reach
the hindgut (Jha and Berrocoso, 2015). Similarly, propionate
production is often linked to bacterial fermentation of indigestible
polysaccharides such as resistant starch (Miller and Wolin, 1996).
Moreover, the observed increase in propionate levels in EX_SO
piglets, compared to both the CTR and SO groups, may indicate an
enhanced gut health. This aligns with findings by Jacobson et al.
(2018), who demonstrated that propionate produced by Bacteroides
species contributes to colonization resistance against pathogenic
bacteria such as Salmonella in a murine model. Valerate was also
found at higher concentrations in the feces of piglets fed the EX_SO
diet compared to both CTR and SO groups. Its production can
arise from the fermentation of branched chain amino acids or via the
chain elongation of propionate in the gut (Nery et al,, 2012; De Smit
et al, 2019). The observed increase in butyrate, propionate and
valerate suggests enhanced microbial fermentation of a diverse
array of substrates in the EX_SO-fed piglets, indicative of a richly
fermentative gut environment. Considering the significant more
abundant taxa observed on the EX_SO group at d28, it has been
found Anaerovoracaceae Family XIII UCG-001, a taxon within the
Clostridiales order which is associated with amino acid fermentation
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A Faecal metabolomic profile at 1 week post-weaning
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FIGURE 2

(A, B) Effects of replacing corn with sorghum or extruded sorghum on fecal metabolomic profile from weaning to one-week post-weaning (A) and
four weeks post-weaning (B). Fecal samples (45 per timepoint, 15 per experimental group) were collected from the same piglets at 1 and 4 weeks
post-weaning. PLS-DA was applied to investigate differences in the metabolome profile. Score plots of the PCs 1 and 2 were reported on the left
side. The sources of variation for the most influential metabolites were displayed based on their variable importance projection (VIP) scores. The
colored boxes on the right indicate the concentrations of the corresponding metabolite in each experimental group. VIP score > 1.8 Abbreviations:
CTR, control diet included corn (Phase | = 7%; Phase Il = 10%); SO, Sorghum-based diet in which 100% of the corn was replaced with non-extruded
sorghum; SO, Extruded Sorghum-based diet in which 100% of the corn was replaced with extruded sorghum.

(Fang et al, 2012). This increase in Anaerovoracaceae Family XIII
UCG-001 could be partially consistent linked with the rise in valerate
observed in the EX_SO group. However, this hypothesis was not
supported by the correlation analysis. Nevertheless, the correlation
analysis showed a positive correlation between Anaerovoracaceae
Family XIII UCG-001 and butyrate, suggesting that this taxon
contributed to the higher SCFA level detected in EX_SO piglets.
However, this taxa is uncultured and known only from sequencing
data, identified at best to the family level. This limits biological
interpretation and the assignment of specific metabolic functions
(Kamble et al., 2020). Overall, the presence of more fermentative
metabolites in the feces of SO_EX may be primarily driven by the
extrusion process of sorghum that led to an increase in retrograded
starch. This form of resistant starch can develop when heat
treatments such as extrusion are followed by cooling (Chang et al,
2021). In the EX_SO group, such processing likely induced partial
starch gelatinization, with subsequent retrogradation increasing the
resistant starch content. This indigestible fraction bypasses enzymatic
digestion in the small intestine and undergoes microbial fermentation
in the colon, potentially altering bacterial metabolites production
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(Piecyk et al,, 2018; Jha and Berrocoso, 2015). Therefore, the observed
variations in SCFAs profile may reflect both the intrinsic properties of
the cereal and processing-induced modifications to starch structure
and fermentability in the hindgut. However, this remains a
hypothesis, as specific analysis on digestibility and resistant starch
levels in diets were not performed in the present study. Additionally,
the EX_SO group’s feces had elevated 3-phenylpropionate compared
to the other experimental diets. 3-phenylpropionate is a microbial
metabolite that can derive both from the catabolism of aromatic
amino acids such as tyrosine and phenylalanine (Li et al., 2024), and
from the microbial degradation of plant phenolics (such as those
abundant in sorghum) into benzoic-acid derivatives. It has been
associated with greater microbial diversity, and beneficial metabolic
profiles in humans (Pallister et al., 2017) and enhanced the intestinal
epithelial barrier in mice model (Hu et al., 2023). In our context, an
elevated 3-phenylpropionate level suggests that extrusion may have
made sorghum’s polyphenols more accessible to gut bacteria,
resulting in greater production of this phenolic metabolite. This
could be beneficial, as it implies detoxification of potentially anti-
nutritional phenolics and generation of metabolites that correlate
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(A, B) Effects of replacing corn with sorghum or extruded sorghum on alpha diversity indices (Chaol, Shannon, InvSimpson) of fecal samples from
piglets at one (A) and four weeks post-weaning (B). Fecal samples (45 per timepoint, 15 per experimental group) were collected from the same
piglets at 1, and 4 weeks post-weaning. CTR, control diet included corn (Phase | = 7%; Phase Il = 10%); SO, Sorghum-based diet in which 100% of
the corn was replaced with non-extruded sorghum; SO, Extruded Sorghum-based diet in which 100% of the corn was replaced with extruded

sorghum.

with improved gut ecosystem function (Salazar Lopez et al., 2016;
de Sousa et al., 2019), however these beneficial effects did not reflect
into better survivability and performance of EX_SO group.
Notably, CTR feces had higher xanthine and methionine
compared to the EX_SO group. The metabolic consequence of
elevated methionine and xanthine in the hindgut is noteworthy:
microbes can ferment excess methionine and xanthine, producing of
sulfur and nitrogen metabolites, that, if excessive, might disrupt
colonic health (Wolf et al., 2021; Richardson et al., 2013). However,
in CTR piglets, the fact that methionine and xanthine remained in
those forms (rather than fully broken down) might imply limited
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microbial activity on the utilization of those substrates. Interestingly,
the CTR group showed significantly higher abundances of
Ligilactobacillus genera compared with the SO_EX group. This
genus showed a positive correlation with xanthine and a negative
correlation with 3-phenylpropionate (which was lower in the CTR
fecal samples). Interestingly, some strain of Ligilactobacillus (CECT
30632 and MPac32) were found to be able to produce xanthine form
guanosine suggesting that these strains possess purine nucleosidases
(Rodriguez et al., 2023). This property makes these strains attractive
candidates for use as human probiotics, as they are capable of limiting
the excess purines found in rich diets and preventing gout and
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(A, B) Effects of replacing corn with sorghum or extruded sorghum
on fecal microbial community composition of weaned pigs at one-
week (A) and four weeks post-weaning (B). Fecal samples (45 per
timepoint, 15 per experimental group) were collected from the same
piglets at 1 and 4 weeks post-weaning. The score plot is showing
the results of the Principal Coordinates Analysis based on the Bray-
Curtis distance matrix. CTR, control diet included corn (Phase

| = 7%; Phase Il = 10%); SO, Sorghum-based diet in which 100% of
the corn was replaced with non-extruded sorghum; EX_SO,
Extruded Sorghum-based diet in which 100% of the corn was
replaced with extruded sorghum.

hyperuricemia (Rodriguez et al., 2023). In the present context, this
property could indicate an advantage for purine reutilization and
stimulation of the “salvage pathway” driven by Ligilactobacillus in the
CTR group.

In addition, lactic acid bacteria such as Ligilactobacillus are
generally considered beneficial bacteria for pigs, and some
Ligilactobacillus strains are well recognized as beneficial probiotics for
pigs (Cuevas-Gomez et al., 2024; Alba et al,, 2023). However, in the
present study, their enrichment in CTR did not translate into
measurable improvements in gut-health. This observation is
consistent with findings that the beneficial effects of Ligilactobacillus,
particularly regarding immune modulation and pathogen defense, may
be more pronounced under challenge conditions. For instance, L.
salivarius strains isolated from the porcine gut were shown to modulate
innate immune responses and enhance protection during viral-
bacterial intestinal co-infection, but such benefits were less apparent
in non-challenged animals (Indo et al., 2021).

Looking at the difference between pigs fed the SO diet and
EX_SO, the non-extruded sorghum, showed a significantly higher
abundance of Shuttleworthia and Syntrophococcus. Both genera are
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recognized producers of SCFAs, particularly butyrate and valerate
(Liu et al, 2021; Dore and Bryant, 1989; Bryant and Kammerer,
1985). Despite that, the metabolomic analysis showed significantly
higher fecal levels of butyrate, propionate, and valerate in the EX_SO
group. This apparent inconsistency can be explained by several non-
mutually exclusive factors. First, there is substantial functional
redundancy in the gut microbiota: many different bacterial taxa
(including less-recognized butyrogenic members) possess the
metabolic pathways to produce butyrate, so community butyrate
output can remain high even without expansion of the canonical
butyrate-producing genera. Namely, multiple bacterial lineages may
compensate functionally, fermenting available substrates into
butyrate and masking changes at the taxonomic level (Vital et al,
2017). Secondly, metabolic activity is not always directly reflected by
bacterial abundance measured through 16S rRNA sequencing. In the
EX_SO piglets, certain butyrate-producing bacteria may have become
more metabolically active without a corresponding increase in their
population size (Kircher et al,, 2022). Methodological constraints of
16S rRNA gene profiling could underline the disparity between
metabolomics and microbiota data. Amplicon sequencing provides
limited taxonomic resolution (often only to the genus level) and
cannot distinguish strain-level or functional gene differences; it also
cannot reveal whether detected microbes are actively expressing
pathways of interest. As previously noted, metabolomics has the
ability to capture more rapid fluctuations than microbiota analysis.
Thus, microbial metabolic readouts and community profiles do not
always align, and integrative approaches (e.g. metagenomics and
metatranscriptomics) may be needed to fully elucidate such
discrepancies (Kamble et al., 2020). This latter aspect, alongside
digestibility, represents a major constraint in data interpretation,
and future metagenomic and physiological analyses are warranted to
clarify the underlying mechanisms.

Finally, since it can be hypothesized that dietary changes alter
nutrient digestibility, intestinal fermentation, and microbial
community and these changes can, in turn, affect the microbiota—
gut-brain axis (Rabhi et al., 2020; Trevisi et al., 2021), the piglets’
behavior and lesions were monitored during the study. It is
noteworthy that health, welfare and environmental parameters
remained unaffected by the dietary modifications in the present
study. Specifically, parameters such as BMs, ear and tail LSI, and air
gas concentrations did not exhibit significant differences between
piglets fed the CTR diet and those fed sorghum-based diets.
Similarly, Graziosi et al. (2024) reported that during the fattening
period (from 4 to 13 weeks after arrival at the fattening unit),
reducing corn by 21% (substituting it with white sorghum) resulted
in slight differences in BMs, notably leading to an increase in
exploratory behaviors of the pigs, but no significant differences in
ear and tail LSI or air gas concentrations. However, it should be
emphasized that, as the welfare and behavior of piglets in the post-
weaning period can be influenced by several factors (Palumbo et al.,
2025), which may differ from the factors influencing the behavior of
adult pigs (Palumbo et al, 2023), it is always good practice to
monitor these aspects when carrying out a feeding intervention.
The lack of difference among diets on behavior, welfare and injury
observed in the present study are in line with those observed on
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Taxonomical differences at genus level
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FIGURE 5

Effects of replacing corn with sorghum or extruded sorghum on fecal taxonomical differences at genus level from weaning to one week post-
weaning (d7) and four weeks post-weaning (d28). Fecal samples (45 per timepoint, 15 per experimental group) were collected from the same piglets
at 1 and 4 weeks post-weaning. CTR, control diet included corn (Phase | = 7%; Phase Il = 10%); SO, Sorghum-based diet in which 100% of the corn
was replaced with non-extruded sorghum; EX_SO, Extruded Sorghum-based diet in which 100% of the corn was replaced with extruded sorghum;

d7 = 1 week post-weaning; d28 = 4 weeks post-weaning.
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coefficient.

performance and suggest that the substitution of corn for sorghum
does not compromise the digestion of the diet to such an extent that
it may cause discomfort for the animals.

In conclusion, this study demonstrates that the complete
replacement of corn with sorghum, till 12% on inclusion, both non-
extruded and extruded, does not impair post-weaning piglet
performance, health, or welfare under commercial farming
conditions. On the contrary, in its non-extruded form, sorghum
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tends to improve the F:G ratio and increase the fecal dry matter
during the first four weeks post-weaning. Furthermore, environmental
parameters such as fecal NHj levels and behavioral indicators
remained unaffected, supporting the environmental and welfare
compatibility of these alternative feeding strategies. The extrusion
process modulated microbial activity and metabolite profiles.
Interpretation, however, is limited by the lack of direct
measurements of resistant starch and digestibility, and the reliance
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on 16S rRNA profiling. Future studies should quantify resistant starch
levels, measure digestibility, and integrate shotgun metagenomics
with metabolomics.
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