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Abstract

In light of global sustainability challenges and the limited availability of conventional protein
sources for livestock, it became essential to find alternative protein sources. In this context, the
reintroduction of grain legumes into crop production systems may represent a promising
strategy. Therefore, the aim of this study was to evaluate the replacement of soybean meal by
Lupinus albus, on gut microbiota modulation in weaned piglets’ diet. Twenty weaned piglets
(Landrace x Large White) were involved in the trial for 28 days. Animals were divided into two
experimental groups balanced per weight and sex: the control (CTRL, n = 10) receiving basal
diet with 7.3 % soybean meal and the treatment (LUP, n = 10) receiving 10 % of Lupinus albus
(L. albus) meal. Microbiota analysis showed a limited modulation in terms of richness and
evenness in LUP group compared to CTRL group. However, the dietary inclusion of lupin seed
meal resulted in changes in the relative abundance of several bacterial genera, with higher
abundances of Methanobrevibacter, a hydrogenotrophic methanogen associated with microbial
fermentation, as well as Allobaculum and Romboutsia, which have been associated with the
utilization of fibre and complex carbohydrates. In conclusion, the inclusion of L. albus as a
replacement for soybean meal, in piglets’ diets could represent a viable strategy to reduce
dependence on soybean protein by supporting local protein production systems, particularly
suitable for organic farming as well as for extensive livestock systems supplying local markets.

Introduction

The increasing awareness of animal welfare, environmental sustainability and food security has
reshaped agricultural practices, emphasizing the need for ethical and sustainable protein sources.
A significant challenge in this evolving landscape is food insecurity, exacerbated by the insufficient
availability of plant-based proteins for livestock. Indeed, at the European level, only 37 % of these
proteins are domestically sourced, making their importation necessary (European Commission -
Directorate-General for Agriculture and Rural Development, 2024). Among the various imported
products, soybean raises the greatest concern due to its high import rate (70 %) and the European
Feed Manufacturers’ Federation (FEFAC) call for the use of ‘responsible soy’, provided from
production sites adhering to strict sustainability guidelines (FEFAC, 2021). Additionally, under
EU organic legislation, genetically modified organisms and products produced from or by GMOs
are prohibited in organic production, which makes the sourcing of non-GM protein feed
materials particularly relevant for organic supply chains (European Commission, 2018). Despite
the difficulties, soy remains a major protein source for livestock farming (Parrini et al, 2023).
Particularly for pig farming, soy constitutes a high-quality protein source for pigs, providing
essential amino acids (EAAs) such as lysine, threonine and tryptophan, which are deficient in
common cereal grains (Jezierny et al., 2010). Although there has been a growing interest in recent
years in reducing dietary crude protein levels in swine feed while supplementing with free amino
acids (AAs), the overall demand for protein remains high (Rocha et al., 2022). This dependency
has contributed to what is known as the ‘protein gap’, with 70 % of animal feed proteins being
imported (Fitches, 2016). Given these constraints, Europe is prioritizing research into alternative
protein sources to reduce reliance on imported soybeans and enhance the sustainability of
livestock farming (Gislon ef al., 2020). One promising approach involves incorporating self-
produced high-protein ingredients, such as legumes, into livestock diets (Ghidoli et al., 2023;
Tabacco et al, 2018). Cultivating legumes in rotation with grain crops offers multiple
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environmental benefits. These include a reduced reliance on
nitrogen fertilizers due to their nitrogen-fixing ability, disruption of
pest and pathogen life cycles and increased soil organic carbon levels
(Kebede, 2021; Nemecek et al., 2008; Stagnari et al., 2017). Among
grain legumes, L. albus is of particular interest due to its high crude
protein content, favourable AA composition and adaptability to
marginal soils and low-input agricultural systems (Patterson, 2000).
White lupin seeds typically contain high levels of protein (300-
400 g/kg dry matter) and energy (3700 Kcal/kg), with lower
requirements for external inputs compared with other leguminous
crops such as peas (Pisum sativum) and faba beans (Vicia faba)
(Crépon et al., 2010; Voisin ef al., 2014). Moreover, lupin cultivation
is well suited to Mediterranean environments and organic farming
systems, where crop rotation options and protein self-sufficiency are
often limited (Voisin et al, 2014). In addition to the need to find
alternative sources of protein, animal nutrition currently focuses on
ingredients that not only meet animals’ nutritional requirements but
also promote their overall health (Frazzini et al., 2024). In pig
farming, during the weaning transition, piglets experience signifi-
cant microbial imbalances in the gut, known as dysbiosis. This
condition is characterized by a reduction in beneficial anaerobic
bacteria (such as Clostridia and Bacteroidia) and an increase in
facultative anaerobes (such as Enterobacteriaceae) (Guevarra et al.,
2019). Diet-induced dysbiosis may be a key factor predisposing
animals to post-weaning diarrhoea and the occurrence of enteric
infections. So, providing highly digestible and nutritionally rich
diets during this period is essential to support their growth and
health (Dell’Anno et al., 2024). Although lupin seeds have been used
in pig nutrition for decades (Pearson and Carr, 1976), information
regarding their effects on gut microbiota composition and nutrient
utilization in weaned piglets remains limited, particularly when
compared with other commonly used legume protein sources
(Schutkowski et al., 2019). This lack of data is especially relevant
given the physiological immaturity of the digestive system in young
piglets, which may influence their ability to efficiently utilize lupin-
based diets (Salgado et al, 2002). Beyond nutritional benefits,
integrating lupin into livestock feed could provide farmers, par-
ticularly those who use strategies focused on avoiding the use of
genetically modified organisms in food and feed (GM-free strate-
gies), with a sustainable and economically viable protein source
(Abraham et al., 2019). By investigating the impact of lupin-based
diets on gut microbiota and nutrient absorption, this study con-
tributes to a better understanding of how established feed ingre-
dients such as lupin can be strategically used to support animal
health and sustainable livestock production. Therefore, the aim of
this study was to evaluate the effects of replacing soybean meal
with L. albus in the diets of weaned piglets on faecal microbiota
composition, nutrient digestibility, growth performance and
selected blood parameters.

Materials and methods
Chemical composition of L. albus

The bromatological characterization of L. albus Tennis variety was
carried out according to the ‘Official Methods of Analysis’ (AOAC,
2023) and was used to describe the nutritional profile of the
experimental ingredient in order to include it in the experimental
diet. Trypsin inhibitor activity was measured according to
ISO 14902, with slight modifications (ISO Standard 14902, 2017).
Each experiment was performed in duplicate.
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Animal, housing, experimental design and diet formulation

The experimental trial was approved by the Animal Welfare
Organization of the University of Milan (OPBA authorization n°
4_2023) in accordance with European regulations (Dir. EU 2010/63).
The trial was conducted on a commercial farm, enrolling 20 weaned
piglets (Landrace x Large White; 28 + 2 days). The number of ani-
mals was calculated a priori using GPower Software considering gut
microbiota modulation as the primary outcome of the study,
assuming a significance level (o) of 0.05 and a statistical power of
80 %. The sample size definition considered two experimental
groups, three repeated measurements, a correlation among repeated
measures of 0.5, and a nonsphericity correction € = 1. Under these
assumptions, the estimated sample size provided adequate statistical
power to detect an effect size of Cohen’s f=10.35.

The animals, individually identified using the ear tag, were
assigned to two experimental groups (10 piglets/group) according to
a stratified randomized design, with animals stratified by initial
body weight (control: 10.11 + 1.56 kg; treatment: 10.01 £ 2.16 kg)
and sex, with an equal proportion of males and females in each
group. Piglets were housed under standardized environmental
conditions (27 °C and 60 % relative humidity) for 28 days. After a
one-week adaptation period during which all piglets received the
same commercial basal diet, the animals were fed with two
experimental isonitrogenous and isoenergetic diets for the
remainder of the trial. The diets were formulated using Plurimix
System® software (version 2.4; Fabermatica, Cremona, Italy) to meet
the nutritional requirements of weaned piglets (Table 1) (National
Research Council, 2012) and were produced by Ferraroni S.p.A.
(Bonemerse, Italy). Throughout the experimental period, feed was
provided ad libitum and supplied in meal form. Particularly, a
complementary feed, constituting 90 % of the diet, was supple-
mented with 10 % of L. albus seed meal for the treatment diet (LUP)
and with a 10 % premix (composition of final formula: 1.9 % of
barley meal, 7.3 % of soybean meal and 0.8 % of soybean oil) for the
control (CTRL). The produced experimental diets were analysed in
triplicate in terms of principal nutrients: DM, EE, CP, CF and ash
content (AOAC, 2023). The dietary inclusion level of L. albus was
selected based on nutritional and practical criteria and is consistent
with inclusion ranges previously reported in the literature (Ciurescu
et al,, 2025).

Growth performance, diarrhoea incidence and sampling
procedures

Body weight (BW) was recorded individually on the following days: 0
(T0),7 (T1),14 (T2), 21 (T3) and 28 (T4). Each pen’s feed intake was
recorded by measuring the feed refused once a week. The average
daily gain (ADG) was calculated based on individual BWs recorded
over time. Individual faecal samples from the rectal ampulla were
collected from each piglet at TO, T1, T2, T3 and T4 and stored at —20
°C for further analysis. Rectal swabs collected from each piglet at TO,
T2 and T4 were stored at —80 °C until the microbiota analysis. The
faecal consistency of each pig was scored during the faecal sampling
procedure using a four-level scale: 0 = normal consistency (faeces
firm and well-formed); 1 = soft consistency (faeces soft and formed);
2 = mild diarrhoea (fluid faeces, usually yellowish); 3 = severe
diarrhoea (faeces watery and projectile) (Rossi et al, 2023). A faecal
consistency score < 1 (0,1) was considered normal, whereas a faecal
score > 1 (2,3) was defined as diarrhoea. According to the regular
veterinarian practice, blood was collected at TO and T4 from the
jugular vein using vacuum tubes without anticoagulants to assess the
metabolic parameters of the animals.
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Table 1. Experimental diet composition and principal chemical characteristics
(%as fed basis) divided by control (CTRL) and treatment group (LUP)

Ingredients (% as fed) CTRL LUP
Barley, meal 23.98 22.08
Wheat, meal 17.01 17.01
Lupinus albus, meal 0.00 10.00
Wheat, flakes 9.99 9.99
Soybean, meal (42.8 % crude protein) 7.30 0.00
Fermented soybean concentrate 7.02 7.02
Corn, flakes 5.67 5.67
Serum fat 50 % 4.95 4.95
Corn, meal 4.50 4.50
Milk serum 3.96 3.96
Dextrose 2.97 2.97
Beet pulp 1.98 1.98
Soybean protein concentrate 1.62 1.62
Plasma, meal 1.53 1.53
Soybean, oil 1.79 0.99
L-lysine 0.62 0.62
Coconut, oil 0.60 0.60
Dicalcium phosphate 0.50 0.50
Dietary fibre 0.50 0.50
Herrings, meal 0.50 0.50
Acidifiers mix? 0.99 0.99
Vitamins and mineral premix® 0.50 0.50
Methionine DL 0.28 0.28
Calcium benzoate 0.25 0.25
Threonine 0.25 0.25
Bentonite 0.25 0.25
Sodium chloride 0.15 0.15
L-valine 96.5 % 0.11 0.11
Calcium carbonate 0.05 0.05
Enzymatic mix* 0.05 0.05
L-tryptophan 0.05 0.05
Flavour 0.05 0.05
Nutrients composition?

Crude protein (%) 17.31 17.33
Crude lipids (%) 6.66 6.57
Crude fibre (%) 3.04 3.68
Ash (%) 471 454
DE (Mcal/kg)® 3.62 3.56
Lysine (%) 1.38 133
Ileal Digestible Lysine (%) 1.38 1.33
Methionine-+cysteine (%) 1.23 1.19
Ileal Digestible Methionine+cysteine (%) 0.83 0.79

(Continued)

Table 1. (Continued)

Ingredients (% as fed) CTRL LUP
Threonine (%) 0.76 0.72
Ileal Digestible Threonine (%) 0.89 0.86
Tryptophan (%) 0.78 0.74
Ileal Digestible Tryptophan (%) 0.25 0.23
Valine (%) 0.23 0.20
Ileal Digestible Valine (%) 0.84 0.80

2Composition of acidifiers mix: E 330 Citric acid (1a) 0,17 mg, 1a238 Calcium formate 89,60 mg,
E 321 Butylhydroxytoluene (BHT) 0,34 mg, E 310 Propy! gallate 0,17 mg, 1m558i Bentonite.
2,02 mg, E 562 Sepiolite 645,68 mg, 1m558 Bentonite 2.744,00 mg.

bComposition of vitamins and mineral premix: 3a672a Vitamin A (Retinyl acetate) 16.000,00
Ul, 3a671 Vitamin D3 (Cholecalciferol) 2.000,00 Ul, 32925 Betaine hydrochloride 1.120,00 mg,
3a880 Biotin 0,22 mg, 3a890 Choline chloride 336,00 mg, 3a316 Folic acid 1,12 mg, 3a315 Ni-
acinamide 33,60 mg, 3a841 Calcium D-pantothenate 16,80 mg, 3a821 Vitamin B1 (Thiamine
mononitrate) 2,24 mg, Vitamin B12 (Cyanocobalamin) 0,03 mg, 3a825i Vitamin B2 (Riboflavin)
5,60 mg, 3a831 Vitamin B6 (Pyridoxine hydrochloride) 3,92 mg, 3a312 Vitamin C (Sodium
calcium ascorbyl phosphate) 168,00 mg, 3a700 Vitamin E (All-rac-alpha-tocopheryl acetate)
134,40 mg, 3a711 Vitamin K3 (Menadione nicotinamide bisulphite) 2,24 mg, 3b412 Copper
(Copper oxide-1) 100,00 mg, 3b202 lodine (Calcium iodate anhydrous) 1,12 mg, 3b103 Iron
(Iron sulphate-Il monohydrate) 134,40 mg, 3b502 Manganese (Manganese oxide-Il) 56,00 mg,
3b801 Selenium (Sodium selenite) 0,39 mg, 3b603 Zinc (Zinc oxide) 112,00 mg, 3¢322 L-lysine
monohydrochloride, technically pure 5.382,00 mg, 3c410 L-threonine 2.758,00 mg, 3c440 L-
tryptophan 480,00 mg.

“Composition of enzymatic mix: 4a24 6-phytase EC 3.1.3.26 (Solid form) 2.016,00 FTU, 4a1604i
Endo1,3(4)-beta-glucanase EC 3.2.1.6 1.650,00 UV, 4a1604i Endo-1,4-beta-xylanase EC
3.2.1.81.210,00 UV, 4d210 Benzoic acid 1.380,40 mg.

9The calculation was performed with Plurimix System® software (Fabermatica, Cremona,
Italy) and values are presented as fed basis.

°DE: digestible energy content estimated from NRC (2012).

Diet digestibility and mineral content of faecal samples

Faeces collected during the trial were analysed for the content of
DM and nitrogen according to AOAC method 930.15 and AOAC
method 2001.11, respectively. The nitrogen apparent digestibility
was assessed through the acid-insoluble ash marker (Sales and
Janssens, 2003) and calculated according to the following equation:

Apparent Nutrient Digestibility (%)

AIA in feed
=100x | 1— -
AIA in faeces

nutrient in faeces
nutrient in feed

For the mineral content determination, 100 mg of dried faecal
samples were digested in 10 mL of 65 % nitric acid in Teflon tubes
and heated at a one-step temperature ramp (120 °C in 10 min and
maintained for 10 min). After mineralization, samples were ana-
lysed through inductively coupled plasma mass spectrometry
(Aurora-M90 ICP-MS, Bruker Corporation, Germany). Calibration
curves were obtained for Na, Mg, Al, P, K, Ca, Cr, Mn, Fe, Co, Nj,
Cu, Zn, As, Se, Mo, Cd, T1, Pb and samples were diluted 1:100 (w/v)
in 0.3 M nitric acid. The check of nebulization performance was
performed adding an aliquot of 2 mg/L of a standard solution (72Ge,
89Y, 159TD) to the samples up to reach a final concentration of 20
pg/L. To remove the polyatomic interference a collision-reaction
interface with an H, flow of 80 mL/min through a skimmer cone
was used (Giupponi ef al., 2021).

DNA extraction from swabs and generation of 16S rRNA gene
data

According to the manufacturer’s protocol, DNA was extracted from
each rectal swab using the QIAamp PowerFaecal Pro DNA kit
(Qiagen, Hilden, Germany), and quality (260/280 ratio of ~1.8) and
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quantity were assessed using a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE, USA). The
isolated DNA was then stored at —20 °C until use. PCR amplifi-
cation was performed using the Applied Biosystem 2700 thermal
cycler (ThermoFisher Scientific) using specific primers (forward:
CCTACGGGNGGCWGCAG; reverse: GACTACHVGGGTAT
CTAATCC) for targeting the V3-V4 hypervariable regions of the
16S rRNA gene, according to Caporaso and colleagues (2011).
Samples were amplified following the condition described in the
previous study (Frazzini et al., 2023). Amplicons were cleaned with
Agencourt AMPure XP (Beckman, Coulter Brea, CA, USA), and
libraries were prepared following the 16S Metagenomic Sequencing
Library Preparation Protocol (Illumina, San Diego, CA, USA).

Demultiplexed paired-end reads from 16S rRNA-gene
sequencing were first checked for quality using FastQC (Andrews,
2010). Reads were then cleaned by removing primers and adapters
with the Python tool Cutadapt (Martin, 2011), and by trimming for
quality using the C++ tool Sickle (Joshi and Fass, 2011), with Phred
threshold >20 (i.e., the end part of the reads was removed if its
quality deteriorated). After cleaning, forward and reverse paired-
end reads were joined together using the Python pipeline Micca
(Microbial Community Analysis), specifically the function ‘merge
pairs’ with default values (i.e., minimum overlap length = 32, the
maximum number of mismatches in the overlap region=38).
Assembled reads were filtered for quality, discarding reads with
missing/uncalled bases or with an expected error rate larger than
1 % (1 error in 100 bases). All remaining reads were used to identify
amplicon sequence variants (ASV) with the denoising approach
(Rosen et al., 2012) implemented in the Micca function ‘otu’
(method ‘denovo_unoise’). Finally, the identified OTUs were
classified using the Micca function ‘classify’ to assign taxa as
annotated in the 16S rRNA database of Ribosomal Database Project
(Wang et al., 2007): the minimum confidence value to assign tax-
onomy to a sequence was 0.8. ASV with fewer than 15 counts in less
than 3 samples have been filtered out of the ASV table. Microbial
richness, diversity and evenness within samples were estimated
using the following indices: Chaol and ACE for richness; Shannon,
Simpson and Fisher alpha for diversity; and Simpson E and Pielou ]
(Shannon evenness) for evenness. Among-sample diversity was
quantified using the Bray-Curtis index. Before calculating the Bray-
Curtis index, OTU counts were normalized for nonuniform
sequencing depth using cumulative sum scaling.

Blood serum analyses of serum metabolites and mineral
levels

The blood samples collected were centrifuged at 3000 rpm for 15
minutes at 4 °C, and the serum was collected. The serum was then
analysed by the Istituto Zooprofilattico Sperimentale della
Lombardia ed Emilia Romagna (IZSLER, Brescia, Italy), using a
multiparametric autoanalyser for clinical chemistry (ILab 650;
Instrumentation Laboratory Company, Lexington, MA, USA). The
parameters taken into account were: calcium (mmol/L), aspartate
aminotransferase (AST-GOT; IU/L); alanine aminotransferase
(ALT-GPT; IU/L), total protein (g/L), albumin (g/L), globulin (g/L),
albumin/globulin (A/G ratio), urea (mmol/L), glucose (mmol/L),
total bilirubin (pmol/L), total cholesterol (mmol/L), phosphorus
(mmol/L) and magnesium (mmol/L), alkaline phosphatase (IU/L).

The analyses for the detection of mineral content in blood
serum were performed according to the methodology described by
Laur et al. (2020), for comparative analysis of the trace element
concentrations of Na, K, Al, P, Se, Cu, Mn, Ca, Fe, Mg, Co, Mo, Cd,

Matteo Santoru et al.

Pb, Zn, Cr, Ni. An Agilent 7900 ICP-MS (Agilent Technologies,
Tokyo, Japan) equipped with standard nickel cones, connected to a
SPS 4 Autosampler (Agilent Technologies, Tokyo, Japan) was used
for all measurements. All measurements were performed in trip-
licates from each vial (Laur et al., 2020).

Statistical analysis

Data analysis was performed with GraphPad Prism software
(version 9.00). The normality of data distribution was tested using
the Shapiro-Wilk test, and homoscedasticity was verified with
Bartlett’s test. Individual (BW, ADG) and faecal score data were
analysed using a full factorial model. The model included fixed
effects for treatment, time and their interaction (Treatment: Trt,
Time: Time, Interaction: Trt * Time). Additionally, the subject was
considered a random factor, and the fixed effect of sex was initially
included but removed due to its lack of significance in reducing
degrees of freedom. Average daily feed intake (ADFI) and gain to
feed ratio (G:F) were calculated at the pen level, as piglets were
group-housed (one pen per treatment). Therefore, these param-
eters are reported as descriptive values only, and no statistical
analysis of treatment effects was performed, as the pen was the
experimental unit. Covariate matrix of protein digestibility, serum
metabolites, serum and faecal minerals was used for the mixed
procedure of SAS software in order to correct for the initial
variability. Treatment effects were subsequently evaluated at the
different experimental time points, with all comparisons adjusted
for baseline values. Multiple comparisons among groups at each
time-point were evaluated by performing Tukey’s Honest
Significance Difference test (Tukey’s HSD) or Sidak’s correction
for reducing the probability of increasing alpha error due to
multiple comparisons over time. For the gut microbiota, a linear
model was used to analyse the differences between groups in terms
of alpha diversity indices, including the fixed effect of time,
treatment and their interaction; the single pig was considered as the
experimental unit and included as a random effect. Specifically,
differences between treatments in terms of alpha diversity indices
and ASV abundance were assessed using a within-timepoint linear
model: y; = p + T + ¢, where y;; represents the alpha diversity
index value or the normalized ASV count of the i-th sample in the
j-th treatment group; u is the overall mean; T; is the fixed effect of
treatment (CTRL or treated group); and e;; is the random residual
error term. Beta diversity was evaluated using the Bray-Curtis
dissimilarity matrix. Principal coordinate analysis based on Bray—
Curtis distances was performed to visualize differences in microbial
community structure between treatments and timepoints.
Subsequently, pairwise comparisons between groups were sta-
tistically assessed using permutational multivariate analysis of
variance (PERMANOVA), non-parametrically performed with the
adonis function from the vegan package in R (Oksanen et al., 2020).
The data were considered statistically different for p < 0.05. Results
are presented as means + standard error or standard deviation.

Results
Chemical composition of lupins and experimental diets

The chemical composition of L. albus Tennis variety seeds dis-
closed a content of: 8.90 £ 0.8 % of moisture, 42.30 + 1.2 % of CP;
11.18 £ 0.25 % of CF; 9.64 + 0.35 % of EE; 3.47 £ 0.57 % of ashes;
230+ 0.3 % of starch on dry matter basis (Table 2). TIA assay
showed an inhibition capacity of 2.10 £ 1.1 %. The inclusion of 10
% L. albus seed meal as a replacement for soybean meal resulted in

Downloaded from https://www.cambridge.org/core. IP address: 192.167.111.15, on 23 Oct 2026 at 07:22:12, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/50021859626100896


https://doi.org/10.1017/S0021859626100896
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

The Journal of Agricultural Science

Table 2. Analysed nutrient profile of the experimental diets and L. albus used in
this trial administered to control (CTRL) and lupin (LUP) groups (% as dry matter
basis)

Table 3. Zootechnical performances of control (CTRL) and lupin (LUP) groups
during the trial

P-value
CTRL LUP L. albus meal
Performance Trt *
Crude protein 18.4+0.95 19.5+0.80 42.3+1.20 index CTRL LUP Trt Time Time
Ether extract 7.70 £0.446 7.10£0.027 9.64 £0.35 BW (kg) <0.001  <0.001 0.025
Crude fibre 6.63 £0.757 6.08 £0.314 11.2+0.25 T0 10.1+1.56 10.0+2.16
Ashes 6.15+£0.914 5.38+£0.294 3.47+0.57 T1 13.4+2.26 10.9 £2.65
Data are shown as means * standard error. T2 16.7+3.68 12.5+3.65
T3 214£3.99°  15.0#£5.12°
only minor changes in the overall nutrient composition of the T4 24.8+4.42°  17.6+5.86
e).(perlmental diets, which 'r?malned isoenergetic and iso- ADG (g/d) 0001 0005 0547
nitrogenous and met the nutritional requirements of the animals
(Table 2). TO-T1*** 466+126.9%  121+82.5°
T1-T2** 470£248.7%  237:154.7°
Growth performance T2-T3*** 589+115.6° 278+186.4°
Piglets’ growth registered significant differences from 21 to 28 days T3-T4 572+105.4 348 +143.7
of trial between the experimental groups (p < 0.05). In particular, ADFI (g/d)
the LUP group showed a lower BW at T3 and T4 than the CTRL &
group (p < 0.001; Table 3). Accordingly, ADG showed a higher T0-T1 1030 661
value in CTRL compared to the LUP group during the entire trial T1-T2 1071 636
period (p < 0.001). Lupin inclusion was associated with a lower
. . . T2-T3 1044 711
ADFI in the LUP group during the first part of the experimental
period compared with the CTRL group. However, feed intake in T3-T4 737 1289
the LUP group progressively increased over time, reaching higher G:F
numerical values than the CTRL group during the final exper-
. . o . . . TO-T1 0.452 0.1840
imental interval. Similarly, the gain:feed ratio (G:F) was numeri-
cally lower in the LUP group compared with the CTRL group T1-T2 0439 0.3730
throughout the experimental period. T2-T3 0.564 0.3910
T3-T4 0.776 0.2701

Faecal score and faecal dry matter

Considering the evaluation of the average faecal score between
the two groups, no differences were observed during the entire
trial, indicating a faecal consistency profile that falls within the
physiological range in both CTRL and LUP groups. In accor-
dance with the faecal score assessment, faecal dry matter was not
affected by dietary treatment throughout the experimental
period (Table 4).

Protein digestibility, faecal nitrogen and mineral content

No differences in protein ATTD were observed between the CTRL
and LUP groups at baseline (T0). However, from T2 onward,
protein digestibility increased in the CTRL group, while it
remained relatively unchanged in the LUP group, resulting
in significantly higher ATTD values in CTRL at both T2 and T4
(P <0.01). Faecal nitrogen content was not significantly affected by
dietary treatment throughout the experimental period (Table 5).

Quantitative analysis of the mineral content in faecal samples,
performed after 28 days of intervention, showed no statistically
significant differences between experimental groups (P > 0.05), as
detailed in Table 6.

Gut microbiota analysis

The alpha diversity analysis revealed no differences in the gut
microbiota of the two experimental groups during the trial
(Figure S1). Beta diversity analysis showed significant effects of
both treatment and sampling time (PERMANOVA). An overall

BW: body weight; ADG: average daily gain; ADFI: average daily feed intake; G:F: gain-feed ratio;
T0, T1, T2, T3 and T4 indicate sampling times corresponding to days 0, 7, 14, 21 and 28 of the
trial, respectively; Trt: Treatment. Data are shown as means + standard error.

Asterisks indicates significant differences: **P-value < 0.01; ***P-value < 0.001. Means with
different lowercase letters (a, b) differ significantly.

separation between CTRL and LUP groups was observed (P < 0.01;
Figure 1). A difference between groups was already detectable at
baseline (T0; P = 0.020), reflecting initial inter-individual micro-
biota variability rather than a treatment effect. Over time, microbial
community structure significantly diverged between groups at T2
(P = 0.019) and T4 (P = 0.001), indicating a diet-associated
modulation of microbiota trajectories. Regarding the taxonomic
analyses, at the phylum level, in both groups, most of the reads
belonged to Firmicutes, accounting for 59.7 % of the average
microbial composition, followed by Bacteroidota and Proteobacteria
(Figure 2). Moreover, taxonomic analysis revealed a shift in the
composition of the microbial population over the course of the trial.
Specifically, several genera belonging to the families Prevotellaceae,
Lachnospiraceae, Lactobacillaceae, Ruminococcaceae, Veillonella-
ceae, Erysipelotrichaceae, Methanobacteriaceae, Clostridiaceae,
Porphyromonadaceae, Enterobacteriaceae, Spirochaetaceae and
Bacteroidaceae showed statistically significant differences between
the LUP group and the CTRL group at both T2 and T4 (P < 0.05).
Among these, some genera were significantly different at both
time points. In particular, Veillonella, Turicibacter, Romboutsia,
Methanobrevibacter, Cloacibacillus and Aerococcus showed an
increased relative abundance at T2 and T4, whereas Clostridium
XVIII and Bifidobacterium decreased over time (P < 0.05).
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Table 4. Faecal score and faeces dry matter of control (CTRL) and lupin (LUP)
groups during the trial

Matteo Santoru et al.

Table 6. The mineral content of faecal samples of control (CTRL) and lupin
(LUP) groups at T4 (28 days) expressed as g/kg of dry matter

P-value
Trt *

CTRL LUP Trt Time Time
Faecal 0.820  0.520 0.950
score
T0 1.20+0.632 1.20+0.918
T2 1.20£0.635 1.10+0.316
T4 1.00+£0.000  1.00+0.000
DM faeces 0.010  0.007 0.510
T0 23.8+4.82 26.3+6.39
T2 27.8+2.79 31.9+4.77
T4 26.7+1.56 28.1+3.86

TO, T2 and T4 indicate sampling times corresponding to days 0, 14 and 28 of the trial,
respectively; Trt: Treatment. Data are shown as means + standard error.

Table 5. Protein digestibility and nitrogen content during the trial in control
(CTRL) and lupin (LUP) groups

P-value
CTRL LUP Trt Time Trt * Time
Protein ATTD <0.001 0.012 <0.010
TO 85.9+1.90 85.9+1.90
T2** 92.7+1.07° 86.0+1.17°
T4** 89.3£0.75 2 85.0£0.90 °
N content faeces (% as is) 0.051  0.005 0.034

TO 0.853+0.2349  1.067 +0.2346

T2 1.086 +0.1588 1.310+0.2777

T4 1.155+£0.1200  1.054 +0.1509

ATTD: Apparent total tract digestibility; N: Nitrogen; TO, T2 and T4 indicate sampling times
corresponding to days 0, 14 and 28 of the trial, respectively; Trt: Treatment.

Data are shown as means + standard error. Asterisks indicates significant differences:
**p-value < 0.01. Means with different lowercase letters (a, b) differ significantly.

Other genera displayed significant differences at only one time
point:  Succinivibrio, ~ Streptococcus, Salmonella, Pasteurella,
Fusobacterium, Clostridium sensu stricto, Butyrivibrio, Butyricicoccus
and Bacteroides differed only at T2 (P < 0.05); while Escherichia/
Shigella, Dorea,Anaerovibrio and Allobaculum showed a significant
difference only at the end of the trial (T4) (P < 0.05) (Figure 3).

Serum metabolites and mineral

The substitution of soybean meal with lupin meal did not elicit any
statistically significant alterations in the assessed blood serum
biochemical parameters at the end of the trial (Table 7).
Nevertheless, analysis of the mineral profile in blood revealed that
animals in the LUP group exhibited significantly lower selenium
concentrations (P = 0.017) (Table 8).

Discussion

Although lupin represents a promising locally produced alternative
to soybean meal, its sustainability benefits need to be considered

Mineral CTRL LUP P-value
Na (g/kg) 1.60 +0.447 1.35+0.460 >0.999
Mg (g/kg) 8.82+0.761 9.56 +0.803 0.986
Al (g/kg) 0.97 +0.131 1.62 £0.127 >0.999
P (g/kg) 10.6+1.72 11.8+5.72 0.188
K (g/kg) 9.54+2.272 9.83+1.884 0.996
Ca (g/kg) 7.71£1.971 7.96 + 5.465 0.976
Cr (mg/kg) 10.7+2.79 10.5+1.61 >0.999
Mn (g/kg) 0.44 +0.048 1.31+0.133 0.995
Fe (g/kg) 1.81+£0.257 3.36 £1.023 0.805
Co(mg/kg) 0.92+0.118 1.07 £0.072 >0.999
Ni (mg/kg) 6.87+1.122 9.40 +0.884 >0.999
Cu (g/kg) 0.38 +0.068 0.90 +0.109 >0.999
Zn (g/kg) 0.58 +0.068 0.78 £0.053 >0.999
As (mg/kg) 0.21+0.037 0.42 +0.008 >0.999
Se (mg/kg) 0.98 +0.186 1.32+0.244 >0.999
Mo (mg/kg) 2.98+0.700 1.52£0.414 >0.999
Cd (mg/kg) 0.34+0.044 0.33+0.029 >0.999
Tl (mg/kg) 0.67 +0.341 0.18+0.071 >0.999
Pb (mg/kg) 0.99 +0.291 1.92 +0.991 >0.999

Data are shown as means + standard error.

alongside its nutritional effectiveness and potential effects on animal
performance and health (Rauw et al., 2023). In pig production, the
post-weaning period represents one of the most critical phases,
during which animals are particularly vulnerable to nutritional and
environmental stressors (Tang et al., 2022). Therefore, this stage
serves as a key testing ground to evaluate the true zootechnical
benefits and potential limitations of alternative feeds. For this
reason, the investigation was deliberately conducted during the
weaning phase, allowing us to observe how dietary treatments such
as lupin inclusion perform when the animals are most at risk.

Chemical composition of L. albus

The results of the chemical analysis of L. albus confirm, in
agreement with previous literature, its high protein content,
comparable to that of soybean (Martinez-Villaluenga et al., 2006;
Sujak et al., 2006). Compared to other legumes such as peas,
soybeans and beans, white lupin proteins are notable for their
lower levels of anti-nutritional factors (ANFs) and higher con-
centrations of key AAs, including arginine, lysine, leucine and
phenylalanine (Pereira et al., 2022). This composition makes white
lupin particularly valuable in meeting the nutritional requirements
of monogastric animals. Furthermore, its total AA profile, espe-
cially EAAs, is superior to that of other lupin species commonly
cultivated in Europe (Sujak et al., 2006). This AA composition
highlights the potential of white lupin as a high-quality alternative
protein source in animal nutrition.

In addition to its protein content, white lupin distinguishes
itself from other legumes by its very low starch content. The limited
starch present consists mainly of resistant starch, which offers
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Figure 1. Principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity distances of microbiota data for the CTRL and LUP groups at T0 (0 days) (a), T2 (14 days) (b) and
T4 (28 days) (c). Each point represents one animal (n = 10 pigs per group at each time point). PERMANOVA analysis interaction time x treatment. a: P = 0.0300, R? = 0.1031; b:

P = 0.0020, R? =0.1425; c: P = 0.0010, R? = 0.1348.

recognized health benefits (Arnoldi and Greco, 2011). Resistant
starch is fermented in the lower intestine, producing short-chain
fatty acids (SCFAs). These SCFAs contribute to intestinal health by
serving as an energy source for epithelial cells, reinforcing the gut
barrier against pathogens and modulating the gut microbiota by
inhibiting harmful bacteria and promoting beneficial species (Tan
et al., 2021).

Regarding fat composition, L. albus is also a valuable ingredient
for animal feed. Its lipid fraction is predominantly composed of
unsaturated fatty acids, particularly oleic acid (@-9, 18:1) and
linoleic acid (w-6, 18:2), followed by alpha-linolenic acid (@-3,
18:3) (Boschin et al., 2008). These unsaturated fatty acids are
especially beneficial in monogastric diets due to their higher
digestibility compared to saturated fats (Chiofalo et al., 2012;
Calabro et al., 2015; Fanalli et al., 2022).

Zootechnical performance

The present study disclosed that the inclusion of 10 % of lupin meal
in the feed formulation, in substitution of soybean meal, supported
regular growth patterns in piglets throughout the experimental
period. The selected inclusion rate was chosen to allow the com-
plete replacement of soybean meal and to test the feasibility of
lupin flour as an alternative protein source under practical feeding
conditions. This level falls within the range of dietary inclusion
(5-20 % of the diet formula) previously investigated in pigs
(Ciurescu et al., 2025). Similar findings, in terms of growth, were
reported by Kasprowicz-Potocka et al. (2017) in pigs with a higher
initial BW (approximately 20 kg), where the complete replacement
of soybean meal with white lupin meal resulted in reduced growth
performance. In the same study, a partial replacement (50 % of the
soybean inclusion level) did not negatively affect growth param-
eters. However, it should be noted that these results were obtained
in heavier pigs, whereas information on the use of lupin-based diets
in younger, post-weaning piglets is still limited. Young piglets may
have a reduced ability to efficiently utilize lupin due to physio-
logical immaturity, highlighting the need for studies specifically
focused on the post-weaning phase. On the contrary,
Hanczakowska et al. (2017) observed a positive effect on BW gain,
including 6 % and 10 % of blue and yellow lupin with low alkaloid
content, respectively, partially substituting soybean in piglets’ diets
(Hanczakowska et al., 2017). This could be due to the lower content

of alkaloids compared to L. albus variety used in the present study
and the different age of animals that in the study of Hanczakowska
et al. (2017) were weaned at 35 days. In fact, it has been dem-
onstrated that piglets with a delayed weaning age exhibit advanced
development of the gastrointestinal tract, resulting in a higher
capacity to exploit dietary nutrients and tolerate alkaloid content
(Pluske et al., 2003; Wellock et al., 2008). The lower growth
observed in the LUP group was consistent with the numerically
lower ADFI recorded during most of the experimental period.
Although statistical inference was not performed for feed intake
and feed efficiency, these numerical trends suggest that lupin
inclusion may have influenced palatability and nutrient utilization
in young piglets. Reduced digestibility of lupin-based diets, par-
ticularly due to their high non-starch polysaccharide content and
residual antinutritional compounds, may have limited nutrient
availability to the host (Kasprowicz-Potocka et al., 2017; King et al.,
2000; Mierlita, 2018; Parrini et al., 2023; Prandini et al., 2005;
Vishnyakova et al., 2022). Importantly, reduced nutrient digesti-
bility may also have indirect consequences on gut microbial
ecology. Undigested protein and fermentable carbohydrates
reaching the distal gut can provide substrates for opportunistic and
potentially pathogenic bacteria, thereby contributing to microbial
imbalance and intestinal inflammation (Pluske et al., 2018).
This mechanism is consistent with the microbiota alterations
observed in the present study, including increased abundance of
facultative anaerobes and reduced levels of beneficial fibre-
degrading and short-chain fatty acid-producing bacteria. Such
microbial shifts may further impair intestinal function, creating a
feedback loop that negatively affects nutrient absorption and
growth performance during the post-weaning period (Gresse et al.,
2017; Guevarra et al., 2019).

Further investigations should be performed with a broader
experimental design, involving animals at more advanced growth
stages, and evaluating also the effects of mechanical or thermal
processing in order to reduce lupin’s content in antinutritional
factors. Furthermore, lower doses of lupin seed meal inclusion, or
combinations with other plant-source protein should be evaluated
as a strategy for the inclusion of this legume grain in piglets’ diet.

A methodological consideration of the present study is the
absence of replicate pens within each dietary treatment, which
precluded an appropriate statistical evaluation of feed intake and
feed efficiency. Consequently, these parameters should be
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Figure 2. Relative abundance (%) of bacterial phyla detected in the gut microbiota of piglets belonging to the CTRL and LUP groups at TO (0 days), T2 (14 days) and T4 (28 days).
Data are presented as mean relative abundances for each experimental group (n = 10 pigs per group at each time point). This figure provides a qualitative and descriptive overview
of the phylum-level microbial composition over time. Phyla are colour-coded according to the legend.

considered descriptive and interpreted with caution. Future studies
using multiple independent pens per treatment could further
clarify the relationship between lupin-induced microbial changes
and performance responses.

Faecal score and faecal dry matter

Including lupin meal in the diet did not significantly affect the
faecal score of the experimental groups, as well as the faecal dry
matter, throughout the trial. These data are in line with those of
Kim et al. (2012) disclosed that the inclusion of L. angustifolius in
weaned pigs’ diet in replacement of milk whey and skim milk did
not register differences in faecal consistency over 21 days of trial. In
addition, the saponin content of L. albus seeds has been shown to
potentially decrease the diarrhoea frequency (Wang et al., 2023).

The lack of differences in diarrhoea occurrence, supported by
the comparable dry matter content, indicates that the inclusion of
lupin did not result in gastroenteric disorders that could cause
diarrhoea. This is particularly important because post-weaning
diarrhoea represents a major challenge in swine production, as it
can severely compromise animal health, growth performance and
overall economic returns (Tang et al., 2024). This condition is
known to have a multifactorial aetiology, involving dietary,
microbial, environmental and physiological factors (Dell’Anno
et al., 2024). Among these, the composition and quality of dietary
protein sources play a critical role in influencing gut health during
the vulnerable post-weaning period (Frazzini et al., 2024). In this
context, the use of alternative protein sources, such as lupin, that
do not exacerbate the incidence of diarrhoea is particularly
advantageous.
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time point). Red colour indicates genera with significant
differences between groups (P < 0.05), whereas white colour
indicates non-significant differences (P > 0.05).
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Table 7. Blood serum parameters in control (CTRL) and lupin (LUP) groups at T4
(28 days)

Matteo Santoru et al.

Table 8. Blood serum mineral content in control (CTRL) and lupin (LUP) at T4
(28 days)

Parameter CTRL LUP P-value Mineral CTRL LUP P-value
Albumin (g/L) 29.6+1.45 23.7+1.62 0.478 Na (mg/L) 3358 £246.2 2836 £294.6 0.196
Albumin/globulins 1.04 +0.060 0.90£0.073 0.165 Mg (mg/L) 22.123+1.61 18.04+1.92 0.126
Alkaline phosphatase (IU/L) 189+ 16.6 175+18.6 0.599 Al (pg/L) 927 +272.1 409 +257.1 0.236
AST-GOT (IU/L) 60.9 +5.80 41.9+£6.48 0.056 P (mg/L) 221+17.8 178 +21.3 0.139
ALT-GPT (IU/L) 37.1+2.87 3474324 0.611 K (mg/L) 252 £17.9 204+21.4 0.113
Bilirubin (pmol/L) 2.40+0.215 2.25+0.244 0.691 Ca (mg/L) 85.1+6.51 66.7+7.79 0.092
Calcium (mmol/L) 2.61+0.256  2.87+0.290 0.528 cr (ug/L) 8.79+1.984 10.2 £2.26 0.650
Cholesterol (mmol/L) 2.37+0.182 2.24+0.211 0.254 Mn (pg/L) 10.4 +2.07 12.1+2.55 0.618
Globulins (g/L) 29.0+1.90 29.2+2.14 0.949 Fe (mg/L) 2.53£0.256 1.12+0.350 0.090
Glucose (mmol/L) 596+0.338  5.02£0.370 0.097 Co (pg/L) 0.79 +0.093 0.74 +0.098 0.709
Magnesium (mmol/L) 1.02£0.051 0.97 +0.063 0.276 Ni (pg/L) 7.57+1.378 7.10 +1.491 0.830
Phosphorus (mmol/L) 3.38+0.132 3.24 +£0.140 0.497 Cu (mg/L) 1.81+0.133 1.45+0.154 0.111
Total Protein (g/L) 56.8 £3.06 55.0+3.43 0.700 Zn (mg/L) 0.74+£0.071 0.61 +0.084 0.294
Urea (mmol/L) 2.20+0.162 2.38+0.174 0.617 As (pg/L) 28.6+4.33 32.5+£4.93 0.567
Data are shown as means + standard error. Se (pg/L)* 170+£13.0 115£155 0.017
Mo (pg/L) 35.9+20.29 47.5+18.78 0.685
Protein digestibility and faecal mineral content Cd (ug/L) e DERLRIEE DL
Pb (ng/L) 6.31+1.392 6.83 +1.391 0.796

Although the faecal nitrogen content did not differ significantly
between treatments, confirming the isonitrogenous formulation of
the diets and indicating that the total nitrogen intake was com-
parable, the observed reduction in protein digestibility in the LUP
group highlights a lower efficiency in the utilization of lupin
protein compared to soybean meal. This suggests that a higher
proportion of the ingested lupin protein bypassed enzymatic
digestion and absorption in the gastrointestinal tract, likely leading
to increased nitrogen losses via faeces (Choct et al., 2010).
Several factors may account for this reduced digestibility. First,
lupin seeds naturally contain various ANFs, such as alkaloids,
protease inhibitors and non-starch polysaccharides (NSPs), which
can interfere with the activity of digestive enzymes or impair
nutrient absorption by increasing intestinal viscosity and reducing
transit efficiency (Dunshea et al., 2001; Pieper et al., 2016a).
Although modern sweet lupin cultivars have lower alkaloid con-
tents, residual levels may still exert subclinical effects on gut
function (Schrenk et al., 2019). Moreover, the protein matrix of
lupin may be less soluble or structurally more resistant to prote-
olysis compared to that of soybean, particularly due to differences
in protein composition and folding patterns (Duranti et al., 2008).
Additionally, the AA profile of lupin proteins, which is typically
lower in sulphur-containing AAs (e.g., methionine and cysteine),
may affect the efficiency of protein synthesis and overall nitrogen
retention in the animal (Tabe and Droux, 2002). According to this,
Froidmont et al. (2005) observed a significant decrease in nitrogen
digestibility after feeding different varieties of white lupin and blue
lupins to pigs, in partial substitution of soybean content of the diet.
Kasprowicz-Potocka et al. (2017) registered a high content of NSP
in lupins, along with a decrease in the digestibility of crude fibre
after their inclusion in pig’s diet. Kim et al. (2012), reported that
whole lupin inclusion in weaning pigs should be limited because of
their high fibre content, which negatively influences the piglets’
performance (Kim et al., 2012). These combined factors contribute
to the lower apparent digestibility of lupin-derived protein and

Data are shown as means * standard error. Asterisk indicates significant differences: *P-value
< 0.05.

may necessitate dietary adjustments or processing treatments
(e.g., enzyme supplementation, thermal processing) to improve its
nutritional value in monogastric diets such as those of weaned
piglets.

Regarding the mineral content of faecal samples, although
specific studies on the mineral content in pig faeces receiving a
lupin-based diet as an alternative protein source are lacking in
literature, the results obtained in the present study did not disclose
any significant difference between the two experimental groups,
demonstrating that the inclusion of L. albus in the diet did not
affect the bioavailability of mineral content. The absence of sta-
tistically significant differences in faecal mineral content between
the experimental groups does not rule out potential nutritional
effects attributable to differences in diet composition. In particular,
the higher fibre and phytate content in lupin meal may have
influenced the bioavailability of certain minerals, such as iron,
copper, manganese and zinc, which tended to show higher faecal
concentrations in the LUP group (Pisafikova and Zraly, 2009). In
post-weaning pigs, whose digestive systems are still developing and
who exhibit limited endogenous phytase activity, the presence of
these components can reduce intestinal mineral absorption and
promote their excretion (Valente Junior et al., 2024). Therefore,
these findings suggest that the inclusion of lupin in the diet requires
careful nutritional balancing and, if necessary, the use of strategies
such as enzyme supplementation to optimize micronutrient
utilization (Philippi et al., 2023).

Gut microbiota

Due to various stressful events that animals face, the weaning period
in piglets is often associated with a dysbiosis of the gut microbiota
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(Guevarra et al., 2018). Together with the integrity of the intestinal
epithelium barrier, microbiota composition plays a pivotal role in
the prevention of gastrointestinal disorders typical of the most
critical stages of swine farming (Tang et al, 2022). Thus, its
modulation through dietary strategies, aiming to maintain its
eubiosis, represents one of the major strategies to reduce the inci-
dence of pathologies in swine farming (Gresse et al., 2017). In our
trial, we observed differences in the quantity of different bacteria
strains among the two experimental groups. Lupin seed meal was
not able to modulate the intestine microbiota increasing its richness.
However, increased richness does not necessarily reflect improved
functional stability, particularly during the post-weaning phase,
when the gut ecosystem is highly sensitive to dietary perturbations
(Guevarra et al., 2019; Pluske et al., 2018). In detail, we observed an
increase in the amount of Methanobrevibacter in the group
receiving the diet containing lupin meal, a bacterium related to fibre
degradation in the intestine (Niu et al, 2015). Kasprowicz-Potocka
et al. (2017) observed low levels of crude fibre digestibility related to
the high non-starch polysaccharide (NSP) content of lupin seed.
The reduced digestibility of NSP-rich fractions may increase sub-
strate availability in the hindgut, promoting the proliferation of
hydrogenotrophic and fibrolytic microorganisms and favouring
hydrogenotrophic microorganisms such as Methanobrevibacter,
which utilize H, generated during microbial polysaccharide deg-
radation (Mi et al., 2019). While this shift may enhance fermentative
activity, it can also alter energy partitioning and reduce nutrient
availability for the host, potentially contributing to lower growth
performance (Pluske et al., 2018). An increase in Allobaculum and
Romboutsia was also observed in piglets receiving the lupin seed
meal. These bacteria play a role in the digestion of complex car-
bohydrates, thus producing short-chain fatty acids that help protect
the mucosal barrier of the intestine (Gao et al, 2021; Yang et al.,
2020; Zhang et al, 2023). Nevertheless, excessive fermentation
driven by high NSP availability may also increase intestinal
osmolarity and transit time, potentially exacerbating digestive
inefficiency in young piglets (Montagne et al., 2003). Conversely, we
observed a marked increase in Escherichia coli/Shigella abundance
in the LUP group. The dysbiosis that generally occurs during
weaning leads to a decrease in the amount of obligate anaerobic
bacteria, such as Clostridia and Bacteroides, and an increase in the
facultative anaerobic species, such as E. coli and Shigella (Gresse
et al, 2017; Kim et al, 2012). The lower protein digestibility
observed in piglets fed the lupin-based diet may have increased the
availability of undigested nitrogen substrates in the distal gut,
favouring the proliferation of opportunistic and potentially
pathogenic bacteria (Pieper et al., 2016b). Although inflammatory
markers were not directly assessed in this study, previous evidence
suggests that altered gut conditions and microbial imbalance may
create an intestinal environment that favours the proliferation of
opportunistic and potentially pathogenic bacteria, including E. coli/
Shigella and members of the Clostridium and Bacteroidota taxa
(Grosu et al., 2020). Accordingly, the increased abundance of
Clostridium XI and E. coli/Shigella observed in piglets receiving the
lupin-based diet should be interpreted as indicative of a microbial
imbalance potentially associated with intestinal stress, rather than as
direct evidence of an inflammatory state. The concurrent increase in
Aerococcus, a genus frequently associated with infectious processes
in pigs (Cui et al, 2022; Hong et al., 2021), further supports the
hypothesis that lupin inclusion may have influenced gut microbial
stability during the post-weaning period. In our study, we observed
a statistically different reduction in Prevotella in the intestine of the
animals receiving the lupin meal. Previous studies observed a
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negative correlation between the incidence of bowel disease and this
genus (Grosu et al., 2020). Dell'Anno et al. (2021) reported that
Prevotella is related to fibre degradation in the intestine, producing
short-chain fatty acids that soothe the gut environment. Therefore,
the reduction of this genus may have impaired SCFA-mediated gut
protection, contributing to microbial instability and potentially
affecting nutrient absorption and growth performance (Flint et al.,
2012). We also observed a decrease in the relative abundance of
Anaerovibrio in LUP. Although this genus has been associated with
gastrointestinal conditions, including diarrhoea, in some studies, its
biological role remains incompletely understood and may vary
depending on host, diet and microbial ecosystem (Karasova et al.,
2021). In the present study, no increased incidence of diarrhoea or
other clinical signs was observed, suggesting that the reduction of
Anaerovibrio was not associated with adverse clinical outcomes.
Overall, the observed microbiota shifts suggest that the high NSP
content of lupin seed meal challenged the adaptive capacity of the
immature gut microbiota during weaning, leading to a microbial
configuration that was less favourable for optimal growth perfor-
mance. Taken together, these findings indicate that while lupin
inclusion modulated gut microbial composition, the resulting
microbial profile may not have fully supported intestinal homeo-
stasis and efficient nutrient utilization in very young piglets. This
highlights the importance of carefully balancing NSP levels and
considering digestive maturity when introducing lupin-based
ingredients in post-weaning diets.

Serum metabolites and minerals

Blood metabolites can be influenced by nutritional strategies,
making them a topic of significant importance in livestock pro-
duction (Etim, 2014). In our study, no significant differences were
found between the two groups in terms of the blood parameters
analysed. Moreover, the registered values were within the estab-
lished physiological ranges for the species thus suggesting a good
health status of piglets (Sotira et al., 2020). Among liver-related
enzymes, AST-GOT values were numerically lower in the LUP
group compared with the CTRL group, although this difference did
not reach statistical significance. AST-GOT is a non-specific
enzyme involved in AA metabolism and is commonly used as an
indicator of hepatic and muscular integrity (Cobanovi¢ et al., 2020;
Bau-Gaudreault et al., 2021). The lower AST-GOT values observed
in piglets fed the lupin-based diet may reflect reduced hepatic or
muscular metabolic load rather than impaired liver function, as all
values remained within physiological ranges and were not
accompanied by alterations in other liver enzymes or serum
metabolites (Kaneko et al., 2008; Sotira et al., 2020). This numerical
reduction should therefore be interpreted with caution and con-
sidered as a descriptive trend rather than evidence of a biologically
relevant effect. Albumin could be considered an important
parameter of the nutritional status and inflammatory status of the
host (Keller, 2019).

Accordingly, the absence of differences in serum albumin
concentration between groups suggests that the inclusion of lupin
did not result in detectable alterations of systemic nutritional
status. Although nitrogen digestibility was reduced, no alterations
were observed in the blood parameters measured, which remained
within physiological ranges for the species (Sotira et al., 2020).

Urea represents another interesting parameter for consid-
eration, being a waste product generated by the liver during the
catabolism of protein (Berghaus ef al., 2023). Urea production
should reflect not only alterations in dietary protein intake but also
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the ability of animals to retain dietary nitrogen in the body,
indicating the effective utilization of protein (Pedersen and Boisen,
2001). Therefore, lupin inclusion did not alter the serum urea
content compared to soybean, even though a significantly lower
nitrogen digestibility was observed after 28 days.

In our trial, the blood serum mineral content was similar among
the two groups of animals, except for the iron and selenium, which
resulted lower in LUP compared to CTRL after 28 days. As
reported by Kim et al. (2007), lupin seed contains phytate. Phytates
are recognized for their ability to decrease the bioavailability of
essential microelements like iron, zinc and calcium by forming
insoluble complexes with these minerals (Lautrou et al, 2021).
These complexes cannot be dissociated in the gut, thereby
inhibiting their absorption (Marie Minihane and Rimbach, 2002;
Zhang et al., 2022). Selenium is another element susceptible to
chelation in the presence of phytic acid (Frank et al., 2007). The
chelating action of phytates on selenium can also explain the lower
levels of selenium registered in LUP compared to CTRL. Due to
this factor, it may be reasonable to explore testing other lupin
varieties or considering a lower percentage of lupin inclusion in
piglet diets.

Conclusion

In the present study, the replacement of soybean meal with 10 % L.
albus seed meal in diets for weaned piglets did not result in
detectable alterations of systemic health status, as indicated by
blood parameters remaining within physiological ranges.
However, lupin inclusion was associated with reduced growth
performance and feed efficiency compared with the soybean-based
CTRL diet, highlighting the limitations of using this ingredient at
the tested inclusion level in very young animals. At the same time,
the study provided novel insights into the effects of L. albus on gut
microbiota composition during the post-weaning period. The
observed microbial shifts suggest that the high fibre and bioactive
compound content of lupin can significantly modulate the intes-
tinal ecosystem, although not always in a direction fully supportive
of optimal growth under the present conditions. Overall, these
findings indicate that in order for L. albus to represent a promising
local protein source from a sustainability perspective, its use in
weaned piglet diets requires careful consideration of inclusion
level, processing strategies and animal developmental stage.
Further studies are needed to optimize its nutritional utilization
and productive efficiency in pig production systems. It should be
noted that the lack of pen replicates in the present study limited the
possibility of performing statistical analysis for feed intake and feed
efficiency parameters. Therefore, further studies with larger
experimental designs are required to confirm these findings and to
better define the productive implications of lupin inclusion in
weaned piglet diets.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/50021859626100896.
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