f animals

Article

Extrusion and Extrusion Combined with Solid-State Enzymatic
Hydrolysis Improve the Nutrient Digestion of Rapeseed Meal
in Growing Pigs

Xiaohong Guo ¥, Jieying Jing f, Aipeng Mao

and Gang Tian *

W) Check for updates ‘

Academic Editor: Jian Ma

Received: 9 June 2026

Revised: 1July 2026

Accepted: 7 July 2026

Published: 9 July 2026

Copyright: © 2026 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

, Zexin Su, Shufen Xue, Jing Fu, Junning Puy, Jingyi Cai, Gang Jia

Key Laboratory of Animal Disease-Resistance Nutrition of China Ministry of Education, Key Laboratory of
Animal Disease-Resistant Nutrition of Sichuan Province, Animal Nutrition Institute, Sichuan Agricultural
University, Chengdu 611130, China; 15392525673@163.com (X.G.); jjy2021314082@163.com (J.J.)

* Correspondence: tgang2008@126.com

 These authors contributed equally to this work.

Simple Summary

Rapeseed meal, the by-product of oil extraction from rapeseed, is widely used in pig feed
owing to its high protein content. However, the presence of substantial crude fiber and
anti-nutritional factors restricts its application in pigs. To enhance the utilization efficiency
of rapeseed meal in growing pigs, we extruded and enzymatically hydrolyzed rapeseed
meal, and then evaluated its nutrient absorption and utilization in growing pigs. Our study
indicated that extrusion and extrusion combined with solid-state enzymatic hydrolysis
can change the nutrient composition of rapeseed meal and enhance nutrient utilization in

growing pigs.
Abstract

Rapeseed meal (RSM) is an important protein source in animal feed, but its high levels
of anti-nutritional factors and crude fiber (CF) limit its utilization in pigs. Our study
compared the morphological structure, nutrient composition, and anti-nutritional factors of
RSM, extruded rapeseed meal (ERM), and extruded solid-state enzymatically hydrolyzed
rapeseed meal (EERM), and evaluated their digestibility in growing pigs. The results
showed that ERM and EERM increased surface porosity. Notably, ERM and EERM had
higher trichloroacetic acid-soluble protein contents and lower fiber, glucosinolate (GL), and
isothiocyanate (ITC) contents. Compared to RSM, the in vitro digestibility of crude protein
(CP) was significantly lower in ERM (p < 0.05), whereas EERM exhibited significantly
higher digestibility of CP than ERM (p < 0.05). Additionally, compared to RSM and ERM,
the digestibility of dry matter (DM) and gross energy (GE) increased significantly in EERM
(p < 0.05). For in vivo digestibility, compared to ERM, the digestibility of CP and GE
increased significantly in EERM (p < 0.05). In conclusion, our study demonstrates that ERM
and EERM can change the chemical composition of RSM, and improve the digestibility of
nutrients in pig production.

Keywords: digestibility; extrusion; growing pigs; rapeseed meal; solid-state enzymatic hydrolysis

1. Introduction

Soybean meal is the primary plant-protein source in animal feed due to its high protein
and balanced amino acid (AA) profile [1,2]. However, insufficient soybean production in
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China and other regions has driven research interest in alternative protein sources. Rape-
seed meal (RSM) is the second largest source of feed protein, containing approximately
35-45% crude protein (CP), and is rich in essential AAs such as lysine and methionine [3-5].
However, the presence of substantial crude fiber (CF) content and anti-nutritional fac-
tors, including glucosinolates (GLs), phytic acid, and tannins, limits its application in
monogastric animal diets [6-8].

Numerous studies have focused on modifying RSM through extrusion [9], micro-
bial fermentation [10,11], and enzymatic hydrolysis [12,13]. It has been reported that
extrusion can reduce tannin content within a range of 20.37—41.05%, phytic acid within
20-25% [14,15], and GLs within 40-60% in RSM [16]. Moreover, extrusion can effectively
inactivate myrosinase in RSM, preventing the conversion of GLs into toxic compounds
and thereby enhancing palatability and safety [17]. Studies have reported that extruded
rapeseed meal (ERM) improves the apparent ileal digestibility of CP in growing pigs, with
increases ranging from 3.4% to 6.9% [18,19]. Additionally, replacing up to 20% of soybean
meal with ERM did not reduce growth performance in the diets of weaned pigs [20]. The
hydrolysis of non-starch polysaccharide (NSP) enzymes, comprising cellulase, hemicel-
lulase, and pectinase, can release encapsulated nutrients such as proteins and starch in
RSM [21-23]. Proteases can degrade proteins into small peptides and free AAs, thereby
improving the utilization of protein [24,25]. Nési [26] evaluated the effects of extrusion and
enzymatic hydrolysis on RSM. The results showed that extrusion combined with enzymatic
hydrolysis improved organic matter and protein digestibility in growing pigs. In finishing
pigs, the extrusion and multienzyme preparation elevated the level of immunoglobulin G
and reduced the content of malondialdehyde in serum [27]. Extrusion can increase substrate
surface area but may cause thermal nutrient losses, whereas enzymatic hydrolysis alone
is constrained by substrate structure. Nevertheless, the combined approach may offset
the limitations, leading to improved nutrient utilization in pigs, and its potential benefits
warrant investigation. In our study, we first analyzed the morphological structure and
nutritional composition of RSM, ERM, and extruded solid-state enzymatically hydrolyzed
rapeseed meal (EERM), and then evaluated their nutrient digestibility in growing pigs.
We aim to investigate the effects of extrusion and extrusion combined with solid-state
enzymatic hydrolysis on the morphological structure and nutrient composition of RSM,
and to assess the digestibility of the modified rapeseed meal in growing pigs.

2. Materials and Methods

2.1. Preparation of Extruded Rapeseed Meal and Extruded Solid-State Enzymatically Hydrolyzed
Rapeseed Meal

ERM was prepared from type 200 RSM using a DSE32 twin-screw extruder (Jinan
Linyang Machinery Co., Ltd., Jinan, China) with a moisture content of 15%, extrusion
temperature of 145 °C, spindle speed of 23 Hz, and feed rate of 10 Hz. EERM was prepared
by treating ERM with the enzyme preparation under the following conditions: solid-to-
liquid ratio of 1:0.99, reaction time of 9.87 h, and temperature of 46.53 °C. The composition
of the multi-enzyme preparation is shown in Table S1 [28].

2.2. Morphological Structure and Nutrient Composition of Rapeseed Meal, Extruded Rapeseed
Meal, and Extruded Solid-State Enzymatically Hydrolyzed Rapeseed Meal

2.2.1. Scanning Electron Microscopy

The morphological structures of RSM, ERM, and EERM were observed using a scan-
ning electron microscope (Sigma 360, Carl Zeiss AG, Oberkochen, Germany). Dried samples
were evenly spread onto sample holders coated with conductive adhesive, and any loose
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particles were gently removed using a rubber suction bulb. The prepared samples were
then observed and imaged under the scanning electron microscope.

2.2.2. Fourier Transform Infrared Spectroscopy Analysis

For Fourier transform infrared (FTIR) spectroscopy, 2 mg of the sample was mixed
with 200 mg of potassium bromide (KBr) and ground under an infrared lamp until a
homogeneous mixture was obtained. The mixture was then pressed into pellets using
a mold. FTIR spectra were recorded with a spectrometer (Nicolet i510, Thermo Fisher
Scientific Inc., Waltham, MA, USA), using pure KBr as the blank. Each spectrum consisted
of 64 scans. Spectral resolution was improved by deconvolution using OMNIC 8.2 software
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and the protein secondary structure was
quantitatively analyzed with Origin 8.5 software (OriginLab Corporation, Northampton,
MA, USA).

2.2.3. Determination of Nutrient Contents

Dry matter (DM, Method 930.15), CP (Method 954.01), CF (Method 978.10), neutral
detergent fiber (NDF, Method 2002.04), acid detergent fiber (ADF, Method 973.18), acid
detergent lignin (ADL, Method 973.18), ether extract (EE, Method 920.39), calcium (Ca,
Method 927.02), phosphorus (P, Method 965.17), AA (Method 994.12), and tryptophan
(Method 988.15) in RSM, ERM and EERM were determined according to standard proce-
dures described by AOAC (2023) [29]. The trichloroacetic acid-soluble protein (TCA-SP)
content was determined according to the method of Ovissipour et al [30].

2.2.4. Determination of Glucosinolates

The content of GLs was measured using the palladium chloride method [31]. A
ground sample (0.4 g) was mixed with 4 mL of distilled water and extracted in a boiling
water bath for 20 min. After cooling, the mixture was filtered. Then, 2 mL of filtrate was
combined with 6 mL of a solution containing 0.1% sodium carboxymethylcellulose and
1.4 mmol/L palladium chloride. Absorbance was recorded at 540 nm (A1), using sodium
carboxymethylcellulose and palladium chloride as the reference. Another 2 mL of filtrate
was mixed with 6 mL of 0.1% sodium carboxymethylcellulose solution, and the absorbance
at 540 nm (A2) was measured, using a mixture of sodium carboxymethylcellulose and
distilled water as the blank control. The content of GLs was calculated as the difference
(A = Al — A2) and quantified using a sinigrin standard curve.

2.2.5. Determination of Isothiocyanate

The content of isothiocyanate (ITC) was determined following the method of Ma-
heshwari et al [32]. A precisely weighed 0.2000 g sample was mixed with 40 mg crude
myrosinase and 2.0 mL pH 7.0 buffer, then incubated at 35 °C for 2 h with intermittent
vortexing. After the enzymatic reaction, 2.5 mL of dichloromethane was added, and the
mixture was shaken at room temperature for 30 min, followed by centrifugation at 4000 rpm
for 20 min. A 50 pL aliquot of the lower organic phase was transferred into a tube contain-
ing 6 mL of 80% ammonia ethanol. The mixture was vortexed, incubated in a 50 °C water
bath for 30 min, then cooled to room temperature. Absorbance was measured at 235, 245,
and 255 nm using a UV spectrophotometer, with a sample blank serving as the reference
for ITC quantification.
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2.3. Nutrient Digestibility of Rapeseed Meal, Extruded Rapeseed Meal, and Extruded Solid-State
Enzymatically Hydrolyzed Rapeseed Meal

2.3.1. Digestibility Experiment In Vitro

A single-factor experimental design was employed, comprising three treatment
groups—RSM, ERM, and EERM—each with 4 replicates. In vitro digestion was simu-
lated using a two-step pepsin-pancreatin method adapted from Zhu et al. [33]. Briefly, 2 g
of sample was placed into a 250 mL Erlenmeyer flask, followed by the sequential addition of
100 mL phosphate buffer (0.1 mol/L, pH 6.0), 40 mL hydrochloric acid solution (0.2 mol/L),
and 4 mL porcine pepsin solution (20 g/L). To inhibit bacterial contamination, 1 mL of
chloramphenicol solution was added. The mixture was incubated at 39 °C with shaking at
50 rpm for 2 h. After pepsin digestion, 40 mL phosphate buffer (0.2 mol/L, pH 6.8), 20 mL
sodium hydroxide solution (0.6 mol/L), and 4 mL porcine pancreatin solution (100 g/L)
were added, followed by further incubation at 39 °C and 50 rpm for 4 h. Upon completion,
undigested residues were sequentially washed with ethanol and acetone, filtered through a
50 um nylon mesh, and collected for the determination of in vitro digestibility of DM, CP,
and gross energy (GE). Each digestion was conducted independently for the determination
of a single indicator. The content of DM and CP was determined using the methods as
described previously. The content of GE was measured using an oxygen bomb calorimeter
(Parr Instrument Co., Moline, IL, USA). The in vitro digestibility of nutrients was calculated
using the following formula:

In vitro nutrient digestibility (%) = [(nutrient before digestion — nutrient after digestion)/nutrient

before digestion] x 100.

2.3.2. Digestibility Experiment In Vivo
Animal Experimental Design and Diets

A total of 24 crossbred barrows (Duroc x Landrace x Yorkshire) with an initial body
weight of 25.60 = 1.78 kg were randomly divided into 4 groups, each containing 6 replicates
with 1 pig per replicate. Pigs were housed individually in metabolic cages (2.5 m x 1.8 m X
0.8 m) at the Teaching & Research Base, Animal Nutrition Institute of Sichuan Agricultural
University. The ambient temperature was maintained at 20-25 °C. The pigs were fed at 4%
of their body weight daily at 8:30 and 15:30, with free access to water.

The experiment consisted of two phases (Figure 1). Phase I (1-10 d): Pigs were fed a
corn-soybean meal diet (CSD), an RSM diet I (RSD I), an ERM diet I (ERSD I), and an EERM
diet I (EERSD I). Each experimental diet replaced 20% of the CSD. Diets were formulated
to meet the NRC nutrient requirements proposed in 2012 for 25-50 kg growing pigs (Table
52). From 11 to 17 d, pigs were fed commercial feed and subsequently reassigned to new
experimental groups. Phase II (18-24 d): Pigs were fed a N-free diet (NFD), an RSM diet
II (RSD 1I), an ERM diet II (ERSD II), and an EERM diet II (EERSD II). Each experimental
diet replaced 30% of the NFD. All diets were supplemented with 0.4% of Cr,O3 as an
indigestible marker. At the end of the experiment, the pigs were stunned by electric shock
and slaughtered for sample collection. The diet compositions and nutritional levels are
presented in Table S3.
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Figure 1. Experimental protocol.

Sample Collection and Determination

Feces were collected for 4 consecutive days from 7 to 10 d (Phase I), weighed, and
mixed with 10% sulfuric acid. The contents of DM, CP, and GE in diets and feces were
determined using the methods as described previously. After the pigs were slaughtered
(Phase II), the distal ileum was isolated and ligated, and ileal digesta samples were collected
approximately 20-25 cm proximal to the ileocecal valve. The digesta samples were freeze-
dried and stored for the determination of DM, AA, and Cr,O3, from which AID and SID
were calculated. The contents of DM and AA in diets and digesta were determined using
the same methods. Cr,O3 was determined using the method of Fenton and Fenton [34].

The calculation formula for the digestibility of nutrients is as follows:

Apparent digestibility (%) = [(nutrient intake — nutrient in feces)/nutrient intake] x 100
The calculation formula for the digestibility of the ingredient is as follows:
Dhutrient = [Drest — (1—-X) x DCSD]/ X x 100

where Dpyrient is the digestibility of the nutrient in the test ingredient (%), Diest is the
digestibility of the nutrient in the test diet (%), Dcsp is the digestibility of the nutrient in
the CSD (%), and X is the substitution ratio (proportion of the test ingredient replacing the
basal diet in the test diet).

The calculation formulas for AID and SID are as follows:

AID (%) = [1 — (Cry0O3 in diet/Cr,O5 in digesta) x (AA in digesta/AA in diet)] x 100

SID (%) = AID + [(CryO3 in N-free diet/Cr;O3 in N-free diet digesta) x (AA in N-free diet digesta/AA in diet) x 100].

2.4. Statistical Analysis

The results are presented as means =+ standard error of the mean (SEM). All data were
analyzed using one-way analysis of variance (ANOVA) with SPSS 27.0 software (SPSS
Inc., Chicago, IL, USA). Duncan’s multiple range test was used for post hoc comparisons.
Statistical significance was defined at p < 0.05. GraphPad Prism 10.1.2 software (GraphPad
Software, San Diego, CA, USA) was used for graphing.
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3. Results

3.1. Morphological Structure and Nutrient Composition of Rapeseed Meal, Extruded Rapeseed
Meal, and Extruded Solid-State Enzymatically Hydrolyzed Rapeseed Meal

Scanning electron microscopy (Figure 2A) revealed that RSM possessed a compact and
smooth surface with no visible pores, whereas ERM and EERM exhibited looser and more
porous surface structures. Notably, more small granular structures were observed on the
surface of EERM. FTIR spectroscopy results (Figure 2B) showed that, compared with RSM,
the absorption peak of ERM shifted from 1685 cm ™! to 1668 cm !, indicating an increase in
B-turn. The absorption peak of EERM decreased at 1654 cm ™!, suggesting a reduction in o
helix content. Both extrusion and solid-state enzymatic hydrolysis treatments changed the
C=0 bonds of proteins. Compared with ERM, the absorption peak of EERM at 2926 cm !
was enhanced, indicating an increase in reducing sugar (2800-3000 cm ') content and
changes in C-H bonds.

B — EERM —ERM —RSM
B 1000x
¢ X
o
g W
g e 1678 1654 1512
£
\ 2 2926 1668 1646 1512
¢ 5000x = 2026 5 B

4000 3500 3000 2500 2000 1500 1000 500
ERM EERM Wavenumbers, cm!

Figure 2. Morphological structure of rapeseed meal, extruded rapeseed meal, and extruded solid-state
enzymatically hydrolyzed rapeseed meal. (A) Scanning electron microscopy micrographs. (B) Fourier
transform infrared spectra. RSM, rapeseed meal; ERM, extruded rapeseed meal; EERM, extruded
solid-state enzymatically hydrolyzed rapeseed meal.

The GE values of RSM, ERM, and EERM were 18.97 MJ/kg, 19.42 M]/kg, and
18.49 MJ/kg, respectively. Compared to RSM (Table 1), the contents of NDF and P are
higher in ERM, and the content of ADF is lower. The contents of CP, CF, NDF, ADF, and
ADL are lower in EERM. Compared to ERM, the contents of CP, CE, NDF, ADF, and ADL are
lower in EERM. The content of TCA-SP was highest in EERM (14.61%), followed by ERM
(2.83%), and lowest in RSM (2.23%). The content of GLs was highest in RSM (61.51 pmol/g),
intermediate in ERM (29.95 umol/g), and lowest in EERM (16.07 umol/g). The content of
ITC was highest in RSM (2.22 mg/g), intermediate in ERM (0.30 mg/g), and not detected
in EERM. in EERM. Regarding AA composition (Table 2), compared to RSM, the content of
Met is higher in ERM, and the contents of Lys, Thr, Ile, Arg, Asp, Glu, Gly, Cys, and total
amino acids (TAA) are lower. The content of Met is higher in EERM, and the contents of
Lys, Thr, His, Arg, Asp, Ser, Glu, Gly, Cys, and TAA are lower in EERM. Compared to ERM,
the contents of Thr, His, Arg, Glu, and TAA are lower.

Table 1. Nutrient composition and anti-nutritional factors of rapeseed meal, extruded rapeseed meal,
and extruded solid-state enzymatically hydrolyzed rapeseed meal (DM basis, %).

Items RSM ERM EERM
cr 41.78 40.75 39.29
CF 12.55 13.09 10.21

NDF 35.19 49.19 22.54
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Table 1. Cont.

Items RSM ERM EERM
ADF 25.75 23.27 18.45
ADL 17.99 17.69 14.37
EE 1.33 1.32 1.65
Ca 0.90 0.99 0.98
P 1.25 1.31 1.23
TCA-SP 2.23 2.83 14.61
GLs, pmol/g 61.51 29.95 16.07

ITC, mg/g 2.22 0.30 0

RSM, rapeseed meal; ERM, extruded rapeseed meal; EERM, extruded solid-state enzymatically hydrolyzed
rapeseed meal; CP, crude protein; CF, crude fiber; NDF, neutral detergent fiber; ADEF, acid detergent fiber; ADL,
acid detergent lignin; EE, ether extract; Ca, calcium; P, phosphorus; TCA-SP, trichloroacetic acid-soluble protein;
GLs, glucosinolates; ITC, isothiocyanate.

Table 2. The content of amino acids in rapeseed meal, extruded rapeseed meal, and extruded
solid-state enzymatically hydrolyzed rapeseed meal (DM basis, %).

Items RSM ERM EERM
Essential AA
Lys 2.31 1.60 1.55
Met 0.66 0.71 0.72
Thr 1.75 1.56 1.48
Trp 0.49 0.46 0.47
Val 2.14 1.99 2.04
Ile 1.61 1.46 1.51
Leu 2.55 2.48 2.47
Phe 1.54 1.46 1.46
His 1.25 1.23 1.15
Arg 2.16 1.98 1.84
Non-essential AA
Asp 2.75 2.51 2.51
Ser 1.44 1.30 1.15
Glu 7.15 6.78 6.58
Gly 2.03 1.87 1.87
Ala 1.63 1.74 1.62
Cys 0.42 0.35 0.37
Tyr 0.58 0.51 0.53
Pro 2.95 3.03 2.80
TAA 35.43 33.03 32.12

RSM, rapeseed meal; ERM, extruded rapeseed meal; EERM, extruded solid-state enzymatically hydrolyzed
rapeseed meal; AA, amino acids; TAA, total amino acids.

3.2. Nutrient Digestibility of Rapeseed Meal, Extruded Rapeseed Meal, and Extruded Solid-State
Enzymatically Hydrolyzed Rapeseed Meal in Growing Pigs

As shown in Figure 3A-C, compared to RSM, the digestibility of CP decreased sig-
nificantly in ERM (p < 0.05), and the digestibility of DM and GE increased significantly in
EERM (p < 0.05). Compared to ERM, the digestibility of DM, CP, and GE increased signifi-
cantly in EERM (p < 0.05). As shown in Figure 3D-F, compared to ERM, the digestibility of
CP and GE increased significantly in EERM (p < 0.05). The AID and SID of all AA in RSM,
ERM, and EERM did not differ significantly (p > 0.05), as presented in Tables 3 and 4.
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Figure 3. The digestibility of rapeseed meal, extruded rapeseed meal, and extruded solid-state
enzymatically hydrolyzed rapeseed meal in vitro and in vivo (DM basis, %). (A—C) The digestibility
of DM, CP, and GE in vitro. (D-F) The digestibility of DM, CP, and GE in vivo. RSM, rapeseed meal;
ERM, extruded rapeseed meal; EERM, extruded solid-state enzymatically hydrolyzed rapeseed meal.
DM, dry matter; CP, crude protein; GE, gross energy.

Table 3. The apparent ileal digestibility of amino acids in rapeseed meal, extruded rapeseed meal,
and extruded solid-state enzymatically hydrolyzed rapeseed meal in growing pigs (DM basis, %).

Items RSM ERM EERM p-Value
Essential AA
Lys 52.29 4+ 3.94 5293 +7.71 46.97 + 5.18 0.710
Met 30.80 &+ 5.51 4418 + 3.17 49.16 & 7.31 0.091
Thr 52.36 + 3.38 59.77 +2.32 51.96 4+ 4.55 0.362
Trp 49.68 £ 4.47 59.17 4+ 3.52 53.04 + 4.46 0.378
Val 59.75 £ 2.89 67.67 £ 2.61 57.83 & 4.49 0.219
Ile 61.37 £ 2.78 67.95 £+ 2.54 58.54 4 4.58 0.261
Leu 64.08 = 2.82 69.82 +2.43 60.01 &= 4.57 0.238
Phe 66.81 £ 2.45 7211 £2.79 67.82 + 3.70 0.521
His 70.92 4+ 2.54 7127 £5.18 63.67 = 3.93 0.315
Arg 71.18 £+ 2.59 70.74 + 4.28 66.18 + 3.95 0.558
Non-essential
AA
Asp 52.04 + 4.15 54.49 4+ 7.48 54.12 4+ 4.08 0.937
Ser 58.45 + 3.56 63.16 - 1.39 58.98 4 4.22 0.667
Glu 75.27 £ 2.34 75.05 + 4.94 71.01 £ 2.68 0.592
Gly 50.83 £ 5.88 41.62 +12.62 4473 £ 791 0.733
Ala 58.46 + 3.20 62.91 £+ 2.20 56.70 4= 4.93 0.583
Cys 73.36 = 2.45 61.64 4+ 9.84 7244 +0.59 0.329
Tyr 56.41 + 3.35 69.02 + 1.17 58.38 4+ 4.23 0.082
Pro 51.94 + 3.84 33.71 + 14.04 53.02 4+ 2.98 0.235
TAA 62.05 £ 3.10 58.92 + 6.36 58.25 + 4.84 0.830

RSM, rapeseed meal; ERM, extruded rapeseed meal; EERM, extruded solid-state enzymatically hydrolyzed
rapeseed meal; AA, amino acids; TAA, total amino acids.
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Table 4. The standardized ileal digestibility of amino acids in rapeseed meal, extruded rapeseed meal,

and extruded solid-state enzymatically hydrolyzed rapeseed meal in growing pigs (DM basis, %).

Items RSM ERM EERM p-Value
Essential AA

Lys 60.90 + 3.94 6294 +7.71 57.59 £ 5.18 0.797
Met 42.26 + 5.51 58.45 + 3.17 63.29 + 7.31 0.048
Thr 63.19 £ 3.38 72.30 £2.32 63.75 £+ 4.55 0.263
Trp 61.23 +4.47 71.60 £ 3.52 65.09 + 4.45 0.319
Val 66.77 £+ 2.89 75.29 + 2.61 65.09 + 4.49 0.192
Ile 68.84 +£2.78 70.51 £ 6.06 66.26 + 4.58 0.803
Leu 71.27 £2.82 77.81 +2.43 67.78 + 4.57 0.224
Phe 74.85 £ 2.45 80.81 £ 2.79 76.10 £ 3.70 0.446
His 76.61 £ 2.54 77.40 £ 5.18 69.68 + 3.93 0.324
Arg 77.85 £ 2.59 78.37 £ 4.28 74.08 £ 3.95 0.661

Non-essential

AA

Asp 62.23 £+ 4.15 65.76 = 7.48 64.71 £ 4.08 0.887
Ser 68.33 £ 3.56 75.31 £ 1.38 70.18 £ 4.22 0.457
Glu 79.83 £2.34 79.93 +4.94 75.69 £ 2.68 0.590
Gly 73.23 £5.88 65.95 + 12.62 67.91 £ 791 0.814
Ala 67.87 £ 3.20 73.53 +£2.20 66.37 + 4.93 0.482
Cys 83.50 £ 2.45 72.27 +9.84 82.97 £+ 0.59 0.350
Tyr 64.79 + 3.35 77.02 £ 1.17 66.09 + 4.23 0.086
Pro 75.17 £ 3.84 56.83 4= 14.04 73.91 £ 298 0.257

TAA 66.80 £+ 3.10 64.11 £ 6.36 63.22 +4.84 0.853

RSM, rapeseed meal; ERM, extruded rapeseed meal; EERM, extruded solid-state enzymatically hydrolyzed
rapeseed meal; AA, amino acids; TAA, total amino acids.

4. Discussion

The application of RSM in animal diets is limited due to its anti-nutritional factors
and CF content. In our study, we compared the morphological structure and nutrient
composition of RSM, ERM, and EERM. The results demonstrated that extrusion disrupted
the dense structure of RSM, making it into a loose and porous matrix. Treatment with
the multi-enzyme preparation further increased the surface porosity and produced finer
particles. These structural modifications increased the contact area between enzymes and
substrates, promoting the enzymatic hydrolysis efficiency of RSM. FTIR analysis revealed
an increase in -turn content in ERM and a reduction in «-helix content in EERM, with
lower «-helix levels, indicating partial protein denaturation or structural modification.

Regarding nutrient composition, the contents of CP and GE in EERM were lower
than those in ERM, suggesting that the processing compromises the nutrients in RSM.
The contents of CF, NDF, ADF, and ADL were reduced in EERM. Previous studies have
shown that supplementing RSM with cellulase or applying fermentation can decrease
fiber fractions [7,35]. Fiber impedes the digestion and absorption of proteins and car-
bohydrates [36]. The addition of NSP enzymes promotes the degradation and restruc-
turing of macromolecules such as cellulose and hemicellulose, thereby reducing fiber
content [37]. The fiber degradation not only enhances the digestibility of energy and
nutrients by releasing more soluble sugars and improving nutritional value but also short-
ens the retention time of digesta in the hindgut, ultimately improving feed conversion
efficiency [38,39]. Compared with RSM, the TCA-SP content increased modestly from
2.23% to 2.83% after extrusion, and further to 14.61% after subsequent enzymatic hydroly-
sis, indicating that extrusion combined with solid-state enzymatic hydrolysis converted
proteins into small peptides and free AAs. Previous studies that utilized extrusion pretreat-
ment followed by microbial fermentation reported a marked increase in the small-peptide
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(<3 kDa) content in RSM [40]. Small peptides and free AAs are rapidly absorbed by porcine
intestinal epithelial cells, enhancing nitrogen retention efficiency and providing a more
readily available nitrogen source for the animal [41]. Extrusion effectively reduced the
GLs and ITC in RSM [42,43]. In the present study, extrusion combined with solid-state
enzymatic hydrolysis further decreased the content of GLs and ITC in EERM, indicating
that the combined treatment is more effective in reducing these anti-nutritional factors than
extrusion alone [44]. Consistent with the observed reduction in CP content, after extrusion
and extrusion combined with solid-state enzymatic hydrolysis of RSM, all AAs except Met
decreased, possibly due to Maillard reactions between reducing sugars and AAs at high
extrusion temperatures [45,46]. Lys is the first limiting AA in cereal-based diets for pigs.
This reduction in available Lys may compromise protein utilization, suggesting that Lys
supplementation is recommended when ERM is included in the diet [47,48].

Digestibility is a crucial parameter for evaluating the nutritional value and productive
performance of feed ingredients. We evaluated in vitro and in vivo digestibility of DM, CP,
and GE to assess the effects of extrusion and extrusion combined with solid-state enzymatic
hydrolysis on RSM modification. The in vitro CP digestibility of ERM decreased, whereas
the in vitro digestibility of DM and GE increased in EERM, with EERM demonstrating
superior effects compared to ERM. Regarding in vivo digestibility, EERM exhibited higher
digestibility of CP and GE than ERM. The decrease in CP digestibility after extrusion may
be attributed to heat-induced changes in protein structure or a reduction in relative protein
content [49]. The multi-enzyme preparation reduced the fiber fractions in EERM, and since
fiber content is negatively correlated with energy digestibility [50], the GE digestibility of
EERM increased. Solid-state enzymatic hydrolysis also reduced NSP and antinutritional
factors, which pigs cannot digest endogenously and that interfere with nutrient digestion,
absorption, and utilization [51,52]. Their reduction thus facilitated improved digestibility
of DM, CP, and GE. Improved CP digestibility promotes protein absorption [53,54].

In the present study, no significant differences in AID or SID of AA were observed
among RSM, ERM, and EERM. A previous study optimizing enzymatic hydrolysis of hemp
seed protein demonstrated that protein unfolding increased enzyme-substrate contact by
exposing aromatic AA residues in the hydrophobic core, improving the digestibility of
Tyr and Phe [55]. That study indicated that moderate enzymatic hydrolysis can disrupt
protein conformation, making previously buried AA residues accessible and enhancing
digestibility [55]. However, such effects were not observed under our experimental con-
ditions. Another study reported that dietary supplementation with exogenous proteases
significantly increased SID of limiting AA, such as Lys, Met, and Thr, in growing pigs,
with improvements depending on protease type and dosage [56]. Nevertheless, that study
used purified protease, whereas we employed a multi-enzyme preparation with relatively
low protease activity. Moreover, the contents of Lys and Met in RSM are inherently low
and tend to form complexes with anti-nutritional factors such as phytic acid and tannins,
limiting enzymatic release efficiency [57].

5. Conclusions

In summary, extrusion and extrusion combined with enzymatic hydrolysis changed
the morphological structure and nutrient composition of RSM, contributing to improved
digestibility of CP and GE. However, both extrusion and extrusion combined with solid-
state enzymatic hydrolysis decreased most AAs except Met, which should be considered in
practical applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ani16142132/s1, Table S1: Composition of the multi-enzyme preparation.
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