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Dietary fermented rapeseed or/
and soybean meal additives 
on performance and intestinal 
health of piglets
Anna Czech1, Eugeniusz Ryszard Grela2* & Martyna Kiesz1

The aim of the study was to assess the effect of fermented dried soybean (FSBM) and/or fermented 
rapeseed meal (FRSM) in diets for weaned piglets on production results, nutrient digestibility, 
gastrointestinal tract histology, and the composition of the gut microbiota. Piglets in the control 
group received standard diets with soybean meal. Animals in all experimental groups received diets in 
which a portion of the soybean meal was replaced: in group FR—8% FRSM; in group FR/FS—6% FRSM 
and 2% FSBM; in group FS/FR—2% FRSM and 6% FSBM and in group FS—8% FSBM. The use of 8% 
FRSM or 6% FRSM and 2% FSBM in the piglet diets had a positive effect on average daily gains. Piglets 
from the FR and FR/FS groups had the highest feed conversion rate. Group FS/FR and FS piglets had 
significantly lower mortality and lower incidence of diarrhoea. Piglets fed a diet with the fermented 
components, in particular with 8% FRSM or 6% FRSM and 2% FSBM, exhibited a positive effect on 
the microbiological composition and histology of intestines, which resulted in improved nutrient 
digestibility coefficients (ATTD and AID).

Due to the ban on the use of feed derived from mammals and poultry in livestock feeding, the most common 
protein component of feed is soybean meal (SBM). It has high protein content, a balanced amino acid profile, 
except for sulphur-containing amino  acids1, and low content of anti-nutritional  substances2. Widespread use 
of this feed component, especially in the diet of young animals, is limited by the presence of β-conglycinin and 
non-starch polysaccharides, such as raffinose and  stachyose3,4, which are not digested in the ileum of monogastric 
animals due to the lack of specific enzymes. In addition, soybean seeds are mainly obtained from genetically 
modified (GMO) crops, accounting for as much as 64% of all protein feed used in  Europe1.

There is currently a search for alternative protein components to replace GMO soybean meal in diets for 
pigs and poultry. Livestock farmers are showing interest in legume seeds (e.g. lupin, broad beans, and peas) as 
well as products of the oil industry, i.e. rapeseed meal (RSM) and rapeseed cake. In comparison with soybean, 
rapeseed protein contains more sulphur-containing amino acids (methionine and cysteine), the deficiency of 
which limits the utilization of plant feed in diets for pigs. On the other hand, rapeseed meal has lower content 
of protein, including lysine, higher content of dietary fibre, and thus a lower caloric value. Moreover, it contains 
anti-nutritional compounds such as glucosinolates, tannins, phytates, and  others5. Various methods are used 
to improve the nutritional value of both rapeseed meal and soybean meal, such as toasting, extrusion, or sieve 
separation (reducing the level of fibre). One of the more interesting methods is fermentation, during which 
microbes break down anti-nutritional  substances2, induce synthesis of various bioactive compounds, primarily 
 antioxidants6,7, reduce the content of raw fibre, and modify the protein amino acid profile, which leads to bet-
ter production parameters in pig  farming8. Thus far, feed fermentation has been used mainly in liquid feeding 
 systems8,9. However, as many farms use complete dry or pelleted feed, it would be interesting to analyse the 
effectiveness of using fermented dried soybean and/or rapeseed meal in the diet for piglets and weaners. We 
hypothesize that the use of fermented dried rapeseed meal or/and soybean meal, with increased nutritional value 
and reduced content of anti-nutritional substances, may improve the body condition and growth performance 
of weaned piglets and modify their gut microbiota.
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Results
Chemical composition of fermented components and diets for piglets. The content of crude 
protein, lysine, tryptophan, threonine, copper, and iron and metabolizable energy was higher in the fermented 
soybean meal (FSBM) than in the fermented rapeseed meal (FRSM). The reverse was noted for crude ash, crude 
fibre, total phosphorus, phytate phosphorus, calcium, sodium and zinc. FSBM also had lower content of glucosi-
nolates and  tannins10 (Table 1).

The content of basic nutrients in the diets for weaners was similar in all experimental groups (Table 1) and 
was in line with the recommendations of the  NRC12. The content of phytate phosphorus in the experimental diets 
with fermented components was lower than in the control. The reverse was noted for lactic  acid10. The glucosi-
nolate content was higher in the feeds with FRSM than in those with soybean meal (C) and FSBM (Table 1)10.

Production parameters and digestibility of nutrients. The weaners from the control group and the 
group receiving 8% FSBM (group FS) had significantly lower body weight from 42 to 77 days of age than the 
weaners in group FR/FS (Table 2). The use of 6% FRSM and 2% FSBM in the diet had a positive effect on average 
daily gains. From 36 to 77 days, the highest daily gains were noted in group FR/FS (Table 2). Between 36 and 
42 days, the piglets from group FR/FS had significantly higher daily feed intake than the animals from the other 
groups. In the following period, between days 43 and 49, the animals from group FR had significantly lower daily 
feed intake than the other groups. It should be noted that between 50 and 77 days of age, the feed intake was 
significantly lower in the FR, FR/FS, and FS groups than in the control group (Table 2). The piglets from the FR 
and FR/FS groups had the highest feed conversion rate (FCR) (Table 2).

Group C piglets had significantly higher mortality up to 77 days of age and a higher incidence of diarrhoea, 
compared to the experimental groups (Table 2). The piglets from groups FR and FR/FS had a significantly lower 
incidence of diarrhoea and fewer days with diarrhoea than the animals from the control group (Table 2).

The piglets from groups FR and FR/FS had significantly higher coefficients of apparent total tract digestibility 
(ATTD) and apparent ileum digestibility (AID) for crude protein (approx. 2.5 and 3.3%), methionine (6.4 and 
4.6%), and ether extract (approx. 5.1 and 2.8%), compared to the control group (C). The piglets from groups FR, 
FR/FS, and FS had significantly higher coefficients of ATTD for crude fibre, compared to the control group (C). 
No such relationship was found in the case of crude fibre AID (Table 3). The addition of fermented soybean meal 
(FS/FR, FS) increased the ATTD and AID of lysine and threonine but only the ATTD of tryptophan, compared 
to the control group (C). The inclusion of the fermented feed in the diet significantly increased the ATTD and 
AID of calcium and phosphorus, with FRSM having a substantially greater effect than FSBM (Table 3).

Table 1.  Content of analysed nutrients and bioactive substances in 1 kg of FRSM (n = 4) and FSBM (n = 4) 
and piglet diets (n = 3)10. FSBM fermented dried soybean meal, FRSM fermented dried rapeseed meal. 
Metabolizable  energya was calculated according to the equation proposed by Kirchgessner and  Roth11. 
a Feeding groups: C—control; FR- group receiving a diet with 8% FRSM; FR/FS—group receiving a diet with 
6% FRSM and 2% FSBM; FS/FR—group receiving a diet with 6% FSBM and 2% FRSM; FS—group receiving a 
diet with 8% FSBM.

Item FRSM FSBM

Prestarter (29–42 days) Starter (43–77 days)

C FR FR/FS FS/FR FS C FR FR/FS FS/FR FS

Dry matter (g) 882.7 901.1 891.4 889.5 890.2 889.9 889.8 890.2 888.9 889.4 889.5 889.1

Crude ash (g) 78.9 66.1 50.68 50.67 50.66 50.69 50.72 50.42 50.51 50.41 50.56 50.57

Crude protein (g) 291.8 499.7 187.84 186.95 187.45 188.03 188.11 181.01 181.11 181.09 181.07 181.09

Ether extract (g) 31.7 35.6 50.31 50.32 50.34 50.35 40.33 50.13 50.18 50.14 50.15 40.13

Crude fibre (g) 91.5 17.9 40.07 40.05 40.05 40.03 40.02 40.41 40.28 40.22 39.98 39.95

Metabolizable  energya (MJ) 12.27 15.64 13.32 13.32 13.31 13.32 13.32 13.21 13.21 13.21 13.21 13.21

Total phosphorus (g) 9.09 7.12 6.81 6.82 6.82 6.81 6.81 6.78 6.75 6.78 6.76 6.77

Phytin phosphorus (g) 5.73 4.61 3.92 2.44 2.73 2.82 2.74 3.93 2.46 2.76 2.87 2.79

Calcium (g) 8.05 2.54 7.41 7.41 7.42 7.43 7.43 7.38 7.37 7.38 7.39 7.38

Sodium (g) 2.26 0.21 2.12 2.12 2.12 2.12 2.13 2.11 2.11 2.12 2.11 2.11

Zinc (mg) 66.98 47.37 148.7 149.4 149.3 149.5 149.6 148.2 149.3 148.8 148.7 149.2

Copper (mg) 6.67 14.98 161.3 161.5 161.7 161.6 161.4 161.4 161.6 161.9 161.8 161.5

Iron (mg) 149.2 191.4 159.3 161.8 161.7 161.6 161.5 159.4 162.1 161.9 161.8 161.7

Total lysine (g) 13.55 24.22 13.6 13.7 13.8 13.7 13.8 12.5 12.8 12.7 12.6 12.9

Methionine (g) 5.48 6.43 3.89 3.89 3.88 3.89 3.91 3.82 3.81 3.82 3.81 3.82

Threonine (g) 12.24 16.79 8.64 8.65 8,64 8.63 8.64 8.51 8.43 8,43 8.45 8.44

Tryptophan (g) 2.76 5.70 2.54 2.52 2.51 2.53 2.53 2.52 2.49 2.49 2.51 2.51

Glucosinolates (µmol/g) 6.37 0.92 0.081 0.330 0.174 0.103 0.062 0.081 0.331 0.175 0.104 0.063

Tannin (g/kg) 4.76 1.22 2.41 3.16 2.81 2.58 2.39 2.44 3.17 2.82 2.59 2.40

Lactic acid (g/kg) 50.42 44.22 1.47 5.43 5.32 5.08 4.95 1.43 5.32 5.29 5.06 4.89
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Results of the microbiological and histological analysis of the gastrointestinal tract. The ani-
mals from the FR/FS group had a significantly higher total bacterial count in the contents of the ileum. The 
bacterial count in the faeces was significantly higher in the control group than in the other groups (Table 4).

The total fungal count in the ileum contents was significantly higher in the control group animals vs. ani-
mals from the FS and FR groups, between which there was also a statistically significant difference (FS > FR). In 
the faeces of the piglets from the control group, the number of fungi was significantly higher than in the other 
groups (Table 4).

The inclusion of the fermented component in the feed for the piglets affected the total number of coliforms 
and Escherichia coli bacteria. The total number of these bacteria in the ileum was significantly higher in the con-
trol group and, in the case of coliforms, also in the group with 8% FSBM supplementation (group FS), compared 
to the other groups (Table 4).

The number of coliforms and E. coli in the faeces, as in the ileum, was significantly higher in the control 
animals than in the piglets receiving diets with fermented components (C vs. FR, FR/FS, FS/FR, and FS). The 
lowest numbers of both coliforms and E. coli were recorded in group FS (FS < FS/FR < FR = FR/FS). Significant 
differences were also noted in the number of anaerobic bacteria Clostridium perfringens in the faeces, which was 
significantly higher in group C than in the other groups, with significant differences between them: FR/FS < FS/
FR < FR = FS (Table 4).

The fermented component used in the feed in the amounts of 6% FRSM and 2% FSBM increased the length 
and width of the villi in the ileum, compared to the other groups (Table 5). The shortest villi were noted in groups 
C and FS/FR, and the narrowest villi were observed in group C. The deepest crypts in the ileum were found in 
groups C and FR vs. groups FR/FS and FS/FR. The group C animals had the widest crypts, compared to the other 
groups, between which there were statistically significant differences, i.e. FR = FR/FS < FS/FR = FS. It should also 
be noted that the width of the mucosa was significantly greater in the FR/FS group than in group C (Table 5). 
The inclusion of FRSM in the feed significantly reduced the depth and width of the crypts in the caecum and 
colon compared to the control group. A reverse relationship was observed for the width of the caecum mucosa 

Table 2.  Body weight, ADG, DFI, FCR, mortality, and diarrhoea incidence in piglets. a,b,c Values in rows 
marked with different letters differ significantly at p ≤ 0.05. 1 Feeding groups: C—control; FR—group receiving 
a diet with 8% FRSM; FR/FS—group receiving a diet with 6% FRSM and 2% FSBM; FS/FR—group receiving a 
diet with 6% FSBM and 2% FRSM; FS—group receiving a diet with 8% FSBM.

Feeding  groups1

C FR FR/FS FS/FR FS SEM

Body weight (BW) (kg)

At 29 days 5.62 5.65 5.73 5.67 5.65 0.656

At 35 days 7.61 7.71 7.89 7.68 7.62 0.547

At 42 days 10.24b 10.69a 10.96a 10.51ab 10.27b 0.801

At 49 days 13.88b 14.43ab 14.89a 14.42ab 14.27b 0.765

At 77 days 33.01b 34.37a 34.72a 33.68b 33.79b 1.09

Average daily gains (ADG) (kg)

29–35 days 0.284 0.294 0.308 0.287 0.281 0.033

36–42 days 0.376b 0.426a 0.438a 0.404ab 0.379b 0.076

43–49 days 0.520b 0.534b 0.561a 0.559ab 0.571a 0.087

50–77 days 0.683b 0.712a 0.708a 0.688ab 0.697ab 0.056

29–77 days 0.559b 0.586a 0.592a 0.572ab 0.574ab 0.077

Daily feed intake (DFI) (kg)

29–35 days 0.321 0.327 0.338 0.329 0.337 0.054

36–42 days 0.561b 0.554b 0.632a 0.537b 0.573b 0.098

43–49 days 0.809a 0.724c 0.759b 0.764b 0.764b 0.111

50–77 days 1.139a 1.115b 1.116b 1.126ab 1.111b 0.087

29–77 days 0.892a 0.866b 0.885a 0.876ab 0.874ab 0.081

Feed conversion ratio (FCR) (kg/kg)

29–35 days 1.13 1.11 1.10 1.15 1.20 0.074

36–42 days 1.49a 1.30b 1.44ab 1.33b 1.51a 0.121

43–49 days 1.56a 1.36b 1.35b 1.37b 1.34b 0.099

50–77 days 1.67a 1.57b 1.58b 1.64ab 1.59ab 0.087

29–77 days 1.60a 1.48b 1.50b 1.53ab 1.52ab 0.100

Mortality up to 77 days of age (%) 8.23a 4.31b 4.23b 4.89b 5.23b 0.47

Diarrhoea incidence (%) 17.42a 9.18b 8.58b 10.27b 11.42b 1.45

Days with diarrhoea 5.9a 3.2b 3.5b 4.1ab 4.4ab 0.28

Faeces consistency, points 2.4 1.8 1.9 2.1 2.2 0.23
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(Table 5). The width of the colonic mucosa was also significantly smaller in the control group piglets (C) than in 
the animals from the groups receiving feed supplemented with the fermented components (Table 5).

Discussion
Despite their high nutrient content and beneficial amino acid composition, soybeans are not entirely safe feed 
components for piglets. Their presence in feed introduces a number of anti-nutritional substances, such as pro-
tease inhibitors, β-conglycinins, and phytates, which significantly limit feed efficiency in monogastric animals. 

Table 3.  Apparent total tract digestibility (ATTD) and apparent ileum digestibility (AID) coefficients (%) of 
nutrients and selected minerals in piglets. a,b,c,d Values in rows marked with different letters differ significantly 
at p ≤ 0.05. 1 Feeding groups: C—control; FR- group receiving a diet with 8% FRSM; FR/FS—group receiving a 
diet with 6% FRSM and 2% FSBM; FS/FR—group receiving a diet with 6% FSBM and 2% FRSM; FS—group 
receiving a diet with 8% FSBM.

Item

Feeding  groups1

C FR FR/FS FS/FR FS SEM

ATTD

Ether extract 60.04b 63.26a 62.92a 61.29ab 63.54a 1.02

Crude fibre 13.49b 15.28a 15.63a 14.27ab 15.39a 0.74

Nitrogen free extract 89.55 90.46 90.14 89.86 90.59 0.57

Crude protein 78.87b 80.98a 80.33a 79.19ab 79.78ab 0.82

Lys 82.88b 84.03ab 84.28ab 85.24a 85.41a 0.75

Met 79.87c 85.20a 84.77a 83.43ab 82.98b 0.64

Thr 78.97b 80.75ab 80.27ab 80.84a 81.09a 0.73

Trp 78.98b 80.93ab 81.12ab 81.98a 82.18a 0.49

Phosphorus 35.65d 51.22a 50.38a 47.55b 44.87c 0.65

Calcium 48.19c 56.55a 55.53a 52.98b 52.37b 0.81

ADI

Ether extract 57.85b 59.32a 59.63a 58.44ab 59.32a 0.94

Crude fibre 4.59 5.12 5.13 4.95 5.16 0.17

Nitrogen free extract 86.12 86.84 86.25 87.11 87.17 0.21

Crude protein 73.84b 76.41a 76.14a 76.23a 75.31ab 0.24

Lys 80.14b 81.74ab 82.68a 82.71a 82.83a 0.29

Met 79.03b 82.52a 82.71a 81.11ab 81.39ab 0.31

Thr 75.24b 77.87a 76.42ab 77.96a 78.12a 0.23

Trp 77.29 77.69 78.11 78.24 78.42 0.28

Phosphorus 29.46b 42.88a 42.72a 42.17a 42.18a 0.21

Calcium 40.95b 46.51a 46.56a 45.98a 46.13a 0.38

Table 4.  Microbial composition (CFU/g) of the ileum and faeces of piglets. a,b,c,d Values in rows marked with 
different letters differ significantly at p ≤ 0.05. 1 Feeding groups: C—control; FR—group receiving a diet with 8% 
FRSM; FR/FS—group receiving a diet with 6% FRSM and 2% FSBM; FS/FR—group receiving a diet with 6% 
FSBM and 2% FRSM; FS—group receiving a diet with 8% FSBM.

Item

Feeding  groups1

C FR FR/FS FS/FR FS SEM

Ileum

Total number of bacteria 1.3 ×  105b 1.4 ×  105b 6.8 ×  106a 2.8 ×  105b 1.4 ×  104d 5.4 ×  105

Total number of fungi 3.7 ×  103a 1.3 ×  103c 3.5 ×  103ab 3.6 ×  103ab 3.2 ×  103b 2.4 ×  103

Total number of coliforms 2.3 ×  105a 1.2 ×  105b 1.5 ×  104d 4.0 ×  104c 2.1 ×  105a 2.3 ×  104

Total number of Escherichia coli 3.2 ×  105a 1.2 ×  105c 1.3 ×  104e 5.1 ×  104d 2.5 ×  105b 3.1 ×  104

Faeces

Total number of bacteria 3.4 ×  105a 3.7 ×  104c 8.5 ×  104b 2.7 ×  104c 8.1 ×  103d 3.3 ×  104

Total number of fungi 7.2 ×  102a 5 ×  101c 4.1 ×  101 cd 1.0 ×  102b 1.4 ×  101d 7.3 ×  101

Total number of coliforms 1.4 ×  105a 2.5 ×  104b 2.6 ×  104b 1.5 ×  104c 7.3 ×  103d 1.3 ×  104

Total number of Escherichia coli 8.7 ×  104a 2.6 ×  104b 2.4 ×  104b 1.5 ×  104c 7.3 ×  103d 7.7 ×  103

Total number of anaerobic bacteria Clostridium perfringens 1.7 ×  106a 1.5 ×  106b 2.0 ×  105d 6.6 ×  105c 1.2 ×  106b 1.5 ×  105
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Fermentation of soybeans, which reduces the content of anti-nutritional substances, can be a solution to this 
 problem13,14. Fermentation reduces the content of glycine and β-conglycinin, which are potential antigenic and 
allergenic compounds and can cause villous atrophy and crypt hyperplasia in the ileum of weaned piglets. Dur-
ing fermentation of soybean meal, protein and carbohydrates are partially degraded to low-molecular-weight 
compounds, thereby increasing their solubility in water, which facilitates digestion and improves production 
 results15. In our experiment, no satisfactory results were obtained using 8% FSBM relative to the control group 
with toasted SBM. Only the digestibility coefficients of basic nutrients in the group of piglets receiving diets 
with FSBM were higher, while body weight and FCR were comparable to the control group. Piglets receiving 8% 
FSBM in their feed had lower daily feed intake than the group C animals, possibly due to the presence of lactic 
acid, which can adversely affect its  palatability5, leading to a decrease in average daily intake. However, research 
conducted by some  authors16 indicates that FSBM products improve the digestibility of basic nutrients, which 
corresponds to improvement in piglet production parameters. Jones et al.13 reported an increase in the digest-
ibility of His, Lys, and Thr and an increase in average daily gains (ADG) in piglets receiving diets with various 
FSBM levels (1.75%, 3%, or 6%), compared to piglets receiving blood plasma. Slightly different results were 
obtained by Cho et al.16 and Kim et al.14, who used various levels of FSBM in piglet feed and noted an increase 
in the ratio of daily weight gain to daily feed intake (G:F). Cho et al.16 showed that although a diet supplemented 
with FSBM improved His and Lys digestibility and the G:F ratio, it did not improve ADG, which is consistent 
with our observations. Further research is required to draw definitive conclusions on the effect of FSBM on the 
efficiency of piglet rearing. The comparable performance effects in groups FS vs. C may indicate that toasting 
and fermentation similarly reduce the content of anti-nutrients found in soybean meal, which may suggest that 
the combined use of these two treatments is ungrounded.

The coefficients for ATTD calculated in the present study were significantly higher, especially for crude fibre, 
than the AID values. This is linked to microbiological decomposition in the large intestine and the resorption 
of generated metabolites, as confirmed by other  authors3,7,14.

Fermentation is also an effective method of increasing the use of cheaper rapeseed meal, which may reduce 
pressure on other more expensive and controversial protein feed resources (GMO soybean meal). The rapeseed 
meal obtained in this matter also supplies valuable biologically active substances, including proteolytic enzymes, 
bactericides, and antioxidant  peptides6. Low-molecular-weight peptides, referred to as antioxidant peptides, 
formed during fermentation of rapeseed meal, exhibit high free-radical-scavenging activity and inhibit lipid 
peroxidation, while at the same time helping to preserve the structural integrity of the cell  membrane17. This may 
improve nutrient absorption from the intestinal contents, and may also have a beneficial effect on the develop-
ment of the intestinal  microbiota18. Substantial improvement in production parameters was recorded in piglets 
receiving the FRSM-supplemented diet (group FR) compared to the control group animals. The significant 
increase in the ATTD and AID coefficients of protein, fat, and amino acids, compared to the animals from the 

Table 5.  Histological appearance and intestinal morphology in piglets (µm). a,b,c Values in rows marked with 
different letters differ significantly at p ≤ 0.05. 1 Feeding groups: C—control; FR—group receiving a diet with 8% 
FRSM; FR/FS—group receiving a diet with 6% FRSM and 2% FSBM; FS/FR—group receiving a diet with 6% 
FSBM and 2% FRSM; FS—group receiving a diet with 8% FSBM.

Item

Feeding  groups1

C FR FR/FS FS/FR FS SEM

Ileum

Villi

 Length 408.0c 436.9b 508.4a 397.6c 444.9b 3.32

 Width 146.2c 155.2b 163.9a 153.9b 155.9b 2.18

Crypts

 Depth 245.4a 264.6a 209.9b 206.2b 232.8ab 3.06

 Width 56.19a 43.16c 44.77c 49.87b 47.13bc 1.03

Mucosa

 Thickness 28.33b 30.71ab 32.69a 30.99ab 29.14ab 1.11

Caecum

Crypts

 Depth 438.5a 410.5b 391.6b 380.7b 425.34ab 2.02

 Width 76.98a 67.21b 65.98b 66.98b 70.54ab 1.93

Mucosa

 Thickness 233.4b 265.9a 270.9a 266.1a 250.7ab 4.98

Colon

Crypts

 Depth 468.5a 409.1b 426.7b 425.1b 436.1ab 2.34

 Width 64.98a 57.98b 58.99b 59.63b 60.63ab 1.97

Mucosa

 Thickness 189.3c 226.9a 222.9a 200.7b 231.2a 3.94
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control group, corresponded to an increase in final body weight, lower feed intake and, most important, a higher 
FCR in this group of animals (FR). As suggested by Xu et al.15, this may be associated with the effect of fermenta-
tion improving the availability of essential amino acids (Lys, Met + Cys) from rapeseed meal, a reduction in the 
content of anti-nutrients, and enhanced absorption of short peptides.

The beneficial effect of FRSM can also be attributed to a decrease in the amount of non-starch polysaccharides 
(NSP), lignin, and phytates, leading to an increase in carbohydrate  digestibility19 and availability of minerals, 
including phosphorus and  calcium20.

Fermentation of protein feed components lowers their pH, increases the amount of lactic acid bacteria and 
the lactic acid they produce (which was seen in our experiment), and leads to the production of certain enzymes 
and  vitamins21. The inclusion of FRSM and/or FSBM in the diet for piglets enriches the gut microbiota with a 
greater amount of lactic acid. In line with our observations, Canibe and  Jensen21 and van Winsen et al.22 reported 
that supplementation with fermented feed increased the population of Lactobacillus bacteria in the stomach 
and intestines. A balanced population of microorganisms supports intestinal function, which helps to control 
pathogens in the digestive tract. This resulted in a significant reduction in the total number of coliforms and E. 
coli in the ileum and the total number of anaerobic C. perfringens in the faeces relative to the control group. This 
is confirmed by Grela et al.23, who found that a decrease in feed pH to 4.0–4.5 stimulated the development of 
beneficial gastrointestinal microorganisms simultaneously reducing pathogenic microbes. As shown by Kiers 
et al.24, fermented components are a source of certain microorganisms that can inhibit colonization of the 
intestine by pathogens responsible for diarrhoea in pigs. The significant reduction in the number of pathogenic 
bacteria (Enterobacteriaceae) in the caecum, colon, and rectum of pigs receiving fermented feed is linked not 
only to the decrease in pH but to other factors as well, such as higher availability of nutrients, competition for 
receptor sites, and immune response.

Limitation of the activity of pathogenic E. coli strains and the occurrence of diarrhoea improves utilization 
of feed nutrients and production results, especially in weaned  piglets25. A reduction in pathogenic bacteria was 
observed in all animals receiving diets with fermented components. As suggested by Kiers et al.24, the negative 
effects can be minimized by using feeds with fermented components.

The improvement in production results in pigs receiving fermented (dry or wet) feed is closely linked to 
modification of the intestinal epithelium and an increase in its absorption surface, mainly through an increase 
in the length of the intestinal  villi23,25,26. Intestinal villi are the main absorption site, and their elongation is ben-
eficial for nutrient  resorption26–28. For this reason, intestinal morphology, i.e. villus height, crypt depth, ratio of 
villus depth to crypt depth, and intestinal wall thickness, are valuable indicators of the absorption capacity of 
the ileum. Another indicator of the body’s level of nutrition and the availability of energy is the thickness of the 
muscularis mucosae. Improvement in these parameters was achieved in our experiment in piglets receiving a 
diet with 6% FRSM and 2% FSBM, which had a beneficial effect on production parameters and the ATTD and 
AID coefficients of nutrients, especially protein and fat. This may indicate mutual additivity of beneficial nutri-
ents from soybean and rapeseed arising as a result of fermentation. Moreover, the improvement observed in the 
intestinal morphology may be primarily due to the removal of anti-nutritional substances and degradation of 
large proteins to low-molecular-weight peptides in fermented rapeseed  oil17.

Digestion and absorption are believed to improve as villus height increases relative to crypt  depth28. Improve-
ment of the villi/crypt ratio in pigs receiving fermented feed has also been reported by other  authors26. The 
improvement in intestinal morphology may have been associated with the presence of lactic acid in fermented 
feed, which contributes to the growth of villi, improves their shape, and increases the ratio of villus height to 
crypt depth, as shown by Scholten et al.26.

Research conducted by Hong et al.29 confirmed the hypothesis that piglets fed liquid fermented feed had the 
highest content of acetic and lactic acid in the stomach, ileum, and colon. Scholten et al.26 suggest a possible 
relationship between the concentration of organic acids in the intestinal lumen, the source of which is fermented 
components, and an increase in the size of villi.

Conclusions
The results of the study confirm the hypothesis that feeding piglets a diet supplemented with fermented com-
ponents, in particular with 8% FRSM or 6% FRSM and 2% FSBM, has a positive effect on the microbiological 
composition and histology of the intestines, which results in improved nutrient digestibility coefficients and better 
production results. The use of dried fermented protein components in the feed ration for piglets improves the 
functioning of the body, especially the gut microbiota, and thus positively affects their body condition, which 
is highly beneficial in pig rearing.

Methods
The study was carried out in compliance with the ARRIVE guidelines.

All methods were carried out in accordance with relevant guidelines and regulations regarding to life animal 
studies and the procedures were complied with the Directive 2007/526/EC of the European Parliament and of 
the Council on the protection of animals used for scientific purposes.

The experimental procedures used throughout this study were approved by the II Local Ethics Committee on 
Animal Experimentation of University of Life Sciences in Lublin, Poland (Resolution No. 21/2016).

Animals and experimental design. The study was conducted on 150 28-day-old weaned piglets divided 
into 5 analogous groups in terms of body weight and sex. Each group comprised 30 weaned piglets (15 gilts and 
15 barrows), which were placed in 15 pens with 2 piglets in each (1 gilt and 1 barrow). The piglets were housed in 
a building with controlled environmental conditions and received crumble feed in an identical feeding system to 
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approximately 30 kg body weight. From 29 to 42 days of age, the piglets were fed prestarter mixtures ad libitum. 
From 43 days of age, the animals were fed starter diets ad libitum and kept in standard rearing conditions with 
constant access to fresh water.

Piglets in the control group (C) received standard complete prestarter and starter diets with soybean meal 
(SBM). Animals in group FR received feed in which a portion of SBM was replaced with 8% fermented dried 
rapeseed meal (FRSM). Animals in group FR/FS received a diet in which some of the SBM was replaced with 
6% FRSM and 2% fermented dried soybean meal (FSBM). Piglets in group FS/FR received a diet with 2% FRSM 
and 6% FSBM. Animals in group FS received a diet with 8% FSBM. The fermentation process used 90% rapeseed 
meal or soybean meal and 10% carbohydrates additives (7% steamed potatoes and 3% wheat). Bacillus subtilis and 
Lactobacillus fermentum, were used as main fermentation strains. The exact course of the fermentation process 
is protected by a patent. The ingredient composition of the complete diets is presented in Table 610.

The effectiveness of the diet was assessed by monitoring piglets’ weight, daily feed intake, and body condi-
tion. The piglets were weighed at 29, 36, 43, 50, and 77 days of age. The portions of feed were weighed out and 
placed in automatic feeders, and any uneaten feed was recorded on a daily basis. The animals’ body condition 
was observed throughout the experiment.

Diarrhoea symptoms and mortality, if any, were recorded twice a day during rearing for each pierced piglet. 
Faeces were assessed visually and assigned a score according to the following scale: 1—firm and well-formed 
faeces, 2—loose and shapeless faeces, 3—runny faeces, and 4—watery  diarrhoea30. The percentage of diarrhoea 
cases in relation to the total number of piglets in the group (diarrhoea incidence) and the average duration of 
diarrhoea in days were calculated.

Apparent total tract digestibility (ATTD) of nutrients was measured in six barrows per group in metabolic 
cages in the period from 64 to 70 days of age (average body weight of piglets per group). At the end of the trial, 
the six piglets were slaughtered and ileal digesta was collected for determination of digestibility (AID).

The slaughter was conducted in accordance with the technology currently employed in the meat industry. 
Following electrical stunning, the pigs were killed by bleeding, by severing the blood vessels of the throat.

The contents of the ileum were collected for microbiological tests, and tissue samples from the gastrointesti-
nal tract (ileum, caecum and colon) were collected for histological examination. The samples were fixed in 10% 
buffered formalin and stored at approx. − 4 °C.

Determination of nutrient digestibility. Digestibility (ATTD) of nutrients was determined for six con-
secutive days using an endogenous indicator (4 mol/L HCl-insoluble ash) as an indigestible marker.

About 0.3 kg of faeces was collected in the morning from six animals in each group. The faeces were weighed, 
and samples from 6 days were collected in a covered container with a few drops of sulphuric acid and frozen. 

Table 6.  Ingredient composition (% of air-dry matter) of piglet  diets10. C control, FR group receiving a diet 
with 8% FRSM, FR/FS group receiving a diet with 6% FRSM and 2% FSBM, FS/FR group receiving a diet 
with 6% FSBM and 2% FRSM, FS group receiving a diet with 8% FSBM. a Complementary feed, 1 kg (control 
group) containing crude protein 36.15%, lysine 2.50%, methionine 0.73%, crude fat 14.3%, crude fibre 2.85%, 
calcium 1.2%, phosphorus 0.85%, sodium 0.35%, BHT 280 mg. b Complementary feed, 1 kg (FR group) 
containing crude protein 36.65%, lysine 2.61%, methionine 0.75%, crude fat 14.6%, crude fibre 2.75%, calcium 
1.15%, phosphorus 0.84%, sodium 0.33%, BHT 280 mg. c Complementary feed, 1 kg (FR/FS group) containing 
crude protein 36.60%, lysine 2.58%, methionine 0.76%, crude fat 14.5%, crude fibre 2.77%, calcium 1.17%, 
phosphorus 0.84%, sodium 0.33%, BHT 280 mg. d Complementary feed, 1 kg (FS/FR group) containing crude 
protein 36.25%, lysine 2.50%, methionine 0.75%, crude fat 14.3%, crude fibre 2.85%, calcium 1.2%, phosphorus 
0.84%, sodium 0.35%, BHT 280 mg. e Complementary feed, 1 kg (FS group) containing crude protein 36.05%, 
lysine 2.49%, methionine 0.74%, crude fat 14.3%, crude fibre 2.90%, calcium 1.22%, phosphorus 0.85%, 
sodium 0.36%, BHT 280 mg. f 1 kg mineral-vitamin premix containing: calcium 130 g, phosphorus 50 g, 
sodium 35 g, magnesium 4.0 g, lysine 89 g, methionine 46 g, vitamin A 300,000 IU, vitamin  D3 40,000 IU, 
vitamin E 2600 mg, calcium iodide 32 mg, selenium 8 mg, copper 3.2 g, iron 2.4 g, zinc 2.4 g, manganese 
2976 mg, 25,000 FTU. g 1 kg acidifier containing orthophosphoric acid 320 g, citric acid 110 g, fumaric acid 
50 g, propionic acid 45 g, formic acid 45 g, carrier (silicon dioxide) 430 g.

Diets Prestarter (29–42 days) Starter (43–77 days)

Groups C FR FR/FS FS/FR FS C FR FR/FS FS/FR FS

Wheat 35.5 35.5 35.5 35.5 35.5 40.0 40.0 40.0 40.0 40.0

Barley 28.0 26.0 27.0 29.0 30.0 28.0 26.0 27.0 29.0 30.0

Soybean meal, 44% CP 16.0 10.0 9.0 7.0 6.0 16.0 10.0 9.0 7.0 6.0

Dried whey, 16% CP 4.0 4.0 4.0 4.0 4.0 0.0 0.0 0.0 0.0 0.0

Soybean oil 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5

Complementary  feeda–e 8.5 8.5 8.5 8.5 8.5 8.0 8.0 8.0 8.0 8.0

Mineral-vitamin  premixf 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0

Acidifierg 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

FRSM 0.0 8.0 6.0 2.0 0.0 0.0 8.0 6.0 2.0 0.0

FSBM 0.0 0.0 2.0 6.0 8.0 0.0 0.0 2.0 6.0 8.0
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Next, the faeces were mixed and 10 g of each sample was taken for determination of total protein  content30,31. 
The remainder of the faeces were oven-dried (60 °C/72 h) to constant weight.

After slaughter, the abdominal cavity was opened, and a 0.5‒0.6 m piece of the ileum, backwards from the 
ileocaecal junction, was isolated. Digesta was collected from the isolated intestine and, if that part of the ileum 
was empty, an additional 0.5‒0.6 m piece was isolated and the digesta was collected. The digesta was frozen 
immediately. Digesta samples were freeze-dried. From each such portion of dried faeces and freeze-dried ileum 
samples, finely ground in a mill, two samples were weighed out for analysis of dry matter, crude ash, crude 
protein, crude fat, and crude fibre, amino acids, minerals (P and Ca), and markers (4 mol/L HCl-insoluble ash).

The concentrations of nutrients and 4 mol/L HCl-insoluble ash were  determined30,31.
The calculation was made as follows:

Laboratory analyses. Dry matter, crude ash, crude protein, crude fat, and crude fibre were determined 
in the diets, fermented soybean and rapeseed meal, faeces, and ileum  samples10,30,31. Amino acids were ana-
lysed with a Sykam Amino Acid Analyzer (Laserchrom HPLC Laboratories Ltd. Inc., Rochester, UK) following 
hydrolysis of the samples with 6 N HCl for 24 h at 110 °C. Methionine was analysed as Met sulphone, with 
hydrolysis preceded by cold performic acid oxidation overnight. Tryptophan was determined following NaOH 
hydrolysis for 22 h at 110 °C according to the AOAC  procedure31. The content of calcium, sodium, iron, copper, 
and zinc was determined by atomic absorption spectrometry with a Varian model 720-ES ICP-OES spectro-
photometer (Varian, Palo Alto, USA), Total P content in the feed, faeces, and ileum samples was determined 
colorimetrically with a Helios Alpha UV–Vis spectrophotometer (Spectronic Unicam, Leeds, UK). The contents 
of phytate phosphorus, lactic acid, glucosinolates, and tannins were determined in the diets.

Phytate was determined colorimetrically based on the pink colour of the Wade reagent, which is formed upon 
the reaction of ferric ions and sulfosalicylic acid and has an absorbance maximum at 500 nm. In the presence 
of phytate, iron is sequestered and is unavailable to react with sulfosalicylic acid, resulting in a decrease in the 
intensity of the pink  colour10,32.

The content of lactic acid was determined colorimetrically by the LA-Fe (III) complex method. The lactic 
acid-iron (III) complex was formed as a result of the acid-iron (III) chloride reaction, and its absorbance was 
measured at 410 nm using a Helios Alpha UV–Vis spectrophotometer (Spectronic Unicam, Leeds, UK)10,33.

The glucosinolate content in the samples was estimated according to the  standard10,34 using high perfor-
mance liquid chromatography using the Agilent 1100 Series HPLC system, on an ODS Agilent Zorbax column 
(5 µl 4.6 × 250 mm), with a UV–Vis detector, 229 nm. An injection volume of 50 µl (Agilent Autosampler) and 
reversed phase gradient elution A:  H2O, B: Acetonitrile:  H2O (20:80 v/v) were used. The flow rate was 1.0 ml/
min and the analysis time was 43 min.

The Folin-Denis spectrophotometric method was used to determine the tannin content according to Canbaş 
et al.35 with  modification10. A measured weight of each sample (0.5 g) was dispersed in 35 ml of distilled mixtures 
(ethanol:glycerin:water in a 1:1:1 ratio) for 30 min at 60 °C, with shaking every 5 min. After the 30 min, it was 
centrifuged and the extract was obtained. A 1 ml volume of the supernatant (extracts) was transferred into a 50 ml 
volumetric flask. Similarly, 1 ml of a standard tannic acid solution was transferred into a separate 50 ml flask. 
A 2.0 ml volume of the Folin-Denis reagent was added to each flask, followed by 10 ml of a saturated  Na2CO3 
solution. The mixture was diluted to the mark in the flask (50 ml) and incubated for 15 min at room temperature. 
The absorbances were measured at 700 nm in a Helios Alpha UV–Vis spectrophotometer (Spectronic Unicam, 
Leeds, UK). Readings were taken with the reagent blank at zero.

Microbiological analysis of gastrointestinal contents. During slaughter, the contents of the final seg-
ment of the ileum of six piglets per group were collected for microbiological testing. The material was cooled to 
6–8 °C and transported to the laboratory (about 1 h). Then, one gram was weighed out from each sample and 
inoculated into 9 ml of Ringer’s solution with Tween 80 and homogenized. Decimal dilutions of each sample 
were made according to ISO 6887-136. Each dilution was plated on previously prepared sterile solid media in the 
amount of 100 μl and then incubated according to the  standards30.

The following parameters were determined in the material:

• total bacterial count—the material was plated on tryptic soy agar (TSA) and incubated for 72 (± 3) h in a 
thermostat (30 ± 2 °C) according to PN-EN ISO 4833-237.

• the total number of yeasts was determined on an agar medium with dichlorane and 18% glycerol (DG 18) 
incubated for 5–7 days in a thermostat (25 ± 1 °C) according to PN-ISO 21527-1/238.

• total number of coliform bacteria—the material was plated on Violet Red Bile Lactose (VRBL) agar and 
incubated for 24 ± 2 h in a thermostat (37 ± 2 °C) according to PN-ISO 4832:200739.

• total number of E. coli bacteria—the material was plated on Tryptone Bile X-Glucuronide Medium (TBX) 
and then incubated for 24 h in a thermostat (44 ± 3 °C) according to PN-ISO-16649–240.

• total number of C. perfringens bacteria—the material was plated on Tryptose Sulphite Cycloserine Agar 
and incubated for 20 ± 2 h at 37 °C (± 1 °C) in anaerobic conditions obtained using GasPak Plus (Anaerobic 
System Envelopes with Palladium Catalyst, BD BBL), which is a system for producing gas environments, 

AID or ATTD = 100− 100× ((indicator content in diet

× nutrient content in faeces or ileum samples)/(indicator

content in faeces or ileum samples× nutrient content

in diet)).
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according to PN-EN ISO  793741. Each culture on solid substrates was conducted in duplicate. The numbers 
of microorganisms were expressed as colony forming units (CFU) per gram of the tested material. The result 
for one animal was expressed as the mean of replicates of the CFU count per g of faeces.

Histomorphometry. Tissue samples from the ileum, caecum, and colon were embedded in paraffin, and 
serial histological sections (5 μm thick) were stained with haematoxylin and eosin for histomorphometric analy-
sis under a light microscope. For each piglet (6 barrows per group), villus height, crypt depth, and the thickness 
of the tunica mucosa and tunica muscularis were measured in 5–8 slides for each section of the intestine (ileum, 
caecum, and colon) with an optical microscope (× 4 or × 10 objectives, Olympus BX 61, Warsaw, Poland) cou-
pled via a digital camera to a PC equipped with Cell P (Olympus) software. For each intestinal segment from 
each piglet, 30 well-oriented villi and crypts on the slide as well as the thickness of the tunica mucosa and tunica 
muscularis (30 measurement points each) were measured. The mean value of each of the parameters was used 
to represent the data for a single piglet. The procedure was repeated for each piglet, and statistical analysis was 
performed for the five groups of piglets (n = 6 in each experimental group)30.

Statistical analysis. The numerical data were analysed by one-way analysis of variance (ANOVA), and the 
significance of differences between the groups was determined by the Tukey post-hoc test, assuming significance 
levels of 0.05 and 0.01. The pen was the experimental unit for feed intake and the feed conversion ratio (n = 15 
per group). An individual piglet was the experimental unit for body weight and body condition (n = 30 per 
group). Six piglets were the experimental unit in the case of all other traits. The tables present the mean values 
and the standard error of the mean (SEM). The calculations were made using SAS 9.4 software (SAS Institute, 
Cary NC).

Ethics statement. The experimental procedure was approved by the Local Ethics Commission for Experi-
ments with Animals in Lublin, Poland (approval no. 21/2016).
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