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The growth and physiological responses of the rats to diet supplemented with raw
and Candida utilis-fermented yellow and blue lupin seeds were determined. The diets con-
taining soya bean meal, raw and fermented blue and yellow lupin were administered to
eight rats in each diet group for four weeks. Yellow lupin seeds in the diets of rats im-
proved significantly (p<0.05) feed intake, protein digestibility, body mass gain and protein
efficiency ratio in comparison with blue lupin seeds. On the contrary, blue lupin seeds af-
fected significantly (p<0.05) gastrointestinal fermentation processes in comparison with
yellow lupin seeds. Fermentation of lupin seeds increased crude protein content and re-
duced phytate and oligosaccharide content. In the fermented products, a higher number of
lactic acid bacteria and yeasts but reduced number of coliform bacteria was found. Fer-
mentation by Candida utilis positively (p<0.05) affected protein digestibility of feed, body
mass gain and protein efficiency ratio of rats, as well as the activity of some bacterial en-
zymes and cholesterol concentrations in the blood serum.
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Introduction

Functional foods have recently gained much atten-
tion because of their nutrient composition and beneficial
impact on consumer health (I). One of the treatments
used to increase health-promoting properties of the prod-
ucts is the fermentation of raw materials (2—4). Fermented
products, in addition to their nutrient content (proteins,
fibre, minerals and vitamins) usually include live, dried
or lyophilized cells of lactic acid bacteria or yeast, which
can work probiotically or prebiotically on digestive tract
microflora (5-7). Fermentation is a natural and cheap
method of changing the physical, chemical and functional

parameters of food and feed (8,9). Supplementation of
fermented components to feed has a beneficial effect on
growth performance and intestinal microflora regulation
in pigs and rats (10-12). Yeast fermentation of starch com-
ponents such as peas, beans or crops enriches products
with high-value proteins of microbial origin, improves
the digestibility of the protein and amino acid profile and
reduces the concentration of antinutritional factors (9,13),
but the effect of lupin fermentation has not been deter-
mined so far.

Lupins are a protein-rich plant source for animals
and people. The presence of antinutritive factors in lupin
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seeds has a negative effect on the availability and utiliza-
tion of nutrients by monogastric organisms (14). Results
of another study (15) indicate that raffinose family oligo-
saccharides (RFOs) more than alkaloids can reduce the
utilization of nutrients of low-alkaloid lupin seeds. The
bacterial conversion of carbohydrates, proteins and an-
tinutritive compounds present in raw lupin seeds leads to
the formation of a large number of substances that may
have beneficial or adverse effects on human and animal
health. RFOs are not hydrolyzed by native digestive en-
zymes of non-ruminant animals, but only by bacterial
a-galactosidase in the large intestine to gases, which can
interfere with nutrient absorption (15) and cause flatu-
lence and diarrhoea (16,17). On the other hand, oligosac-
charides and polysaccharides are recognized as potential
substrates for fermentation by positive bacteria which can
stimulate their proliferation and activity (4). It must also
be mentioned here that in many countries, where lupin
has already been accepted by consumers, there are re-
ports about allergic reactions following consumption of
lupin-containing products. Allergenic potential of lupin
derives from its infiltration into organism through the re-
spiratory system and after eating lupin-fortified products.
The results suggest that lupin allergens are heat stable but
their status after fermentation was not recognized (18).
Lactofermentation of lupin seeds improved the gut health
of rats as compared to raw seeds (4). Fermentation of Lu-
pinus angustifolius seeds using yeast increased the concen-
trations of proteins and essential amino acids, and signifi-
cantly reduced the concentrations of oligosaccharides and
phytates (19). Moreover, the products are characterized
by acidic pH with prevalence of lactic and propionic ac-
ids, which is beneficial because of their positive impact on
the gastrointestinal microflora (a natural acidifier). There
are only a few studies concerning the nutritional value
and physiological properties of fermented lupin seeds
used in animal nutrition (4). Candida utilis was selected
for this study on the basis of previously conducted exper-
iments, which used different yeast strains for lupin seed
fermentation, where it was recognized as the most effi-
cient strain (data not published).

This study presents the effects of raw and Candida
utilis-fermented yellow and blue lupin seeds in compari-
son with soya bean meal on the growth and conditions of
intestinal ecosystems of rats and metabolic activity of
their intestinal microflora, determined on the basis of ac-
tivities of selected enzymes and concentrations of volatile
products in caecum digesta.

Materials and Methods

Microorganisms and fermentation media

For the experiments and preparation of fermented
products, seeds of Lupinus luteus (cv. Lord) and Lupinus
angustifolius (cv. Graf) were selected. Seeds were obtained
from the Plant Breeding Station Przebedowo (Przebedo-
wo, Poland). Soya bean meal was obtained from the mar-
ket.

For fermentation, a Candida utilis strain was acquired
from the Pure Culture Collection of Industrial Microor-
ganisms LOCK 105 at the Institute of Fermentation Tech-

nology and Microbiology, Technical University of Lodz
(Poland). Initially, yeast grew at 30 °C for 48 h in sterilized
tubes filled with an enriched YPD base (glucose 20 g/L,
yeast extract 10 g/L, bacteriological peptone 20 g/L; all
Oxoid, Hampshire, UK). Then, the content of five tubes
was transplanted to the sterilized bottle filled with en-
riched YPD base, and incubated at 30 °C for the next 48 h.
A mass of 2 kg of lupin meal was mixed with 8 L of dis-
tilled water in autoclaved plastic fermentation buckets
and mixed vigorously. Mixtures were sterilized at 121 °C
for 30 min in a Getinge autoclave (Getinge, Rastatt, Ger-
many). After cooling, the resulting suspension was inocu-
lated with yeast (10 % inoculum, by volume) and mixed.
Fermentation was conducted for 72 h at 30 °C under an-
aerobic conditions. Next, the yeast enzymes were deacti-
vated for 30 min at 80 °C, and the material was dried at 55
°C. Fermented yellow and blue lupin seed products were
obtained.

Animals and diets

The experimental animals were used in compliance
with European Guidelines for the Care and Use of Labo-
ratory Animals next to the approval of the Ethical Com-
mittee for Animal Experimentation in Northeastern Po-
land. The experiment was performed on 40 male Wistar
rats aged approx. 4 weeks. The experimental diets were
administered for four weeks to eight rats per each group
housed individually in Plexiglas cages. The administered
diets had a similar content of proteins, fat, minerals and
vitamins. Control diets contained 20.5 % of soya bean
meal, 70.3 % of wheat, 5 % of soya bean oil, 3 % of AIN-93
mineral premix and 1 % of AIN-93 vitamin premix (Ame-
rican Society for Nutrition, Bethesda, MD, USA) and 0.2
% of choline chloride, whereas in the experimental diets
soya bean meal was replaced by raw or fermented blue
and yellow lupin seeds (at 33.8, 27.0, 28.5 and 19.3 %, re-
spectively) and wheat levels were 57.0, 63.8, 61.9 and 71.5
%, respectively. The protein content in all the diets was
about 18.5 %. Experimental diets and tap water were ad-
ministered ad libitum. The animals were kept under stan-
dard conditions at a temperature of 21-22 °C, relative air
humidity of 50-70 %, with intensive room ventilation and
a 12-hour light regimen. Individual body mass and food
intake were recorded.

Sample collection

In the last week of the experiment, the rats were
placed in the balance cages (Tecniplast Spa, Buguggiate,
Italy) and faeces and urine were quantitatively collected
to a plastic bag to calculate the protein digestibility coef-
ficients and nitrogen balance of the diets. After four weeks
of the experiment, the rats were anaesthetized using so-
dium pentobarbitone (14 mg per kg of body mass). Blood
samples were collected from the caudal vena cava. Serum
samples were prepared by centrifugation at 1500xg for 15
min at 4 °C, and then stored at —40 °C for further analyses.
After laparotomy, selected parts of the digestive tract (small
intestine, caecum, colon) were removed and weighed. Di-
rectly after euthanasia (approx. 10 min), ileal, caecal and
colonic pH values were measured, tissue samples were
collected to determine dry matter, ammonia and short-
-chain fatty acid contents, and the remaining material was
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frozen at —70 °C for the determination of protein content
and microbial enzyme activity. The ileal, caecal and co-
lonic walls were flushed clean with ice-cold saline, blotted
on filter paper, and weighed to determine tissue mass.

Chemical and microbial analysis

For chemical analysis, all the samples were ground to
pass through a 0.5-mm sieve. Dry matter, crude protein,
ether extract, crude fibre, crude ash, acid detergent fibre
and neutral detergent fibre were analyzed in duplicate in
raw seeds, fermented products and digesta samples using
methods 934.01, 976.05, 920.39, 978.10, 942.05 and 973.18
respectively, according to AOAC (20). Lupin alkaloids
were extracted from flour by trichloroacetic acid and
methylene chloride (Sigma-Aldrich, Munich, Germany).
The determination of alkaloids was done using gas chro-
matography method (Shimadzu GC17A, Kyoto, Japan)
with a capillary column (Phenomenex, Torrance, CA,
USA). Raffinose family oligosaccharides (RFOs) were ex-
tracted and analyzed by high-resolution gas chromatog-
raphy as described previously by Zalewski et al. (21).
Phytate content was analyzed according to AOAC meth-
od 986.11 (20). The amino acid content was determined
with an AAA-339 Mikrotechna amino acid analyzer (Prague,
Czech Republic), using ninhydrin for post-column de-
rivatization. Before analysis, the samples were hydro-
lyzed with 6 M HCl for 24 h at 110 °C according to AOAC
method 994.12 (20).

Samples for bacteriological analysis were prepared
by adding 27 mL of buffered peptone water (Oxoid) to 3 g
of samples and homogenizing for 30 s in a laboratory
stomacher. Microbial counts were determined using a
decimal dilution series of homogenized samples. The to-
tal bacteria count and lactic acid bacteria count were de-
termined by plate standard methods using plate count
agar and MRS broth (Oxoid), respectively, after 72-hour
incubation at 30 °C. The Salmonella count was determined
using pre-supplemented dichloran Rose Bengal chloram-
phenicol (DRBC) and Salmonella Chromogen agar (Ox-
oid), after 18 and 24 h of incubation, respectively, at 37 °C.
The yeast count was determined using pre-supplemented
DRBC (Oxoid) after incubation at 25 °C for 3-5 days. Coli-
form bacteria were determined using Violet Red Bile lac-
tose agar (Oxoid) after 24 h of incubation at 30 °C.

The caecal pH was measured using a microelectrode
and a pH/Ion meter (model 301, Hanna Instruments, Vila
do Conde, Portugal). Ammonia was extracted and trapped
in a boric acid solution, and it was analyzed by direct ti-
tration with sulphuric acid (POCh, Gliwice, Poland). Short-
-chain fatty acids in fresh caecal contents were determined
by gas chromatography (Shimadzu GC-14A, Kyoto, Ja-
pan) with a 2.5 mmx2.6 mm glass column containing 10 %
SP-1200/1 % H;PO, on 80/100 Chromosorb WAW (Shi-
madzu Corp.); column temperature 110 °C, flame ioniza-
tion detector (FID) temperature 180 °C and injector tem-
perature 195 °C. Aliquots of caecal digesta were mixed
with 0.2 mL of formic acid (POCh), diluted with deion-
ized water and centrifuged at 10 000xg for 5 min. Samples
of the supernatant were subjected to gas chromatography
analysis. Caecal short-chain fatty acid pools were calcu-
lated as the acid concentration per caecal digesta mass.

The activity of microbial enzymes (a- and B-glucosidase,
a- and B-galactosidase, 3-glucuronidase and xylosidase)
was measured on the basis of the rate of p-nitrophenol
and o-nitrophenol release from nitrophenyl glucosides,
and it was expressed in micromoles of the product formed
per hour per gram of caecal digesta at 10 000xg for 10 min.
Glucose, cholesterol, triacylglycerol and cholesterol con-
centrations in the serum were determined using Alpha
Diagnostics (Warsaw, Poland) and Pointe Scientific (War-
saw, Poland) commercial kits.

Statistical analysis

Each group was compared with the control treatment
using student's t-test and then the data (except the con-
trol group) were analyzed by two-way ANOVA with two
main factors: lupin type (blue and yellow) and fermenta-
tion effect (untreated and fermented with Candida utilis
plant material). If significance was observed (p<0.05),
Duncan’s multiple range test was used to identify differ-
ences in the effect of individual diets. Calculations were
made with STATISTICA v. 10.0 software (StatSoft Corpo-
ration, Krakow, Poland).

Results

Chemical composition of raw and fermented lupin meal

Seeds of yellow lupin contained more crude protein
than raw blue lupin seeds (37.3 vs. 31.5 %, Table 1). Yellow
lupin seeds were characterized by a higher mass fraction
of true proteins and amino acids in dry matter than blue
lupin seeds. The content of crude, acid and neutral deter-
gent fibres was similar in the seeds of both lupin species.
The total alkaloid level was twice as high in yellow lupin
seeds. Mass fractions of phytate phosphorus and RFOs
were also higher in yellow lupin seeds.

Fermentation by yeast culture increased the crude
protein content for about 13.5 and 26 % in comparison
with raw seeds of blue and yellow lupin, respectively. On
the other hand, the level of true protein, and especially
the methionine mass fraction, was lower in the dry matter
of fermented products than in raw seeds. The content of
lysine, cystine and threonine in dry matter of fermented
seeds was higher than in the raw material. Fermentation
by Candida utilis partly reduced the crude fibre, acid de-
tergent fibre and neutral detergent fibre content in com-
parison with unprocessed seeds. The level of alkaloids
increased almost three times in fermented products and
reached about 0.042 % in fermented yellow lupin seeds.
Phytate phosphorus mass fraction decreased the most
(about 67 and 29 % in blue and yellow lupin, respectively)
after fermentation. Oligosaccharides of raffinose family
disappeared after fermentation.

Microbial status of raw and fermented lupin meal

Fermentation effectively reduced the pH of lupin
products from about 5.5 in raw seeds to about 4.0. The to-
tal count of bacteria, lactic acid bacteria and coliform bac-
teria counts were similar in both lupin species (Table 2).
The yeast count was slightly higher in blue lupin seeds.
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Table 1. Chemical composition of raw and fermented lupin seeds

w/%
Raw seeds Fermented seeds

Blue lupin Yellow lupin Blue lupin Yellow lupin
Dry matter 87.94+0.02 88.6+0.22 96.33+0.04 94.99+0.13
Crude protein 31.5+0.6 37.3+0.5 35.7+0.2 47.0+0.3
True protein 26.4+0.8 29.6x1.0 21.2+0.1 28.1+0.6
Lysine 1.29+0.02 1.65+0.01 1.54+0.02 2.02+0.01
Methionine 0.16+0.01 0.20+0.02 0.10+0.01 0.17+0.01
Cystine 0.36+0.04 0.71+0.02 0.64+0.02 0.90+0.01
Threonine 0.94+0.05 1.08+0.03 1.02+0.01 1.24+0.03
Crude ash 3.4+0.1 4.2+0.1 3.5+0.1 4.5+0.1
Crude fibre 15.240.4 15.6+0.2 14.340.6 12.7+0.6
Acid detergent fibre 19.9+0.2 18.7+0.9 19.7+0.5 16.1+0.4
Neutral detergent fibre 24.7+0.1 24.5+1.0 21.1+0.7 18.9+1.3
Total alkaloids 0.007+0.001 0.016+0.001 0.021+0.003 0.042+0.003
Total RFOs 6.6+0.2 7.9+0.3 0.0£0.0 0.0£0.0
Phytate phosphorus 0.36+0.07 0.59+0.03 0.12+0.01 0.42+0.09

The results are expressed as mean valueststandard deviation (S.D.). RFOs=raffinose family oligosaccharides

Table 2. Microbial status of raw and fermented lupin seeds

Raw seeds Fermented seeds

Blue lupin

Yellow lupin

Blue lupin

Yellow lupin

pH

5.5+0.1

5.6+0.2

4.11+0.1

3.98+0.1

N(CFU/g)

Total bacteria

Lactic acid bacteria

5.4-10°%+1.1-10?
2.410%+7.1-10?

4.6:10°+1.4-10°
3.9-10%+1.2-10°

2.5-10°+1.4-10°
4.8-10°¢3.1-10°

8.410°+1.1-10°
7.0-10°+1.1-10°

Yeast 2.3-10*9.9-10 3.7:10%1.1-10 4.0-10°+1.1-10* 3.4-10°2.1-10°
Coliform bacteria 5.5-10*+2.4-10° 7.5:10%+4.2-107 1.5:10°+1.4-107 1.5-10%+9.1-10%
Salmonella sp. 0.0£0.0 0.0+0.0 0.0+0.0 0.0+0.0

Salmonella was not detected in all the material. Fermented
products were characterized by a higher content of total
bacteria than unprocessed seeds. The fermentation pro-
cess increased lactic acid bacteria (about 10' to 10%) and
yeast (10* to 10°) number but reduced the number of coli-
form bacteria.

Intake and utilization of diets with different protein
sources

The use of comparable high-protein components in
the diets of the rats, in supplementation to wheat meal,
soya bean oil and mineral and vitamin mixtures, diversi-
fied the diet intake and some parameters of nutrient utili-
zation (Table 3). Higher feed intake was observed in the
group fed fermented yellow lupin (p=0.039) than in the
control diet (soya bean meal). In this group, also a higher
apparent protein digestibility (p=0.001) and in the group
fed fermented blue lupin a higher nitrogen balance
(p=0.031) were found, which did not result in a higher
body mass gain of rats. Lower body mass gain in the rats
fed blue lupin, yellow lupin and fermented blue lupin
seeds (p=0.001) and lower protein efficiency ratio in those

fed blue lupin seeds were recorded than in the control.
The results of two-way ANOVA showed that the inclu-
sion of the blue lupin meal in the diets, compared to yel-
low lupin, reduced diet intake (p=0.043), apparent protein
digestibility coefficient (p=0.004), final body mass (p=0.005),
body mass gain (p=0.002) and protein efficiency ratio
(p=0.035). The use of fermented lupin seeds increased the
apparent protein digestibility (p=0.030), body mass gain
(p=0.028) and protein efficiency ratio (p=0.005), compared
to unprocessed seeds.

The applied dietary treatments did not affect the
mass fraction and the pH of the small intestine, but
changed some of the parameters of the caecum and colon
of rats (Table 4). Compared to the group consuming soya
bean meal, a higher mass fraction of tissue (p=0.001) and
digesta (p=0.001), and pH (p=0.002) as well as a lower
content of ammonia (p=0.001) were detected in the cae-
cum of rats fed blue lupin and fermented blue lupin
seeds. A higher pH of the caecum was also found after the
application of the other diets (yellow lupin and fermented
yellow lupin). Compared to the soya bean meal diet, the
use of all of the experimental diets resulted in increased
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colon mass fraction (p=0.001), and the fermented blue lu-
pin and fermented yellow lupin diets increased the pH of
colon digesta (p=0.001), while the diet with the blue lupin
increased the colon mass fraction (p=0.001). The results of
two-way ANOVA showed that the addition of blue lupin
seeds to the diet, compared to the yellow lupin, resulted
in an increase in the caecal digesta (about 39 %) and the
caecal tissue mass fraction by about 27 % (both p=0.001)
and the reduction of the ammonia content of the caecal
digesta (about 69 %; p=0.001). Seeds of blue lupin in the
diet also increased the mass fraction of the colon digesta
and the colon tissue (p=0.003 and p=0.013, respectively),
and the pH of colon digesta, in comparison with yellow
lupin in the diet. Yeast fermentation of lupin seed meal
caused a decrease in the mass fraction of colon digesta
and digesta pH (p=0.021 and p=0.001, respectively), and
reduction in colon tissue mass fraction (p=0.001).

Microbial enzyme activity and short-chain fatty acids
in the caecal digesta

The applied dietary treatments did not affect the ac-
tivity of microbial a- and B-glucosidase in the caecal di-
gesta of rats (Table 5). The microbial activity of a-ga-
lactosidase was reduced in the groups fed fermented blue
and yellow lupin (about 31 and 43 %, respectively) (p=
0.001), but -galactosidase activity was lower (p=0.001) in
the group fed fermented yellow lupin only, in comparison
with the control group. The activity of 3-glucuronidase
was lower in the rats fed blue lupin (p=0.023) than in the
control. Xylosidase activity was higher in the group con-
suming fermented yellow lupin in comparison with the
control (p=0.001).

The results of two-way ANOVA showed that the con-
tent of blue lupin seeds in the diet resulted in lower xylo-
sidase activity in caecal digesta (p=0.002) than the diet

Table 5. Microbial enzyme activity in the caecal digesta of rats

with yellow lupin. Fermentation of lupin seeds decreased
the activity of a- and B-galactosidase (both p=0.001) about
64-68 %, but increased the activity of B-glucuronidase
(p=0.017) and xylosidase (p=0.005) about 35 % in compari-
son with unprocessed lupin seeds.

The content of acetate in the caecum of animals from
the groups consuming blue lupin and fermented blue lu-
pin seeds was lower (p=0.001) than in the group consum-
ing soya bean meal (Table 6). The content of propionate in
the digesta of the rats fed yellow lupin, fermented blue
lupin and fermented yellow lupin seeds was significantly
lower than in the control group (p=0.014). In the control
group, the valeriate content in the caecum was signifi-
cantly higher (p=0.002) than in other groups. The content
of isobutyrate, butyrate and isovaleriate was similar in all
the groups (p>0.05). The propionate pool was lower in the
groups fed yellow lupin and fermented yellow lupin
(p=0.002), and butyrate and the total short-chain fatty acid
pool in that fed fermented blue lupin (both p=0.001) than
in the control group. The mass fraction of acetate was
lower and of butyrate was higher in the groups consum-
ing blue lupin and fermented blue lupin (both p=0.001),
compared to the control. The propionate mass fraction in
the total short-chain fatty acid profile was lower (p=0.016)
in the groups fed blue or yellow lupin than in the control
group.

The results of two-way ANOVA showed that the
addition of blue lupin seeds to the diet resulted in a low-
ered acetate but higher butyrate fraction in digesta, com-
pared to yellow lupin seeds (p=0.001 and p=0.028, re-
spectively). Moreover, diets containing blue lupin seeds
resulted in a higher propionate, butyrate and total short-
-chain fatty acid pool (for all, p=0.001) than yellow lupin
diets. Blue lupin seeds in diets also increased the propio-
nate and butyrate mass fractions (p=0.016 and p=0.001,

Enzyme activity/(IU per g of digesta)

a-glucosidase B-glucosidase  a-galactosidase (-galactosidase [-glucuronidase Xylosidase
Soya bean meal (control) 26.8 29.0 99.0 144 73.0 12.2
Blue lupin 29.2 27.4 101 168 40.5 10.3
Yellow lupin 27.4 25.9 103 166 513 14.7
Fermented blue lupin 30.0 30.7 68.0* 106 61.0 14.2
Fermented yellow lupin 321 33.7 56.4' 93.3" 66.3 19.2°
SEM 43 5.6 20.9 39.8 18.0 35
p-value >0.05 >0.05 0.001 0.001 0.023 0.001
Species effect (S)
Blue lupin 29.6 29.1 84.5 137.4 50.7 12.3°
Yellow lupin 29.8 29.8 79.8 129.7 58.8 16.9
p-value >0.05 >0.05 >0.05 >0.05 >0.05 0.002
Fermentation effect (F)
Raw material 28.3 26.7 102.1° 167.3 45.9° 12.5°
Fermented material 31.1 322 62.2° 99.8° 63.7° 16.7°
p-value >0.05 >0.05 0.001 0.001 0.017 0.005
SxF >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

SEMs=standard error of the mean; data with different letters in superscripts in the same column are significantly different with each
other at p<0.05; *data significantly different from the control group at p<0.05 (t-test)
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Table 6. Content of short-chain fatty acids (SCFA), their pool and profile in the caecal digesta of rats

b(SCFA)/(umol/g)
acetate propionate  isobutyrate butyrate isovaleriate valeriate Total SCFA
Soya bean meal (control) 122 22.2 1.29 68.6 1.29 541 220
Blue lupin 96.6" 19.7 1.54 80.0 0.78 2.46 201
Yellow lupin 113 15.2° 1.80 66.1 1.15 257 200
Fermented blue lupin 90.4' 17.4° 1.19 81.1 1.19 1.89° 193
Fermented yellow lupin 115.5 16.9° 1.13 70.6 0.93 247 208
SEM 15.8 35 0.6 11.3 0.4 12 23.4
p-value 0.001 0.014 >0.05 >0.05 >0.05 0.002 >0.05
Species effect (S)
Blue lupin 93.4° 18.6 1.36 80.6* 0.98 2.18 197
Yellow lupin 114.4° 16.0 1.46 68.4° 1.04 2.52 204
p-value 0.001 >0.05 >0.05 0.028 >0.05 >0.05 >0.05
Fermentation effect (F)
Raw material 104.9 174 1.67 73.1 0.96 2.52 201
Fermented material 102.9 17.2 1.16 75.9 1.06 2.18 201
p-value >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
SxF >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
b(SCFA pool)/(1mol/100 g) w(SCFA)/%
acetate propionate butyrate Total SCFA acetate propionate butyrate
Soya bean meal (control) 144 26.4 81.5 262 55.0 10.0 31.3
Blue lupin 140 28.8 118 294 47.9 9.92 39.8"
Yellow lupin 139 18.5 80.1 243 57.0 7.53 327
Fermented blue lupin 151 29.3 135 322 47.0° 8.98 41.8
Fermented yellow lupin 121 17.7° 74 218 55.8 8.21 33.8
SEM 21.1 6.1 26.7 49.1 4.7 14 4.7
p-value 0.274 0.002 0.001 0.003 0.001 0.016 0.001
Species effect (S)
Blue lupin 146 29.1° 126* 3072 474> 9.45* 40.8
Yellow lupin 129 18.1° 77° 230° 56.4° 7.87° 33.2°
p-value >0.05 0.001 0.001 0.001 0.001 0.016 0.001
Fermentation effect (F)
Raw material 139 23.6 98 268 52.5 8.73 36.2
Fermented material 136 23.5 104 270 51.4 8.59 37.8
p-value >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
SxF >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

SEM=standard error of the mean; data with different letters in superscripts in the same column are significantly different with each
other at p<0.05; *data significantly different from the control group at p<0.05 (-test)

respectively) but reduced the acetate mass fraction (p=
0.001), compared to diets based on yellow lupin seeds. No
effect of the fermentation process on the short-chain fatty
acid content, their pool or profile was found (p>0.05).

Blood parameters

There were no differences in the concentration of se-
rum glucose (p=0.130) among the groups (Table 7). The
content of triacylglycerols in blood serum of rats in all the
experimental groups was significantly lower (p=0.001)
than in the group consuming soya bean meal. The blood of
rats fed the diet containing blue lupin was characterized
by the lower level of the total cholesterol and high-density
lipoprotein cholesterol (HDL) than the control group, but
the contribution of HDL cholesterol to the total cholesterol
in the blood of rats of all the groups was similar.

Two-way ANOVA showed that blue lupin in the diets
decreased the total cholesterol (p=0.031) and HDL choles-
terol (p=0.017) in the blood plasma of rats, compared to
diets based on yellow lupin seeds. Fermentation increased
the total cholesterol (p=0.009) and HDL cholesterol (p=
0.025) in the blood plasma of rats, compared to raw seeds.

Discussion

In the present study, yellow lupin seeds are charac-
terized by a higher content of crude and true proteins, as
well as essential amino acid content than blue lupin seeds.
Yellow lupin seeds also contained more antinutritional
compounds. These results are generally consistent with
those obtained in studies by Kim et al. (12), Jezierny et al.
(14) and Chilomer et al. (22). Kim et al. (12) also found
more antinutritional substances in the seeds of yellow
than of blue lupin as opposed to Sobotka et al. (17). It is
commonly known that the chemical composition of lupin
seeds is strongly related to the variety and soil properties
and, especially, environmental conditions during seed
germination and maturation (23).

Fermentation increased the protein content and im-
proved the amino acid profile of seeds. The mass fraction
of methionine was lower but of cystine higher in the fer-
mented material. A similar increase in the protein content
after fermentation was observed by other authors (9,13).
During fermentation, yeast uses the available sources of
nitrogen such as free amino acids, dipeptides, proteins,
ammonium ions and urea for growth, which results in an
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Table 7. Biochemical indices of blood plasma of rats

c(glucose) c(triacylglycerols)  c(total cholesterol)  c¢(HDL cholesterol) w(HDL)*

“mmol/L mmol/L mmol/L mmol/L %
Soya bean meal (control) 13.0 2.20 1.84 1.18 64.3
Blue lupin 13.2 1.76" 1.46 0.93 64.1
Yellow lupin 13.0 1.37° 1.68 1.12 66.2
Fermented blue lupin 114 153 1.72 1.11 64.0
Fermented yellow lupin 13.0 1.73 1.88 1.25 66.5
SEM 1.19 0.39 0.23 0.17 3.80
p-value 0.130 0.003 0.029 0.036 0.690
Species effect (S)
Blue lupin 12.3 1.65 1.60° 1.02° 64.0
Yellow lupin 12.9 1.55 1.78 1.18° 66.4
p-value >0.05 >0.05 0.031 0.017 >0.05
Fermentation effect (F)
Raw material 13.1 1.56 1.57° 1.02° 65.1
Fermented material 12.2 1.63 1.80° 1.18° 65.2
p-value >0.05 >0.05 0.009 0.025 >0.05
SxF >0.05 >0.05 >0.05 >0.05 >0.05

SEM=standard error of the mean; data with different letters in superscripts in the same column are significantly different with each
other at p<0.05; *data significantly different from the control group at p<0.05 (¢-test); **high density lipoprotein (HDL) fraction in total

cholesterol

intensive increase of biomass production (24). Khattab ef
al. (9) and Yabaya et al. (13) found an increase in the con-
centration of essential amino acids, including methionine,
after fermentation of legume seeds, but in the present re-
search the methionine content was reduced in both fer-
mented products. This difference could be explained by
the specificity of plant material and yeast used in the ex-
periments.

In the fermented seeds, reduced content of crude fi-
bre, acid detergent fibre and neutral detergent fibre as
well as oligosaccharides and phytates were found. A simi-
lar effect of fermentation on carbohydrate structure was
found by Canibe et al. (25). Structural carbohydrates are
quite resistant to direct yeast digestion, but cellulose,
hemicellulose and pectin can be metabolized by some
non-yeast enzymes (24). Raffinose family oligosaccha-
rides (RFOs) were completely removed during fermenta-
tion. These results are consistent with the results of Vidal-
-Valverde et al. (26), who found no RFOs in lentil seeds
after natural fermentation. Khattab and Arntfield (27)
found about 70 % reduction of RFOs in different legume
seeds after 24 h of fermentation by Saccharomyces cerevisi-
ae. During fermentation, yeast produces different types of
hydrolases, which degrade the oligosaccharides into sim-
ple sugars (28,29). Candida utilis also reduced phytate
phosphorus mass fraction by about 67 % in blue and by
29 % in yellow lupin. Yeasts have the ability to hydrolyze
phytic acid into inositol and phosphoric acid (30). This
phenomenon was confirmed by other authors. Khattab
and Arntfield (27) found a reduction of phytate after S.
cerevisiae fermentation of different legume seeds by about
30-35 %, and Egounlety and Aworth (28) a 30 to 60 % re-
duction of phytate after fermentation by Rhizopus oli-
gosporus. Among the antinutritional substances, only the

lupin alkaloid content increased in fermented products in
comparison with raw seeds. This was probably the result
of the increase of the mass fraction of alkaloids in dry
matter, reduced by a loss of degraded oligo- and polysac-
charides. In previous studies, it was found that lupin al-
kaloids were resistant to Saccharomyces cerevisiae fermen-
tation (19).

Fermentation by Candida utilis reduced the pH value,
which was accompanied by an increase in the number of
yeasts and lactobacilli. The number of Enterobactericeae
decreased after fermentation. Similar results were found
by Yabaya et al. (13), who observed a pH reduction from
5.6 to 5.1, and a significant increase in the number of
yeasts during the fermentation of soya cake by S. cerevisi-
ae for 24 h. Mbata et al. (31) found that the addition of
bambara groundnut to fermented maize flour reduced
the pH and increased the number of yeasts and Lactobacil-
Ius spp. Canibe et al. (25) showed a similar increase in the
number of yeasts and lactic acid bacteria and significant
reduction in the number of Enterobacteriaceae in a study
on fermenting grains. The pH reduction is due to the ac-
tivity of microorganisms which degrade carbohydrates
into organic acids (19,32,33). The acidic conditions partic-
ularly promote the development of lactic acid bacteria
and yeasts which can tolerate low pH. Enterobacteriaceae,
especially coliform bacteria, are acid intolerant, so their
population is reduced (31).

The use of lupin components as a replacement for
soya bean meal did not have a negative effect on the diet
intake, digestibility and nitrogen retention, but it reduced
the growth of rats. This is consistent with the results ob-
tained by Sobotka et al. (17), who also found that the re-
placement of casein with blue and yellow lupin seeds in
the diets did not reduce the feed intake but limited the
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growth rate of rats. It is probably the result of a better
amino acid profile and lower content of antinutritional
substances in the soya bean meal diet than in lupin-con-
taining diets. On the other hand, in this research, the di-
etary intake, apparent protein digestibility, body mass
gain and protein efficiency ratio of rats that were admin-
istered yellow lupin products in the diet was significantly
higher than of those administered blue lupin. Sobotka et
al. (17) did not find differences in the feed intake and
body mass gain of rats that were administered diets con-
taining yellow or blue lupin seeds. This implies that the
diet intake and mass gain of animals depend on the con-
tent of some antinutritional substances in the diets, which
was also confirmed by a comparison of the effects of feed
containing raw and fermented lupin seeds. Fermented
products contained low phytate and oligosaccharide lev-
els but had higher alkaloid content. The use of fermented
products increased the apparent protein digestibility,
body mass gain and protein efficiency ratio in rats in com-
parison with raw seeds. These results are consistent with
those obtained in studies by Bartkiene ef al. (4) of yellow
and white lupin seeds fermented with Pediococcus acidilac-
tici. Previous studies on protein digestibility of legumes
have shown interactions between antinutritional com-
pounds (RFOs, phytates) and the protein and carbohy-
drate structure, forming complexes less susceptible to en-
zymes. Enzymes produced by yeast do not degrade
complex carbohydrates; however, the acidic conditions
(pH=4.0) and fermentation time (3 days) can accelerate the
degradation of complex components by enzymes from
the fermentation medium (7). The results suggest that
lower digestibility and utilization of lupin diets is due to
the presence of RFOs rather than alkaloids, which is con-
sistent with the results obtained by Zdunczyk et al. (15),
who show that oligosaccharides may reduce the intestinal
absorption, thus decreasing protein digestibility and
growth efficiency more than alkaloids. According to Seve
et al. (16), the removal of a-galactosides from soya flour
had a small but beneficial influence on digestibility of nu-
trients and nitrogen utilization from piglet diets.

Experimental diets did not affect the small intestine
parameters, but impacted the caecum and colon environ-
ment. In the digestive tract of animals fed blue lupin (raw
or fermented) diets, a higher caecal tissue and digesta
mass fractions and reduced ammonia mass fraction, and
a higher colon tissue mass fraction were observed than in
the control group. All diets containing lupin increased co-
lon digesta mass fraction as compared to the soya bean
meal diet. This is in accordance with the work of Bart-
kiene et al. (4), who used raw or fermented yellow and
white lupin seeds in the diets of rats. Diets containing lu-
pins significantly increased the mass fractions of caecal
tissue and colon digesta in comparison with soya bean
meal. This was also confirmed by Sobotka et al. (17) in rat
diets which contained yellow and blue lupin cultivars in
comparison with casein diet, and by Stanek and Bogusz
(34) for diets with yellow lupin seeds. Zdunczyk et al. (15)
found that the amount of toxic ammonia produced dur-
ing the bacterial degradation of proteins tends to decrease
in rats fed lupin seeds.

Higher caecal and colon tissue mass fractions, digesta
mass fraction and also higher pH of colon digesta were
found in animals offered blue lupin than yellow lupin diets.

This indicates that blue lupin seeds are more effectively
fermented by ileal microflora. The same tendency in the
caecum was found by Sobotka et al. (17). The increase in
the caecal wall mass fraction could be due to the presence
of short-chain fatty acid, produced during the bacterial
degradation of carbohydrates from lupin seeds, which is
consistent with a higher total short-chain fatty acid pool
in digesta of rats fed blue lupin diet. The increase in the
caecal digesta mass fraction could result from a greater
bacterial count in the caecum (35). Sobotka et al. (17) found
that diets based on blue lupin seeds increased the acidity
of caecal digesta more than yellow lupin, but Bartkiene et
al. (4) found no impact of lupin cultivar on the pH of the
colon and caecum.

Fermentation had a significant effect only on the co-
lon parameters. The use of fermented seeds in the diets
reduced the colon tissue and digesta mass fractions in
comparison with raw seeds. It indicated poorer microbial
fermentation in this part of the ileum, which is probably
the result of the lack of RFOs in the fermented products.
Fermentation of lupin seeds did not lower the pH of di-
gesta from the small intestine, caecum or colon. Bartkiene
et al. (4) found a similar tendency in the pH value, digesta
mass and ammonia production when the seeds of yellow
and white lupin were fermented by Pediococcus acidilactici.
Higher acidity levels could promote the development of
beneficial microflora (Bifidobacterium or Lactobacillus) and
prevent the growth of harmful bacteria (31).

In a digestive tract some microorganisms, especially
the Enterobacteriaceae family, can produce hydrolytic en-
zymes which transform precarcinogens into active car-
cinogens. The activity of these enzymes (a- and [3-galacto-
sidase, a- and (3-glucosidase, 3-glucuronidase, xylosidase)
is often used as an indicator of the effect of additives on
the intestinal microflora. In comparison with soya bean
meal the activity of a-galactosidase was reduced by fer-
mented blue and yellow lupin diet, of 3-galactosidase by
fermented blue lupin and of (3-glucuronidase by the blue
lupin diet. Only xylosidase activity increased when using
the fermented yellow lupin diet in comparison with soya
bean meal. Moreover, the inclusion of blue lupin seeds in
the diets of rats reduced the activity of xylosidase in com-
parison with yellow lupin seeds. Fermented products in
the diets reduced significantly a- and -galactosidase, but
increased (-glucuronidase and xylosidase activities in
comparison with raw seeds. This is consistent with re-
search by Bartkiene ef al. (4), who found the same tenden-
cy comparing diets containing raw blue lupin seeds and
soya bean meal. On the contrary, Sobotka et al. (17) found
that the use of diets with blue and yellow lupin seeds sig-
nificantly increased a- and [-galactosidase and B-gluco-
sidase activity in digesta of rats. Similarly, no impact of
the lupin seed variety in the diet on a-glucosidase and
B-glucuronidase was observed. Comparing raw and lac-
tofermented yellow lupin seeds, Bartkiene et al. (4) found
a tendency which is similar to the one observed for a-,
B-glucosidase and a-galactosidase. The activity of p-ga-
lactosidase and p-glucuronidase was higher in fermented
seeds than in the raw material. The a- and -glucosidase
are involved in the degradation of structural carbohy-
drates (cellulose, hemicellulose) in the caecum and what
is important is that they break down oligosaccharides to
simple sugars by cleaving the glycosidic bonds (36). This
can explain the significantly lower activity of these en-
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zymes in diets with fermented lupin seeds, which are
characterized by a lower RFO content. On the other hand,
an increase in the enzymatic activity in the caecal digesta
can also indicate a rapid growth of beneficial bacteria in
the caecum.

The rate of carbohydrate hydrolysis in the caecum is
the result of short-chain fatty acid production. The total
amount of short-chain fatty acids in the caecal digesta of
control animals reached 220 umol/g, and it was similar to
that noted in rats fed raw and fermented blue and yellow
lupin seeds (193-208 pmol/g). In the caecal digesta of ani-
mals from all the groups offered lupin seeds (raw or fer-
mented), reduced content of acetate, propionate and vale-
riate were found. The level of total short-chain fatty acids
in the present work was higher than in the similar re-
search provided by Bartkiene et al. (4), Juskiewicz et al.
(35) and Sobotka et al. (17). Juskiewicz et al. (35) also
found no differences in total short-chain fatty acid pro-
duction in digesta between rats fed soya bean meal diet
and raw or lactofermented seeds of yellow or white lupin,
and reduction of acetic, propionic and valeric acid con-
tent. Sobotka et al. (17) showed that short-chain fatty acid
production in caecal digesta of rats was similar when con-
suming diet containing blue lupin seeds but higher when
consuming diet with yellow lupin seeds than in casein-
-based diet.

The lupin species did not affect the total short-chain
fatty acid content, but in digesta of rats offered yellow lu-
pin seeds, a significantly higher acetate and lower butyr-
ate content was found. Sobotka ef al. (17) showed that the
production of short-chain fatty acids in rats offered a diet
containing yellow lupin seeds was significantly higher
than in the rats fed blue lupin, because of the differences
in a-galactoside content between the two cultivars. Ac-
cording to Bartkiene et al. (4), there were no differences in
the short-chain fatty acid content of caecal digesta of rats
offered raw yellow or white lupin seeds in the diets.

There were no differences in the short-chain fatty
acid composition between groups as a consequence of fer-
mentation, which was generally consistent with the re-
sults of Bartkiene et al. (4). Klewicka et al. (2) found that
the concentration of propionic, butyric and valeric acids
in the caecal digesta of rats was higher (than in the casein-
-based diet) when they were fed a diet containing ferment-
ed beetroot juice. It is worth noting that actual products
were offered in a dry form, as opposed to Klewicka et al.
(2) and Bartkiene et al. (4). This means that the activity of
yeasts and bacteria present in the fermented mass could
be partly inhibited (enzyme deactivation) and biomass
could be used as a protein source in the initial segments
of the digestive tract, which eliminated their expected
probiotic effect in the distal part of the digestive tract of
rats. Champ et al. (37) proved that short-chain fatty acid
production originated in the ingestion of lupin meal (in
comparison with isolated fibres) and that 50 % of short-
-chain fatty acids appears to be derived from non-starch
polysaccharides, and 50 % from the a-galactosides, which
are not present in the fermented seeds.

Some researchers have suggested that the calculated
short-chain fatty acid pool produced in the caecum pro-
vides more precise information on the effect of the ap-
plied preparations on the intensity of the fermentation in

the gastrointestinal tract. The propionate pool was lower
in diets with raw and fermented yellow lupin seeds but
the butyrate and total short-chain fatty acid pools were
higher in the diet containing fermented blue lupin than in
the soya bean meal diet. In blue lupin diets significantly
higher pools of propionate, butyrate and the total short-
-chain fatty acids were found than in yellow lupin seeds.

Generally, in digesta of rats, lower amounts of acetate
and propionate but a higher content of butyrate were
found than in rats fed soya bean meal. In the profile of
short-chain fatty acids in digesta of animals offered blue
lupin a lower level of acetate but higher levels of propio-
nate and butyrate were detected than in diets containing
yellow lupin. The profile of short-chain fatty acids in ac-
tual results was different from those presented by Bart-
kiene et al. (4), because of a lower propionate and a higher
butyrate amount, probably because of different diet for-
mulations.

Acetic acid is the major by-product of Bifidobacterium
fermentation, which modifies the caecal ecosystem (36).
Sobotka et al. (17) found that the propionic acid content in
caecal digesta was dependent on oligosaccharide concen-
trations in diets, which is in opposition to our observa-
tions. Propionic acid is almost entirely metabolized in the
liver, and it is capable of inhibiting hepatic cholesterol
synthesis from acetic acid (38). The level of butyric acid
increased after the administration of diets containing blue
lupin seeds. Butyric acid is an important source of energy
for epithelial cells and it regulates cell growth and differ-
entiation. In our study, similarly to Sobotka et al. (17), an
increase in butyric acid content was accompanied by an
increase in the cecal wall mass fraction in rats offered blue
lupin diets.

The replacement of soya bean meal with lupin seeds
in the diets of rats decreased triacylglycerol concentra-
tions in blood plasma. In animals fed a diet containing
raw blue lupin seeds, a significant reduction in the con-
centration of total cholesterol and HDL cholesterol was
found in comparison with the soya bean meal and yellow
lupin diet. Fermentation significantly increased the total
cholesterol and HDL cholesterol in blood plasma of rats.
The results obtained are consistent with the results of oth-
er studies (39,40). Spielmann et al. (41) found that a pro-
tein isolated from L. albus is strongly hypotriglyceridemic
in rats, which is in part due to downregulation of SREBP-
-1c in the liver, which, in turn, leads to a reduction in he-
patic fatty acid synthesis. Osman et al. (42) suggest that
the hypocholesterolemic effect of lupin seed supplements
might be due to their abilities to lower the plasma choles-
terol level as well as to slow down the lipid peroxidation
process and to enhance the antioxidant enzyme activity.

Conclusions

The presented research showed many differences
among physiological responses of gastrointestinal tract to
a diet supplemented with raw or fermented blue or yel-
low lupin seeds. The inclusion of yellow lupin seeds in
the diets of rats had a positive effect on the feed intake
and feed utilization in comparison with blue lupin, but
blue lupin in the diet had a more beneficial effect on gas-
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trointestinal fermentation processes. Lupin seeds treated
with Candida utilis had a better chemical composition than
unprocessed seeds, because of a higher protein and ami-
no acid content, low pH and reduced antinutritional sub-
stance content. Fermentation had a positive influence on
protein digestibility, body mass gain and protein efficien-
cy ratio of rats, but despite the acidic pH, it did not have a
beneficial effect on the gastrointestinal parameters of rats.
On the other hand, it had a positive influence on some
bacterial enzyme activity and it increased HDL cholester-
ol concentrations in the blood serum. Taking this into ac-
count, lupin seeds fermented with Candida utilis could be
recommended as an alternative, protein-rich component
of diets for animals and people. However, it should be re-
membered that lupin is a potential allergen and its status
after fermentation has not yet been investigated.
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