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The effect of the removal of R-galactosides from Lupinus albus L. var. multolupa on the chemical
composition of the prepared flour and the dialyzability of N, total P, Ca, Mg, Fe, Zn, and Mn was
studied. The extraction process caused a significant increase in total and insoluble nitrogen contents
and decreased the amount of soluble protein nitrogen. However, neither these changes nor treatment
with phytase seemed to considerably affect in vitro protein digestibility. Except for Ca and Cu, total
mineral contents were significantly reduced by the extraction process. The process also caused a
significant reduction in the dialyzability of all the minerals studied except P. The decrease in mineral
dialyzability was partially counteracted by phytase treatment in amounts of 250-500 phytase
units/kg of lupin flour. In the case of Fe, mineral dialyzability did not differ significantly between the
two lupin flours studied with treatment with 500 phytase units/kg. Zinc dialyzability was the most
efficiently improved by phytase treatment (P < 0.0001), followed by P, Fe, and Mn, and finally by Ca
and Mg (P < 0.05).
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INTRODUCTION

Lupins can survive in poor soils where the growth of other
crop plants is limited (1). Lupin seeds (Lupinusspp.) have great
potential for human and animal nutrition because of their high
content of protein, minerals, vitamins, dietary fiber, and oil (1,
2) and their low proportion of nonnutritive components, such
as trypsin inhibitors and lectins (3). The content ofR-galactoside
oligosaccharides, tannins, and phytic acid in lupin seeds,
however, is similar to or higher than that in other legumes (4).
In addition to its good nutritional properties, lupin has important
functional characteristics related to its hypocholesterolemic
capacity (5) and its antioxidant (6) and antimicrobial (7)
properties. Lupin is usually used in animal diets, where it
replaces other protein sources in small proportions (8), and has
started to be introduced in food products for human consumption
(9, 10). Among the major reasons that preclude a greater
inclusion of lupin in human or animal diets are the production
of flatulence, which results from the content ofR-galactoside
oligosaccharides, and the presence of phytic acid. Phytic acid
decreases the availability of important dietary minerals because
it forms insoluble complexes with di- and trivalent cations at
the physiological pH of the small intestine of monogastric
animals. With the aim of removing nonnutritional factors such
asR-galactosides and phytic acid from legume seeds, treatments

such as soaking in different pH solutions and cooking, germina-
tion, and fermentation have been developed (11-13). In addi-
tion, phytase supplementation has proved to be an efficient
means of decreasing the content of phytic acid and reversing
the phytate-dependent inhibition of mineral availability in food-
stuffs intended for human or animal consumption, as has been
shown by several in vitro and in vivo experiments (14-16).

With the aim of extractingR-galactoside oligosaccharides
from legume seeds for use as functional food ingredients,
Gulewicz et al. (17) developed an extraction procedure that
combines initial water imbibition of the seeds followed by
extraction in 50% ethanol at 40°C. With the use of this
procedure, those authors obtained a good yield ofR-galactosides
and a legume seed byproduct with a high protein content that
can be used to prepare protein isolates or food products with
improved nutritional value. However, prolonged soaking in
different pH and temperature conditions may lead to important
mineral losses as a result of leaching (4, 18). Furthermore, the
use of organic solvents such as ethanol may affect the structure
of the food matrix and reduce protein quality.

In vitro techniques based on the diffusibility of nutrients
through a dialysis membrane under conditions that resemble
those found in the gastrointestinal tract can be a reliable indicator
of the potential availability of these nutrients from different
foods (19,20).

For the present study, we chose a lupin variety (Lupinus albus
var. multolupa) with low alkaloid concentrations and medium
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R-galactoside content (21). Our objectives were (1) to assess
N, P, Ca, Mg, Fe, Zn, and Mn availability from the free
R-galactosides lupin flour that remains afterR-galactoside
extraction of the seed and (2) to test whether supplementation
of a commercial phytase enzyme (Aspergillus niger) at inclusion
rates similar to those usually found in human and animal
nutrition (15,16) improves nitrogen and mineral availability.

MATERIALS AND METHODS

Lupins. Raw Lupin. Raw lupin flour was fromL. albus var.
multolupa. Seeds were ground to a fine powder (0.18 mm sieve) and
lyophilized for chemical analysis and mineral dialyzability.

FreeR-galactosides flour obtentionwas performed according to the
method of Gulewicz et al. (17). In brief, lupin seeds were soaked in
distilled water at 4°C for 10-12 h.R-Galactosides were extracted
from the imbibed seeds with two consecutive extractions using 50%
ethanol at 40°C overnight. After the extraction process, the extracted
seeds were homogenized and lyophilized, obtaining the freeR-galac-
tosides flour.

Analyses.pH and titratable aciditywere determined as described
by Barampama and Simard (22) and Frias et al. (23). Titratable acidity
was expressed as milliequivalents of NaOH per 100 g of dry matter
(DM).

Chemical Analysis. The moisture content of raw and freeR-galac-
tosides lupin flours was determined by drying to constant weight in an
oven at 105( 1 °C. Total nitrogen was determined according to
Kjeldahl’s method. Crude protein was calculated as N× 6.25. Soluble
protein and non-protein nitrogen were measured using the methodology
described by Periago et al. (24) after extraction with 0.2% NaOH and
precipitation with 30% trichloroacetic acid. Insoluble nitrogen was
measured in the remaining flour after extraction. The ash content of
the raw and freeR-galactosides lupin flours was measured by calcination
at 500 °C to a constant weight. Samples of ashed material were
dissolved in 6 N HCl before analysis. Calcium, magnesium, iron, zinc,
copper, and manganese contents were determined by atomic absorption
spectrophotometry using a Perkin-Elmer AAnalyst 300 spectropho-
tometer. Lanthanum chloride was added to calcium and magnesium
samples to prevent interferences caused by phosphate ions. Potassium
and sodium were determined by atomic emission spectrophotometry
using a Perkin-Elmer AAnalyst 300 spectrophotometer. Phosphorus was
measured spectrophotometrically using the technique described by Chen
et al. (25). Analytical results were validated by a standard reference
wholemeal flour CRM-189 (Community Bureau of Reference. Com-
mission of the European Communities). [Mean( SD values of five
independent replicates were as follows: Mn, 63.9( 1.30; Cu, 6.62(
0.28; Fe, 66.3( 0.14; Zn, 55.0( 1.11 (µg/g); P, 565.8( 0.90; Mg,
189.61( 5.81; and K, 600( 23.7 mg/100 g of dry matter. Certified
values( uncertainty ranges are for Mn, 63.3( 1.6; Cu, 6.4( 0.2;
Fe, 68.3( 1.9; and Zn, 56.5( 1.7 µg/g. Indicative values are 530 for
P, 190.0 for Mg, and 630 for K.] Phytic acid and free phosphorus were
determined using the methodology described by Latta and Eskin (26)
and Chen et al. (25).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE).Proteins were extracted from the raw and freeR-galactosides
lupin flours in a two-step sequential extraction process as described
by Melo et al. (27). The albumin fraction of the protein was extracted
by stirring with bidistilled water (pH adjusted to 5) containing 1 mM
phenylmethanesulfonyl fluoride The remaining flour was extracted with
100 mM phosphate buffer/1% SDS/2%â-mercaptoethanol/2% NaCl,
pH 9; the residual flour was collected for nitrogen determination. SDS-
PAGE was done according to the method of Laemmli (28). The final
concentration of acrylamide in the running gel was 15%. The gels were
fixed and stained with 0.2% Coomassie brilliant blue R-250 in
methanol/acetic acid/water (5:4:1 v/v/v). The mixture of molecular
weight markers (Merck) consisted of cytochromec (12.3 kDa),
myoglobin (16.9 kDa), carboanhydrase (30 kDa), ovalbumin (42.7 kDa),
albumin (66.25 kDa), and ovotransferrin (78 kDa).

In Vitro protein digestibility (IVPD)was determined using the pH-
drop multienzyme system described by Hsu et al. (29) or the pH-stat

multienzyme system described by McDonough et al. (30). For the pH-
drop method, percent protein digestibility was calculated from the
equationy ) 210.464- 18.1X, whereX is the pH change after 10
min. In the pH-stat method, the enzyme mixture was added to the
protein solution, and the pH value was kept constant at 7.98 by the
addition of 0.1 M NaOH during 10 min exactly. Percent protein
digestibility was calculated from the equationy ) 79.28 + 40.74B,
whereB ) mL of 0.1 M NaOH used during 5 min.

Dialyzability. The in vitro method of Miller et al. (31) that uses a
pepsin digestion period of 2 h followed by pH equilibration and
pancreatin digestion for another 2 h coupled with equilibrium dialysis
(diameter ) 14.3 mm, MWCO ) 12000-14000 Da, Medicell
International Ltd., London, U.K.) was adapted to assess nitrogen,
phosphorus, calcium, magnesium, iron, zinc, and manganese dialyz-
ability of raw and freeR-galactosides lupin flours. At the end of
pancreatin digestion, dialysis bags were removed from the digestion
vials, and nitrogen, phosphorus, calcium, magnesium, iron, zinc, and
manganese were assayed in the dialysate. Dialyzable nitrogen and
minerals were expressed as percentage of the total present in each
digestion vial assuming that the dialyzable component had equilibrated
across the dialysis membrane by the time the dialysis bag was removed
at the end of the digestion period.

Phytase Treatment. An amount of exogenous microbial phytase
(Natuphos, BASF, Mt. Olive, NJ) equivalent to 250, 500, and 750 units/
kg of lupin flour was added from a stock solution of 34 phytase units/
mL at the beginning of the pepsin digestion dissolved in equal volumes
of bidistilled water to raw and freeR-galactosides lupin flour samples.
The same amount of enzyme was added to blank samples to control
for the presence of minor quantities of minerals in the phytase solution.
Phytase activity of the exogenous microbial phytase used in the
dialyzability experiments was assayed by measuring the free phosphorus
released after incubation of the enzyme with sodium phytate during
15 min at 37°C in 0.2 M citrate buffer (pH 5.0). One unit of phytase
activity was defined as the amount of phytase activity that liberates 1
µmol of inorganic phosphorus from sodium phytate per minute at pH
5.0 and 37°C.

For the determination of endogenous phytase activity in raw and
free R-galactosides lupin seed flours, extraction was done in 0.2 M
citrate buffer/phenylmethanesulfonyl fluoride/Triton X-100 (pH 5.0)
(32) during 60 min at 4°C with a flour-to-buffer ratio of 1:8 (w/v).
The extract was spun down at 3000g for 10 min and the supernatant
desalted using Sephadex G-25. The enzyme activity was assayed by
measuring the free phosphorus released after incubation of the desalted
fractions with sodium phytate during 30 min at 50°C in 0.2 M citrate
buffer (pH 5.0). One unit of phytase activity was defined as the amount
of phytase activity that liberates 1µmol of inorganic phosphorus from
sodium phytate per minute at pH 5.0 and 50°C.

Statistics.Analysis of the data was done using SAS (release 8.02,
SAS Institute, Inc., Cary, NC). Data on chemical composition were
analyzed using a two-tailed Student’st test. The effect ofR-galactoside
removal and supplementation of different phytase doses on mineral
dialyzability from raw and freeR-galactosides lupin flours was analyzed
by a 2× 4 factorial ANOVA withR-galactoside extraction and phytase
(0, 250, 500, and 750 units/kg) as the main treatments. Tukey’s test
was used to detect differences between treatment means. Data on
mineral dialyzability in response toR-galactoside extraction and phytase
treatment was adjusted to a multiple lineal regression model. Multi-
variate analysis of variance was done among the estimated b parameters
from the regression equations that predict Zn, P, Mn, Fe, Ca, and Mg
dialyzability, with the aim of assessing the efficiency of response to
phytase treatment by the different minerals studied. The level of
significance was set at 0.05.

RESULTS

Chemical Analyses.No significant differences related to pH
were observed as a result of theR-galactoside extraction process
(Table 1), which, on the other hand, did cause a significant
decrease in the titratable acidity of the freeR-galactosides lupin
flour (23%). Of the total nitrogen present in raw lupin flour,
81.2% corresponded to soluble protein nitrogen, 10.6% cor-
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responded to soluble non-protein nitrogen, and the remaining
8.3% was not soluble at the basic pH used for nitrogen
extraction. A considerable proportion of the soluble non-protein
nitrogen (78%) was of peptidic nature and could be detected
by a colorimetric method. TheR-galactoside extraction process
brought about a significant increase in the total (11.8%) and
insoluble (3.3-fold) nitrogen contents compared with those in
raw lupin flour, decreased the content of soluble protein nitrogen
(6.6%; P < 0.05), and did not significantly affect the content
of soluble non-protein nitrogen. With regard to the soluble non-
protein nitrogen content of the freeR-galactosides lupin flour,
the percentage of peptidic nitrogen (63.8%) was lower than that
found in the raw lupin flour.

The percentage of nitrogen soluble in water (pH 5) or buffer
(pH 9) with respect to the total nitrogen content was higher in
raw than in freeR-galactosides lupin flour (10.6 vs 5% and
84.4 vs 82.2% in water and buffer solution, respectively) (Table
2). When the water-soluble proteins were separated in a
polyacrylamide gel (Figure 1), the highest density of polypep-
tide bands corresponded with the raw lupin flour sample despite
the similar amounts of nitrogen loaded in the gel for the raw
and freeR-galactosides flour samples. Regarding the buffer-
soluble proteins,R-galactoside extraction led to the appearance
of high molecular weight protein aggregates that remained at
the top of the resolving gel and that were not present in the
raw lupin sample.

The average total ash content of the freeR-galactosides lupin
flour decreased by 33% with respect to raw lupin flour as a
result of the extraction process (Table 3). The minerals with
the highest losses as a result of the extraction process were Mg
(51.9%), Na (42%), and K (40.1%), whereas losses were lower

for Mn (9.0%) and Fe (7.6%). With regard to Ca, the extraction
process brought about a 28.8% increase in content. Total P losses
as a result of the extraction process were 9.2%, whereas no
significant differences between the two lupin flours studied were
observed in phytate, free P, or Cu content.

In Vitro Protein Digestibility. IVPD (Table 4), measured
with the use of a pH-stat method, gave significantly higher
values in raw than in freeR-galactosides lupin flour (P < 0.05),
whereas no significant differences were apparent when a pH-
drop method was used.

Nitrogen and Mineral Dialyzability. No significant differ-
ences were found in N or P dialyzability between the two lupin
flours studied (Table 5). In contrast, a negative effect of the
R-galactoside extraction process was observed on the dialyz-

Table 1. Changes in pH, Titratable Acidity, and Nitrogen Content of L.
albus Var. multolupa Flours as a Result of the R-Galactoside
Extraction Processa

raw
lupin flour

free R-galactosides
lupin flour

pH 5.4 ± 0.01 5.5 ± 0.01
titratable acidity (mequiv of

NaOH/100 g)
16.67 ± 0.22B 12.83 ± 0.13A

total N (g/100 g) 5.58 ± 0.03A 6.24 ± 0.05B
insoluble N (g/100 g) 0.46 ± 0.01A 1.52 ± 0.06B
soluble protein N (g/100 g) 4.53 ± 0.04B 4.23 ± 0.05A
soluble non-protein N (g/100 g) 0.59 ± 0.01 0.58 ± 0.01
peptidic soluble non-protein

N (g/100 g)
0.46 ± 0.004B 0.37 ± 0.007A

a Results (expressed in dry matter) are means ± SEM of five independent
replicates. Means within the same line with different letters differ significantly (P <
0.05). Analysis of variance of the results was done using Student’s t test.

Table 2. Changes in Protein Solubility in Water (pH 5) and 100 mM
Phosphate Buffer/1% SDS/2% â-Mercaptoethanol/2% NaCl (pH 9) of
L. albus Var. multolupa Flours Caused by the R-Galactoside
Extraction Processa

raw
lupin flour

free R-galactosides
lupin flour

total N 5.58 ± 0.03A 6.24 ± 0.05B
water-soluble N 0.61 ± 0.03B 0.34 ± 0.05A
buffer-soluble N 4.71 ± 0.12A 5.13 ± 0.08B
insoluble N 0.32 ± 0.02A 1.10 ± 0.03B

a Results (expressed in g/100 g of dry matter) are means ± SEM of five
independent replicates. The factor 6.25 was used to calculate the crude protein
content. Means within the same line with different letters differ significantly (P <
0.05). Analysis of variance of the results was done using Student’s t test.

Figure 1. Lanes: M, molecular weight marker; 1, water-soluble proteins
of raw lupin flour; 2, buffer-soluble proteins of raw lupin flour; 3, water-
soluble proteins of extracted lupin flour; 4, buffer-soluble proteins of
extracted lupin flour. Equal amounts of nitrogen (1.20 and 6.30 µg for
the water- and buffer-soluble fractions, respectively) were loaded in each
lane. The figure is representative of four independent analyses.

Table 3. Changes in Phytate and Mineral (P, Ca, Mg, Zn, Cu, Mn, Fe,
K, Na) Contents of L. albus Var. multolupa Flours Caused by the
R-Galactoside Extraction Processa

raw
lupin flour

free R-galactosides
lupin flour

ash (%) 3.51 ± 0.02B 2.34 ± 0.01A
total P (mg/100 g) 332.15 ± 3.24B 301.60 ± 0.55A
phytate (mg/g) 8.31 ± 0.08 8.56 ± 0.12
free P (mg/100 g) 14.20 ± 0.22 14.27 ± 0.35
Ca (mg/100 g) 138.92 ± 1.21A 178.95 ± 0.77B
Mg (mg/100 g) 145.0 ± 0.74B 69.71 ± 1.06A
Zn (mg/100 g) 4.25 ± 0.04 4.20 ± 0.04
Cu (mg/100 g) 0.72 ± 0.03 0.78 ± 0.01
Mn (mg/100 g) 90.13 ± 1.27B 82.06 ± 0.47A
Fe (mg/100 g) 3.80 ± 0.02B 3.51 ± 0.03A
K (mg/100 g) 955.9 ± 7.90B 572.8 ± 3.51A
Na (mg/100 g) 112.3 ± 0.84B 65.18 ± 0.61A

a Results (expressed in dry matter) are means ± SEM of five independent
replicates. Means within the same line with different letters differ significantly (P <
0.05). Analysis of variance of the results was done using Student’s t test.

Table 4. In Vitro Protein Digestibility (IVPD) of Raw and Free
R-Galactosides L. albus Var. multolupa Floursa

raw
lupin flour

free R-galactosides
lupin flour

IVPD pH-stat (%) 93.34 ± 0.20B 91.50 ± 0.41A
IVPD pH-drop (%) 84.95 ± 0.50 86.1 ± 0.49

a Results (expressed in dry matter) are means ± SEM of four independent
replicates. Means within the same line with different letters differ significantly (P <
0.05). Analysis of variance of the results was done using Student’s t test.
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ability of Ca, Mg, Fe, Zn, and Mn, for which dialyzability was
significantly higher in the raw than in the freeR-galactosides
lupin flour. This was reflected in a significant effect (P<
0.0001) of the extraction process on the dialyzability of the
above-mentioned cations.

The treatment with 250 phytase units (PU)/kg significantly
increased the P, Ca, Mg, Fe, Zn, and Mn dialyzability of the
two lupin flours studied, which was reflected in a significant
effect of the phytase treatment on the dialyzability of these
minerals. Addition of higher phytase doses (500 and 750
PU/kg) did not lead to any further improvement in mineral
dialyzability from the raw lupin flour except for P. In contrast,
a gradual and significant improvement in Fe, Zn, and Mn
dialyzability was observed in the freeR-galactosides lupin flour
with increasing phytase doses up to 500 PU/kg. This improve-
ment was reflected in a significant statistical interaction between
the R-galactoside extraction process and phytase treatment in
relation to Fe, Zn, and Mn dialyzability. The highest phytase
dose (750 PU/kg) had a significant effect on only the total P
dialyzability of the two lupin flours studied.

Changes in the percentage of dialyzable P, Ca, Mg, Fe, Zn,
and Mn in response to theR-galactoside extraction process and
phytase treatment were fitted to a multiple linear regression
model that was satisfied by the equationy ) a + b[phytase
dose]+ c[phytase dose]2 + d[R-galactoside extraction] (Table
6A), wherey ) percentage of dialyzable mineral. Multivariate
analysis of theb terms (corresponding to the phytase dose),
intended to determine which of the minerals had a more efficient
response to phytase treatment (Table 6B), showed significant
differences among the minerals studied. The highestb term value
corresponded to Zn (P < 0.0001), followed by P, Fe, and Mn,
among which no significant differences could be found, and
finally by Ca and Mg (P < 0.05).

DISCUSSION

Chemical Analyses.The lupin flour used in the present study
had a high protein content similar to that described by other
authors for this lupin variety and for soybeans (33) and higher
than that of other legumes, such as peas, beans, and lentils (13,
34,35). The proportion of insoluble nitrogen or soluble protein
and non-protein nitrogen with respect to the total nitrogen
content was similar to that in other legumes, such as peas and
beans (13,34). The increase in total nitrogen content resulting
from theR-galactoside extraction process was due not only to
the mineral losses caused by leaching but also to the removal
of R-galactosides (36) and the decrease in dietary fiber content
(Martinez-Villaluenga, unpublished results). The increase in

insoluble nitrogen content was related to the appearance of high
molecular weight protein aggregates in the salt-soluble protein
fraction that hardly migrated into the resolving gel (Figure 1).
Nevertheless, the increase in insoluble nitrogen content was
lower than reported by Sanz et al. (37) after extraction of lentil
flour with 80% ethanol for 3 h at 50°C. The lower proportion
of ethanol added to the extraction solution in the present study
(50%), the lower temperature used during the extraction process
(40 °C), and the use of whole lupin seed rather than legume
flour may explain the lower degree of protein denaturation under
our experimental conditions.

The ash content of the raw lupin flour used in the present
study was within the range of values found in the literature (1)
for this variety and was higher than that of other legumes, such
as chickpeas (38). The high solubility of Mg, K, and Na was
responsible for the decrease in ash content observed as a result
of the extraction process. The losses of total P, Mn, and Fe
also contributed, albeit to a lesser extent. Furthermore, total
mineral losses were higher than what is inferred from the results,
given that total mineral content was expected to increase as a
result of the removal ofR-galactoside oligosaccharides and the

Table 5. Changes in Nutrient Dialyzability of L. albus Var. multolupa Flours Caused by R-Galactoside Extraction Process and Treatment with
Different Phytase Dosesa

raw lupin flour,
phytase dose of

free R-galactosides lupin flour,
phytase dose of

0
units/kg

25
units/kg0

500
units/kg

750
units/kg

0
units/kg

250
units/kg

500
units/kg

750
units/kg SEM

extraction
effect

phytase
effect

extraction ×
phytase

N 61.2A 61.4A 59.6A 60.0A 58.0A 58.6A 58.8A 59.4A 1.98 0.20 0.98 0.88
total P 8.8A 31.8B 42.9C 50.2D 7.6A 30.3B 43.7C 54.0D 1.17 0.55 <0.0001 0.11
Ca 91.5A 107.3B 106.9B 102.9B 33.8C 45.1D 49.0D 47.2D 2.30 <0.0001 <0.0001 0.55
Mg 68.1A 74.0AB 78.5B 74.3AB 53.8CD 63.7A 68.0AB 62.8AD 2.24 <0.0001 <0.0001 0.79
Zn 27.5A 78.9B 80.1B 80.7B 5.5C 25.9A 47.0D 45.7D 2.61 <0.0001 <0.0001 <0.0001
Mn 36.1A 60.5B 62.3B 61.7B 19.4C 35.7A 45.8D 45.8D 1.09 <0.0001 <0.0001 0.0002
Fe 27.8A 45.0B 49.1B 48.3B 13.3C 34.8A 50.5B 52.8B 2.28 0.0050 <0.0001 0.0001

*Results (expressed in dry matter) are means of five independent experiments. SEM, pooled standard error of the mean. Means within the same row with different letters
differ significantly (P < 0.05).

Table 6. Relationship between the Percentage of Dialyzable Minerals
and Phytase Treatment in Raw and Free R-Galactosides Flour of L.
albus Var. multolupa

A. Multiple Regression Modela

mineral a b c d adjusted r 2 P

P 7.83 0.09954 −0.00005600 0.9490 <0.0001
Ca 150.62 0.06490 −0.00006572 −58.41 0.9451 <0.0001
Mg 78.16 0.04870 −0.00005041 −11.67 0.5168 <0.0001
Zn 70.82 0.16926 −0.00014497 −35.79 0.8749 <0.0001
Mn 55.87 0.09549 −0.00008264 −18.46 0.9273 <0.0001
Fe 27.54 0.09581 −0.00007436 −4.668 0.6986 <0.0001

B. Multivariate Test of Differences among the Different b Terms

Zn P Fe Mn Ca Mg

Zn F ) 28.82 F ) 23.09 F ) 28.00 F ) 72.75 F ) 44.07
P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001

P F ) 28.82 F ) 0.11 F ) 0.33 F ) 12.29 F ) 22.12
P < 0.0001 P ) 0.7439 P ) 0.5663 P ) 0.0008 P < 0.0001

Fe F ) 23.09 F ) 0.11 F ) 0.00 F ) 5.37 F ) 10.42
P < 0.0001 P ) 0.7439 P ) 0.9806 P ) 0.0232 P ) 0.0018

Mn F ) 28.00 F ) 0.33 F ) 0.00 F ) 8.76 F ) 17.88
P < 0.0001 P ) 0.5663 P ) 0.9806 P ) 0.0041 P < 0.0001

Ca F ) 72.75 F ) 12.29 F ) 5.37 F ) 8.76 F ) 1.32
P < 0.0001 P ) 0.0008 P ) 0.0232 P ) 0.0041 P ) 0.2539

a The multiple regression model applied was satisfied by the following equation:
mineral dialyzability ) a + b[phytase dose] + c[phytase dose]2 + d[extraction
treatment].
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decrease in dietary fiber content as a result of the extraction
process. In the case of manganese, the losses resulting from
the extraction ofR-galactosides are beneficial, because the seeds
of L. albusare efficient accumulators of this mineral. Neverthe-
less, the manganese content of the lupin variety used for the
present study was considerably lower than the upper range of
values reported in the literature, which may be as high as 447.9
mg/100 g of DM (39).

Other authors have described mineral losses higher than those
reported in the present study after soaking and cooking various
legume seeds at different pH values (4, 18). In general, the
amount of mineral that leaches into the soaking solution during
the course of processing depends on the legume species, the
thickness of the seed coat, the time and temperature of the
soaking or extraction process, and the pH of the soaking or
extracting solution.

The calcium over-concentration observed after theR-galac-
toside extraction process was due to the above-mentioned loss
of other components of the seed by solubilization and the fact
that most of the calcium in the seed is usually present in a poorly
soluble form associated with phytate in the cotyledons (40) or
in complexes with oxalate and pectins in the seed hull (41,42).

In Vitro Protein Digestibility. The IVPD of raw lupin flour
assessed by the use of either the pH-drop or pH-stat method
was high and was similar to that of other soy-based and animal
protein sources (29,30). The higher levels of insoluble nitrogen
present in the freeR-galactosides lupin flour did not seem to
affect its protein digestibility measured by the pH-drop method.
This was in contrast with the results obtained with the pH-stat
method, in which a small but significant decrease in digestibility
was associated with higher insoluble nitrogen content. These
differences are probably related to the different buffering
capacities of the two legume flours, which may have affected
the results obtained by the pH-drop but not the pH-stat method.

Nitrogen and Mineral Dialyzability. The slight reduction
in the percentage of dialyzable nitrogen found for the free
R-galactosides lupin flour was related to its higher content of
insoluble nitrogen. On the other hand, the percentage of
dialyzable nitrogen in both lupin flours was lower than expected
from the sum of their soluble protein and non-protein nitrogen
contents. However, this index of protein digestibility was
significantly higher in the lupin flours used in the present study
than in beans (13) and was similar to percentages found in
legumes with good protein quality, such as peas (34).

The detrimental effect of phytic acid on protein digestibility
arises from its ability to form poorly digested complexes with
dietary protein (43) and to inhibit the activity of proteolytic
enzymes (44). Under our experimental conditions, such an
inhibitory effect was not observed, and supplementation with
increasing phytase doses did not result in a significant increment
in nitrogen dialyzability.

Phosphorus dialyzability from legumes is highly correlated
with the amount of free inorganic P (13). This was confirmed
in the present study by the low percentage dialyzability of total
P from both flours. The lack of effect of theR-galactoside
extraction process on the content of phytic acid, and thus on
the release of free inorganic P, may have resulted from the pH
and temperature conditions of the extraction process not being
optimal for the efficient degradation of phytic acid by the
endogenous phytase of lupin seed (40 units/kg at pH 5.0 and
50 °C). Furthermore, the extraction process was performed with
whole legume seeds, which may have prevented phytic acid
from leaching into the extraction media. The addition of
increasing doses of a commercial phytase (A. niger) that was

active at the pH conditions used was responsible for the
significant improvement in phosphorus dialyzability. However,
the rise in phosphorus dialyzability observed for both lupin seed
flours after supplementation with increasing doses of phytase
did not correlate well with the amount of enzyme added.
Furthermore, the dialyzability of total P did not exceed 50-
55% upon addition of the highest phytase dose (750 PU/kg).
These results suggest that a higher amount of phytase is
necessary to achieve complete dephosphorylation of phytic acid.
In addition, product-related inhibition of the phytase enzyme
or a lower affinity ofA. nigerphytase for inositol phosphates
with a lower degree of phosphorylation (45) may play a role in
the final amount of dialyzable phosphorus. Nevertheless, the
observed increase in total P availability resulting from phytase
treatment represents an important nutritional improvement for
the development of lupin products intended for human or animal
consumption.

In vitro calcium digestibility may be affected by dietary
components such as phytic acid, dietary fiber, and oxalate (46).
However, these components did not seem to play an important
role in the raw lupin seed meal used in the present study, as
shown by the high calcium dialyzability obtained, which was
higher than that found for other legumes (13, 46). Phytic acid
appeared to be the only factor that may have affected calcium
dialyzability, given that supplementation with 250 PU/kg was
enough to achieve complete dialyzability of this mineral.

In contrast with what was described by other authors (47),
the decrease in calcium dialyzability was found to correlate with
the removal ofR-galactosides from the lupin seed meal. The
lower calcium dialyzability was also related to the observed
decrease in titratable acidity of the freeR-galactosides lupin
flour, which may have resulted from the leaching of organic
acids into the extraction solution (48). Other factors that could
contribute to lower calcium dialyzability are changes in dietary
fiber composition and phytic acid, although an increase in
dialyzability similar to that observed for raw lupin flour was
found in freeR-galactosides lupin flour after supplementation
with 250 PU/kg.

Magnesium dialyzability from raw lupin flour was lower than
expected in view of the high amount of soluble, and thus
potentially dialyzable, magnesium lost from the seed during the
R-galactoside extraction process. This could be attributed to the
high dietary fiber in lupin seeds and, to a lesser extent, the
presence of phytic acid, given that treatment with the lowest
phytase dose (250 PU/kg) was sufficient to slightly improve
magnesium dialyzability, which did not continue to improve
with increasing phytase doses.

Despite the 50% reduction in total magnesium content caused
by the R-galactoside extraction treatment, the dialyzability of
the remaining magnesium was efficient compared with raw lupin
flour. In a similar way to what was observed with calcium, the
improvement in dialyzability caused by phytase treatment (250
PU/kg) of extracted lupin flour was analogous to that observed
with the raw lupin flour and did not continue to increase with
higher phytase doses.

The higher percentage of dialyzable iron from raw lupin flour
than from other legumes such as beans (13) may be related to
the lupin flour’s lower phytic acid content, higher titratable
acidity, and different protein structure. The loss of soluble iron
and endogenous ligands responsible for titratable acidity during
R-galactoside extraction is a probable reason for the lower
proportion of iron capable of diffusing through the dialysis
membrane at the pH conditions used to resemble digestion in
the small intestine than was the case for the raw lupin flour.
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Nevertheless, under our experimental conditions, phytic acid
seemed to be the most significant component related to iron
dialyzability in the two lupin flours studied, given that supple-
mentation with the lowest phytase dose studied (250 PU/kg)
led to a considerable improvement in the percentage of
dialyzable iron, whereas a maximum dialyzability value of 50%
was reached when 500 PU/kg was supplemented.

The low percentage of dialyzable zinc found in raw lupin
flour was mainly correlated under our experimental conditions
with the presence of phytic acid, as seen by the huge increase
in dialyzability caused by supplementation with 250 PU/kg.
Other components of raw lupin flour, such as dietary fiber, may
also play a role and would be responsible for the lower zinc
dialyzability of raw lupin flour than what has been reported for
another legumes such as beans (13,49).

The significant reduction in Zn and Mn dialyzability caused
by the loss of soluble cations and changes in the chemical
composition of the lupin seed that took place during the
R-galactoside extraction process was parallel to that previously
reported for Ca and Fe. Zn and Mn dialyzability differed
between the two lupin flours studied in response to phytase
treatment, and dialyzability values were significantly lower for
the freeR-galactosides lupin flour even at the highest supple-
mented dose (750 PU/kg). This is in contrast with what was
observed for Fe and suggests that changes in certain food
components that can interact with phytic acid and thus affect
mineral dialyzability may alter the response of the cations to
phytate hydrolysis by phytase during the digestive process.

The different affinities of phytic acid for divalent and trivalent
cations may be of great importance to research into the inhibitory
effect of this food component on mineral absorption. In the
multivariate analysis, we found that the dialyzability of zinc
was most efficiently improved by phytase treatment. The
nutritional importance of phytase was intermediate for Fe and
Mn and much lower for Ca and Mg.

In conclusion, the flour ofL. albus var. multolupa is a
valuable dietary source of protein and minerals (Ca, P, Mg, Zn,
Fe, Cu, K, and Na). Neither the removal ofR-galactosides nor
supplementation with increasing phytase doses had a significant
effect on IVPD. Mineral losses caused by leaching into the
extraction solution of cations with higher solubility and
potentially higher dialyzability may be partially compensated
for by phytase treatment in amounts of 250-500 PU/kg. In that
sense, the best response is obtained for Fe. The dialyzability of
this cation is high, and treatment with 500 PU/kg totally
compensates for the reduction in dialyzability caused by the
R-galactoside extraction process.

ACKNOWLEDGMENT

We thank Rosa Jimenez for skillful technical assistance.

LITERATURE CITED

(1) Hill, G. D. The composition and nutritive value of lupin seed.
Nutr. Abstr. ReV. B 1977,47, 511-529.

(2) Van Barneveld, R. J. Understanding the nutritional chemistry
of lupin (Lupinusspp.) seed to improve livestock production
efficiency.Nutr. Res. ReV.1999,12, 203-230.

(3) Gueguen, J.; Cerletti, P. Proteins of some legume seeds: soybean,
pea, faba bean and lupin. InNew and DeVeloping Sources of
Food Proteins; Hudson, B. J. F., Ed.; Chapman and Hall:
London, U.K., 1994; pp 145-183.

(4) El-Adawy, T. A.; Rahma, E. H.; El-Bedawy, A. A.; Sobihah, T.
Y. Effect of soaking process on nutritional quality and protein
solubility of some legume seeds.Nahrung/Food2000, 44, 339-
343.

(5) Sirtori, C. R.; Lovati, M. R.; Manzoni, C.; Castiglioni, S.;
Duranti, M.; Magni, C.; Morandi, S.; D’Agostino, A.; Arnoldi,
A. Proteins of white lupin seed, a naturally isoflavone-poor
legume, reduce cholesterolemia in rats and increase LDL receptor
activity in HepG2 cells.J. Nutr. 2004,134, 18-23.

(6) Tsaliki, E.; Lagouri, V.; Doxastakisk, G. Evaluation of the
antioxidant activity of lupin seed flour and derivatives (Lupinus
albusssp. Graecus).Food Chem.1999,65, 71-75.

(7) Lampart-Szczapa, E.; Siger, A.; Trojanowska, K.; Nogala-
Kalucka, M.; Malecka, M.; Pacholek, B. Chemical composition
and antibacterial activities of lupin seeds extracts.Nahrung/Food
2003,47, 286-290.

(8) Farrell, D. J.; Perez-Maldonado, R. A.; Mannion, P. F. Optimum
inclusion of field peas, faba beans, chick peas and sweet lupins
in poultry diets. II. Broiler experiments.Br. Poult. Sci.1999,
40, 674-680.

(9) Dervas, G.; Doxastakisk, G.; Hadjisavva-Zinoviadi, S.; Trian-
tafillakos, N. Lupin flour addition to wheat flour doughs and
effect on rheological properties.Food Chem.1999,66, 67-73.

(10) Hall, R. S.; Johnson, S. K. Sensory acceptability of foods
containing Australian sweet lupin (Lupinus angustifolius) flour.
J. Food Sci.2004,69, SNQ92-SNQ97.

(11) Vidal-Valverde, C.; Frias, J.; Sotomayor, C.; Diaz-Pollan, C.;
Fernandez, M.; Urbano, G. Nutrients and antinutritional factors
in faba beans as affected by processing.Z. Lebensm. Unters.
Forsch. A1998,207, 140-145.

(12) Vidal-Valverde, C.; Frias, J.; Sierra, I.; Blázquez, I.; Lambein,
F.; Kuo, Y. New functional legume foods by germination: effect
on the nutritive value of beans, lentils and peas.Eur. Food Res.
Technol.2002,215, 472-477.

(13) Porres, J. M.; Aranda, P.; López-Jurado, M.; Urbano, G. Effect
of natural and controlled fermentation on chemical composition
and nutrient dialyzability from beans (PhaseolusVulgaris L.).
J. Agric. Food Chem.2003,51, 5144-5149.

(14) Sandberg, A. S.; Hulthen, L. R.; Turk, M. DietaryAspergillus
nigerphytase increases iron absorption in humans.J. Nutr. 1996,
126, 476-480.

(15) Porres, J. M.; Etcheverry, P.; Miller, D. D.; Lei, X. G. Phytase
and citric acid supplementation in whole-wheat bread improves
phytate-phosphorus release and iron dialyzability.J. Food Sci.
2001,66, 614-619.

(16) Stahl, C. H.; Roneker, K. R.; Pond, W. G.; Lei, X. G. Effect of
combining three fungal phytases with a bacterial phytase on
plasma phosphorus status of weanling pigs fed a corn-soy diet.
J. Anim. Sci.2004,82, 1725-1731.

(17) Gulewicz, P.; Ciesiołka, D.; Frias, J.; Vidal-Valverde, C.;
Frejnagel, S.; Trojanowska, K.; Gulewicz, K. Simple method of
isolation and purification ofR-galactosides from legumes.J.
Agric. Food Chem.2000,48, 3120-3123.

(18) Bhatty, R. S. Cooking quality and losses of phytic acid, calcium,
magnesium and potassium of lentils soaked in different solutions.
Can. Inst. Food Sci. Technol. J.1989,22, 450-455.

(19) Miller, D. D.; Berner, L. A. Is solubility in vitro a reliable
predictor of iron bioavailability?Biol. Trace Elem. Res. 1989,
19, 11-24.

(20) Mamiro, P. R. S.; Van Camp, J.; Mwikya, S. M.; Huyghebaert,
A. In Vitro extractability of calcium, iron, and zinc in finger millet
and kidney beans during processing.J. Food Chem. 2001,66,
1271-1275.

(21) Martı́nez-Villaluenga, C.; Frı́as, J.; Vidal-Valverde, C. Raffinose
family oligosaccharides and sucrose contents in 13 Spanish lupin
cultivars.Food Chem.2004,91, 645-649.

(22) Barampama, Z.; Simard, R. E. Oligosaccharides, antinutritional
factors, and protein digestibility of dry beans as affected by
processing.J. Food Sci.1994,59, 833-838.

(23) Frias, J.; Vidal-Valverde, C.; Kozlowska, H.; Tabera, J.; Honke,
J.; Hedley, C. L. Natural fermentation of lentils. Influence of
time, flour concentration, and temperature on the kinetics of
monosaccharides, disaccharides and alpha-galactosides.J. Agric.
Food Chem.1996,44, 579-584.

Nutritional Potential of Lupin Seed Flour J. Agric. Food Chem., Vol. 53, No. 8, 2005 3093



(24) Periago, M. J.; Ros, G.; Martı́nez, C.; Rincón, F. Variations of
non-protein nitrogen in six Spanish legumes according to the
extraction method used.Food Res. Int.1996,29, 489-494.

(25) Chen, P. S.; Toribara, T. Y.; Warner, H. Microdetermination of
phosphorus.Anal. Chem.1956,28, 1756-1758.

(26) Latta, M.; Eskin, M. A simple and rapid colorimetric method
for phytate determination.J. Agric. Food Chem. 1980, 28, 1313-
1315.

(27) Melo, T. S.; Ferreira, R. B.; Teixeira, A. N. The seed storage
proteins fromLupinus albus.Phytochemistry1994, 37, 641-
648.

(28) Laemmli, U. K. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4.Nature 1970,227,
680-685.

(29) Hsu, H. W.; Vavak, D. L.; Satterlee, L. D.; Miller, G. A. A
multienzyme technique for estimating protein digestibility.J.
Food Sci.1977,42, 1269-1273.

(30) McDonough, F. E.; Sarwar, G.; Steinke, F. H.; Slump, P.; Garcia,
S.; Boisen, S. In vitro assay for protein digestibility: Interlabo-
ratory study.J. Assoc. Off. Anal. Chem.1990,73, 622-625.

(31) Miller, D. D.; Schricker, B. R.; Rasmussen, R. R.; Van Campen,
D. An in vitro method for estimation of iron availability from
meals.Am. J. Clin. Nutr.1981,34, 2248-2256.

(32) Greiner, R.; Egli, I. Determination of the activity of acidic
phytate-degrading enzymes in cereal seeds.J. Agric. Food Chem.
2003,51, 847-850.

(33) Donangelo, C. M.; Trugo, L. C.; Trugo, N. M. F.; Eggum, B.
O. Effect of germination of legume seeds on chemical composi-
tion and on protein and energy utilization in rats.Food Chem.
1995,53, 23-27.
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evaluation of pea (Pisum satiVumL.) protein diets alter mild
hydrothermal treatment and with and without added phytase.J.
Agric. Food Chem.2003,51, 2415-2420.

(35) Porres, J. M.; López-Jurado, M.; Aranda, P.; Urbano, G. Effect
of heat treatment and mineral and vitamin supplementation on
the nutritive use of protein and calcium from lentils (Lens
culinaris, M) in growing rats.Nutrition 2003,19, 451-456.

(36) Torres, A.; Frias, J.; Frejnagel, S.; Gulewicz, K.; Vidal-Valverde,
C. Removal of R-galactosides as an improvement of the
nutritional quality of lupin (Lupinus angustifolius) seeds.Pol.
J. Food Nutr. Sci.2002,11/52, 104-107.

(37) Sanz, M. A.; Blázquez, I.; Sierra, I.; Medrano, M. A.; Frias, J.;
Vidal-Valverde, C.; Hernández, A. Nutritional evaluation of
ethanol-extracted lentil flours.J. Agric. Food Chem.2001,49,
1854-1860.

(38) Nestares, T.; Barrionuevo, M.; Urbano, G.; Lopez-Frias, M.
Effect of processing methods on the calcium, phosphorus, and

phytic acid contents and nutritive utilization of chickpea (Cicer
arietinumL.). J. Agric. Food Chem.1999,47, 2807-2812.

(39) Hung, T. V.; Handson, P. D.; Amenta, V. C.; Kyle, W. S. A.;
Yu, R. S. T. Content and distribution of manganese in lupin seed
grown in Victoria and in lupin flour, spray-dried powder and
protein isolate prepared from the seeds.J. Sci. Food Agric. 1987,
41, 131-139.

(40) Reddy, N. R.; Sathe, S. K.; Salunkhe, D. K. Phytates. In
Handbook of World Food Legumes: Nutritional Chemistry,
Processing Technology, and Utilization; Salunkhe, D. K., Kadam,
S. S., Eds.; CRC Press: Boca Raton, FL, 1989; Vol. 1, pp 163-
187.

(41) Barnabas, A. D.; Arnott, H. J. Calcium-oxalate crystal-formation
in the bean (PhaseolusVulgaris, L) seed coat.Bot. Gaz.1990,
151, 331-341.

(42) Konishi, Y.; Hirano, S.; Tsuboi, H.; Wada, M. Distribution of
minerals in quinoa (Chenopodium quinoaWilld.) seeds.Biosci.
Biotechnol. Biochem.2004,68, 231-234.

(43) Cheryan, M. Phytic acid interactions in food systems.CRC Crit.
ReV. Food Sci.Nutr. 1980,13, 297-335.

(44) Divakaran, S.; Ostrowski, A. C. In vitro studies on the interaction
of phytase with trypsin and amylase extracted from shrimp
(PenaeusVannamei) hepatopancreas.J. Agric. Food Chem. 1998,
46, 4973-4976.

(45) Wyss, M.; Brugger, R.; Kroenberger, A.; Rémy, R.; Fimbel, R.;
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