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a b s t r a c t
An in vitro assay simulating digestion in ﬁsh stomach was used to assess the effect of a bacterial phytase on different variables potentially affecting the digestibility of phosphorus
and protein in eight plant ingredients: total protein solubility at different pH, differential
solubility of protein fractions and potential bioavailability of amino acids after enzyme
hydrolysis. Dephosphorylation of native phytate (IP6) signiﬁcantly (P<0.05) increased protein solubility in all ingredients, with the exception of wheat ﬂour. Such increase was
measured both at acid and neutral pH in broad bean and peas, but only at acid pH in soybean and chickpea. The net effect was the result of increases in the solubility of speciﬁc
protein fractions like convicilin, vicilin and legumin in peas and broad bean or glycinin
and ␤-conglycinin in soybean. Minor increases in solubility as a result of IP6 hydrolysis
by phytase were also identiﬁed in conglutin (lupin), gliadins and glutenins (wheat) and
oleosin and napin (canola). In vitro assays evidenced that dephosphorylation of IP6 significantly affected (P<0.001) potential bioavailability of crude protein and phosphorus to a
variable extent in the different ingredients tested. These results might help to get a better
understanding of the mechanisms underlying IP6–protein interaction and the differences
in potential bioavailability of proteins present in plant ingredients used in the formulation
of aquafeeds.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Aquafeed producers need to replace ﬁshmeal by alternative protein sources due to its limited supply and high cost.
Meals obtained from soybean, canola, broad bean, peas and lupin are some of the more interesting protein sources that
can be potentially used in feeds for terrestrial and aquatic animals. However, one of the main constraints to their use is
the presence of anti-nutritional factors like phytate (IP6), a salt of myo-inositol 1,2,3,4,5,6-hexakis dihydrogen phosphate,
which is present in variable proportions in plant seeds. Most of the phosphorus (P) bound to phytate (P–IP6) is excreted
by ﬁsh into the water due to its low digestibility. In addition, this polyanionic molecule bounds to mineral cations, and
also to cationic groups present in proteins and amino acids (AA). Since IP6 is a polyanionic molecule, its interactions with
proteins are greatly affected by the pH (Cheryan, 1980). In an acidic environment, such as that existing in ﬁsh stomach, on

Abbreviations: AA, amino acids; BM, broad bean meal; CPI, chickpea protein isolate; FTU, phytase unit; IP6, myo-inositol 1,2,3,4,5,6-hexakis dihydrogen phosphate; LUP, lupin meal; RSM, canola meal; OPA, o-phthaldialdehyde; P, phosphorus; PEAS, peas; SBM, soybean meal; SDS-PAGE, sodium
dodecylsulphate polyacrylamide gel electrophoresis; WF, wheat ﬂour; WM, wheat middlings.
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Table 1
Content of crude protein, total phosphorus (P) and P–phytate (P–IP6) as fed basis and enzymatic dephophorylation efﬁciency in the ingredients tested.
Plant ingredient

Dry Matter
(g/kg)

Crude
protein
(g/kg)

Crude fat
(g/kg)

Soybean meala
Peasb
Broad bean mealc
Chickpea protein isolated
Lupin meale
Canola mealf
Wheat middlingsg
Wheat ﬂourg

880
883
881
925
908
892
880
892

470
240
250
900
430
380
150
110

19
13
19
17
89
22
35
20

a
b
c
d
e
f
g

Ash (g/kg)

62
38
23
35
36
68
48
6

Ca (g/kg)

Total P
(g/kg)

P–IP6 (g/kg)

Ratio
P–IP6/total P

2.9
0.7
0.7
1.8
2.9
7.3
1.2
0.5

6.4
3.8
5.3
8.7
3.2
12.0
9.5
3.5

4.2
1.8
3.0
4.5
1.8
8.4
7.4
1.0

0.66
0.47
0.57
0.52
0.56
0.70
0.78
0.29

Glicine max supplied by Hamblet Protein, Horsens, Denmark.
Pisum sativum supplied by Esteve Santiago SA, Valladolid, Spain.
Vicia faba supplied by Esteve Santiago SA, Valladolid, Spain.
Cicer arietinum supplied by Esteve Santiago SA, Valladolid, Spain.
Lupinus albus supplied by Sel Chile S.A., Temuco, Chile.
Brassica napus supplied by Esteve Santiago SA, Valladolid, Spain.
Triticum aestivum (wheat middlings, 23% starch) supplied by Roquette, Laisa España, Barcelona, Spain.

which the pH is below the pKa of proteins, the anionic phosphate groups of IP6 are strongly bound to the basic amino acid
residues of arginine, lysine and histidine (Cosgrove, 1966). It has been demonstrated that IP6 can inhibit pepsin activity
in vitro by the formation of binary protein–IP6 complexes (Vaintraub and Bulmaga, 1991; Morales et al., 2011). In addition,
the formation of ternary complexes IP6-divalent cation–protein is favoured in an alkaline environment such as this existing
in the intestine (Vaintraub and Bulmaga, 1991). The susceptibility of a given plant protein to form such complexes with IP6,
which are insoluble and quite resistant to the hydrolysis by digestive proteases (Richie and Garling, 2004) will depend on
its molecular structure and more precisely on the relative presence of different amino-groups.
Phytases are a special class of phosphatases that catalyse the sequential hydrolysis of IP6 to less phosphorylated myoinositol derivatives and inorganic phosphate. Most commercial microbial phytases react efﬁciently under the conditions
present in the stomach. One of the main commercial phytases used in animal nutrition is produced from Escherichia coli
and has two pH optima at 2.5 and 4.5 (Elkhalil et al., 2007). It has been demonstrated that the addition of phytase to plant
ingredients used in ﬁsh nutrition improves P availability and also prevents binding of IP6 to protein, this resulting in an
increased nutritive utilization (Storebakken et al., 1998). It has been also suggested that a number of factors such as pH,
nature of the protein source and the presence of digestive proteases may determine the net effect of phytase on protein
bioavailability within ﬁsh stomach (Morales et al., 2011). Details of the speciﬁc effects of such factors on the action of phytase
efﬁcacy have not been elucidated yet and, as indicated in the authoritative review performed by Kumar et al. (2011), more
research is needed to obtain a better insight into the mechanisms underlying phytase–protein interactions and subsequent
availability of proteins and AA after digestion in ﬁsh.
The present study was designed to assess the effects of native IP6 in the digestive bioavailability of proteins present in
different plant ingredients, currently or potentially used in commercial aquafeeds, by evaluating changes in: (i) the solubility
proﬁle of total protein and native IP6 under different pH, (ii) the solubility of speciﬁc protein fractions and (iii) the release
of AA and soluble P after digestion by acid proteases using an in vitro model simulating ﬁsh stomach.

2. Materials and methods
2.1. Ingredients and enzymes
Enzymatic dephosphorylation of IP6 was carried out using a bacterial 6–phytase, EC 3.1.3.26, from E. coli expressed
in Pichia pastoris (Quantum Phytase 2500 XT; AB Enzymes, Darmstadt, Germany). A preliminary semi–puriﬁcation using
ammonium sulphate was carried out to eliminate additives and excipients of the commercial product (Wingﬁeld, 1998).
Phytase was extracted by diluting 1 g of product in 5 mL of 200 mM sodium acetate buffer, pH 5.5, at 4 ◦ C and mixing overnight
the extract with (NH4 )2 SO4 at 75% saturation. The precipitate was then collected by centrifugation at 14,000 × g for 30 min,
suspended in 200 mM sodium acetate buffer, pH 5.5 and dialyzed 12 h at 4 ◦ C against the same buffer solution. Residual
phytase activity and soluble protein were determined in dialysate, being this frozen at −20 ◦ C until use.
The in vitro assay simulating conditions in ﬁsh stomach was performed using gastric enzyme extract obtained from
rainbow trout Oncorhynchus mykiss. Fish sampling and preparation of enzyme extracts were carried out as described by
Morales and Moyano. (2010). Assays were conducted on eight selected plant sources commonly used as ingredients in ﬁsh
feeds (Table 1): soybean meal, SBM (Glycine max); peas, PEAS (Pisum sativum); broad bean meal, BM (Vicia faba); chickpea
protein isolate, CPI (Cicer arietinum); lupin meal, LUP (Lupinus albus); canola meal, RSM (Brassica napus); wheat middlings,
WM; wheat ﬂour, WF (Triticum aestivum).
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2.2. Effect of pH and phytase on the solubility of protein and IP6 in plant ingredients
Equivalent samples of each ingredient containing 80 mg protein were preincubated or not at pH 2.5 and 25 ◦ C for 60 min
with 0.5 FTU of E. coli phytase in a reaction volume of 20 ml. One FTU is deﬁned as the amount of enzyme activity that
liberates 1 mol inorganic orthophosphate per minute from 0.0051 mol/L sodium phytate at pH 5.5 and 37 ◦ C (Engelen et al.,
1994). Samples of such solutions were then transferred to a range of different buffered solutions on which soluble protein
and P–Phytate were determined. The buffered solutions were: glycine–HCl (pH 2.0–3.0); sodium acetate–acetic acid (pH
4.0–5.0); sodium citrate–citric acid (pH 6.0); and sodium tetraborate–boric acid (pH 7.0–9.0). Each assay was carried out
in triplicate. The results were expressed as soluble protein and soluble phytate P (mg/g DM substrate) in the supernatant
solution.
2.3. Effect of phytase on the solubility of different protein fractions evaluated by SDS–PAGE
Solutions of the different plant ingredients (between 20 and 80 mg/mL) were incubated by triplicate (60 min, 25 ◦ C,
pH 2.5) in a 10 mL closed reactor with or without phytase (2500 FTU/kg DM). After neutralization, a pooled sample of
the replicates was used to evaluate changes in the protein fractions by sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) following the methodology described by Saenz de Rodrigañez et al., 2011). Assays were conducted
using a Mini Protean II chamber (Bio-Rad Laboratories, Hercules CA, USA) according to Laemmli (1970) in 12% polyacrylamide 8 cm × 10 cm × 0.075 cm gels. The amount of sample applied per well was 30 L in all cases. The electrophoresis was
carried out for 110 min at a constant voltage of 100 V per gel at 4 ◦ C. Afterwards, gels were stained overnight with 0.1%
Coomassie brilliant blue (BBC R-250) in a methanol–acetic acid–water solution (40:7:53) while destaining was carried out
in a methanol–acetic acid–water solution (40:7:53). A low-range molecular weight marker (LMW; Amersham PharmaciaBiotech, Cambridge, UK) was included in each gel (5 L). The relative electromobility (Rf) of the bands was calculated using
the method described by Saenz de Rodrigañez et al. (2011) while changes in optical density of the protein bands were analysed using a speciﬁc software (Quantity One 1-D; Bio-Rad Laboratories). The identiﬁcation of the main protein fractions
found in the present study was based in results obtained by other authors when performing SDS-PAGE of similar proteins:
SBM (Sadeghi et al., 2006; Saenz de Rodrigañez et al., 2011), PEAS (Barac et al., 2010), BM (Wright and Boulter, 1974), CPI
(Dhawan et al., 1991; Paredes-Lopez et al., 1991; Chang et al., 2009), LUP (Hojilla-Evangelista et al., 2004; Sironi et al., 2005)
RSM (Aluko and McIntosh, 2001), WM and WF (Lookhart and Bean, 1995; Dvoracek and Curn, 2003). Additional information
on the AA composition, isoelectric point and aliphatic index of protein fractions identiﬁed in each ingredient was obtained
from the ExPASy bioresource portal (Magrane and UniProt Consortium, 2011)
Average parameters were used when the search produced more than one ExPASy entry for a single SDS-PAGE band,
provided the entries were closely related in length, AA composition and protein family.
2.4. Effect of phytase on the in vitro hydrolysis of protein and phytate under ﬁsh gastric conditions
The potential ability of E. coli phytase to increase the release of soluble P and AA from the different ingredients under
the conditions existing in the stomach of rainbow trout was evaluated by an in vitro assay. The digestion was simulated
including 200 mg DM substrate and 2500 FTU/kg DM phytase in 20 mL bioreactors, using the conditions described by Morales
and Moyano. (2010); pH 3.0, 16 ◦ C 2000 U total acid protease from stomach extract. Each assay was carried out in triplicate.
Samples taken along the course of digestion at 0, 15, 30, 60, 120, 240 and 360 min were used to determine soluble P and AA
after precipitation of soluble proteins with 200 g/L trichloroacetic acid followed by centrifugation (6000 × g, 15 min; 3 ◦ C). A
control assay not including phytase was carried out in each case. The results were expressed as the increase in soluble P or
total AA released due to the inclusion of phytase in the bioreactors.
2.5. Analytical methods
Soluble P was determined by the phospho-molybdovanadate method (Engelen et al., 1994) adapted by Morales et al.
(2011). IP6 phosphorus was determined according to the indirect method of Haug and Lantzsch (1983) with some modiﬁcations to develop the assay using a microplate reader. In this method, 0.5 mL of sample was mixed with 1 mL of ferric solution
[0.2 g of ammonium iron (III) sulphate 12H2 O in 100 mL of 2 N HCl and made up to 1 L] in a 5 mL assay tube. The tubes were
heated in boiling water for 30 min. Once the tubes reached room temperature, the mixture was centrifuged (14,000 × g,
15 min) and 100 L of the supernatant were mixed to150 L of 2-2 -bipyridine solution in a 96-well microtiter plate. The
decrease in the concentration of iron determined colorimetrically (519 nm) represents the contents in phytic acid.
Total acid protease activity was measured using the method of Anson (1938) using haemoglobin (5 g/L) in 100 mmol/L
glycine–HCl buffer (pH 2.0) as substrate. One unit of activity is deﬁned as 1 g of tyrosine released per min. Concentration of
soluble protein was measured by the method of Bradford (1976). Total AA released from reaction mixtures were determined
by ﬂuorometry using the o-phthaldialdehyde method (Church et al., 1983); in brief, 10 mL of supernatants were mixed with
190 mL of OPA reagent (25 mL of 100 mmol/L sodium tetraborate; 5 mL of 20 g/L SDS; 16.4 mg of OPA dissolved in 1 mL of
methanol; 400 mL of ␤-mercaptoethanol; distilled water q.s. to 100 mL). The mixture was read in a Fluoroskan Ascent FL
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Microplate reader (Thermo Scientiﬁc) at 355 nm EX/460nmEM wavelengths. Results were expressed as total AA released
(mg/g DM) calculated from a standard curve prepared with l-leucine.

2.6. Statistical analysis
All assays were carried out in triplicate, with the exception of the SDS-PAGE image analysis, which was conducted using
only one gel prepared from a pooled sample of triplicate solubilisations. After veriﬁcation of the assumptions of normality and
homocedasticity, data were subjected to two-way ANOVA, where ingredient and phytase were the class variables, following
the model:
Yijk =  + i + ˇj + (ˇ)ij + eijk
where Y, the observed response; , the overall mean;  i , the effect of ingredient (i = 1, 2, 3, 4, 5, 6, 7, 8); ˇj , the effect of phytase
(j = 1, 2); (ˇ)ij , the effect of interaction between ingredient and phytase; and eijk , the random error. Multiple comparisons of
the means from populations with equal number of observations was conducted using Tukey’s test, while Scheffe’s test was
used to compare means from different number of observations. Differences between means were considered signiﬁcant at
P<0.05. All analyses were performed using the Statgraphics software package (STSC Software Group, Rockville, MD, USA).

3. Results
3.1. Effect of pH and phytase on the solubility of protein and IP6 in plant ingredients
Changes in solubility of protein and P–IP6 related to pH in the different plant ingredients are detailed in Fig. 1. The
proﬁles showed a clear differentiation between leguminous and non-leguminous sources. While the ﬁrst ones revealed a
high solubility at both acidic and alkaline pH, and a sharp minimum at pH around 5.0, non-leguminous ingredients were not
affected by pH in the same manner. In a similar way, legume seeds showed relatively high values of P–IP6 solubility at pH
2.0 and minimum near to pH 4.0, but as pH increased, all them showed higher values of solubility. In contrast, the solubility
proﬁle of P–IP6 of non-leguminous sources did not change with pH, while RSM showed an inverse, some-shaped proﬁle,
peaking between pH 4.0 and 5.0.
The effect of phytase in pH-dependent protein solubility proﬁles is detailed in Fig. 2. As a general trend, the proﬁle
was maintained in all cases although the net increase produced by phytase varied notably. While BM and PEAS showed
a signiﬁcant (P<0.05) increment in protein solubility both at acid pH (2.0, 3.0 and 4.0) and neutral pH (7.0), SBM and CPI
mainly showed such increase at acid pH. With the exception of WF, the rest of ingredients also showed a slight but signiﬁcant
(P<0.05) increases in soluble protein; LUP at pH 4.0, 5.0, WM at pH 2.0, 3.0, 4.0, 5.0 and RSM at pH 2.0 and 3.0.

3.2. Effect of phytase on solubility of different protein fractions evaluated by SDS-PAGE
The image analysis of the SDS-PAGE proteinograms and the main protein fractions identiﬁed in each ingredient are
detailed in Fig. 3. Differences were observed between the different ingredients; while leguminous sources (SM, PEAS, BM,
CPI and LUP) showed complex proﬁles with several protein fractions, non-leguminous ingredients (CAM, WM and WF)
showed simple proﬁles with only few bands. Thus, in the proteinogram of SBM, the bands with higher molecular masses (90,
78 and 48 kDa) would be associated with ␤-conglycinin subunits, while the most intense bands, located at 39 and 20 kDa,
would correspond to the acidic and basic subunits of glycinin, respectively. Different protein fractions were observed in PEAS;
although a heaviest fraction (82 kDa) was identiﬁed as convicilin, the main protein fractions in this source were associated to
vicilin (53 and 39 kDa) and legumin (45 and 23 kDa). These last two were also identiﬁed as major proteins in BM and CPI. The
main protein fractions identiﬁed in LUP were associated to conglutins with a molecular weight of 18–21 kDa and 37–74 kDa.
Canola showed two low molecular weight peaks at 15 and 17 kDa identiﬁed as napin and oleosin proteins, respectively.
Wheat sources SDS–PAGE revealed a few bands associated with gliadins and glutenins with a molecular weight of 15 and
28–29 kDa.
The previously indicated increase in total protein solubility observed in leguminous seeds as a result of phytase treatment
seemed to affect most protein fractions. Broad bean showed the higher effect (P<0.05), with increases of nearly 400% for
some protein fractions and an average increase of 189%, followed by peas (140%). Soybean protein showed a 54% increase,
while the remaining ingredients assayed ranged between 31% (chickpea) and 5% (wheat ﬂour) increase in the optical density
of the protein fractions identiﬁed by SDS-PAGE (Table 2). Convicilin, vicilin and legumin present in seeds of PEAS and BM
were the protein fractions on which the solubility was increased to a greater extent by the preincubation with phytase (369%,
181%, 113% observed increase, respectively), as well as glycinin and ␤-conglycinin present in SBM (56%, and 51% increase,
respectively). Other protein fractions identiﬁed in LUP (conglutin), WM and WF (gliadins and glutenins) and RSM (oleosin
and napin) showed less than 20% increase (Table 3).
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Fig. 1. pH-dependent proﬁle of protein (A) and P–IP6 (B) (mg/g DM substrate) in the remaining solution after expose plant ingredients at different pH.
Soybean meal (SBM), peas (PEAS), broad bean meal (BM), chickpea protein isolate (CPI), lupin meal (LUP), canola meal (RSM), wheat middlings (WM) and
wheat ﬂour (WF). Filled lines indicate leguminous sources and dotted lines indicate non-leguminous sources. The results are plotted as the mean ± SD
(triplicates).

3.3. Effect of phytase on the in vitro hydrolysis of protein and phytate under simulated ﬁsh gastric digestion
After six hours of in vitro gastric digestion, signiﬁcant (P<0.001) increases in the amount of AA released as a result
of phytase inclusion were observed in SBM (16% increment), followed by RSM, BM and PEAS (12, 11 and 10% increment
Table 2
Phytase induced increment (%) on the solubility of the major protein fractions for each plant protein source identiﬁed by SDS-PAGE gel image analysis.
Plant ingredient

Fractions identiﬁed (n)*

Mean ± SD**

Soybean meal
Peas
Broad bean meal
Chickpea protein isolate
Lupin meal
Canola meal
Wheat middlings
Wheat ﬂour

10
8
7
3
7
7
2
3

189
140
54
31
25
12
9
5

*
**

Number of bands observed in SDS-PAGE for each plant ingredient.
Values not sharing the same letter are signiﬁcantly different at P<0.05.

±
±
±
±
±
±
±
±

123a
110ab
16bc
7bc
14bc
14c
6c
3c

Minimum

Maximum

65
27
31
26
0
0
4
2

456
369
70
39
41
39
13
7
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180

Soybean meal

150

Lupin meal

9 (8)*
39 (51)*

120

59

0 (0)

5 (4)
0 (0)

0 (0)

0 (0)

90

1 (1)

60

40 (749)*
17 (109)*
5 (30)*

30

0 (0)

0
180

Canola meal

Peas

150

Soluble protein (mg/g DM)

120

25 (30)*

0 (0)

62 (164)*

90

38 (98)*

60

48 (1046*)

30

3 (33)*

5 (90)* 4 (92)*
2 (60)

1 (37)

0 (0)

0 (0)

4 (70)*

3 (41)

0 (0)

0
180

Broad bean meal

Wheat middlings

150
42 (51)*

6 (5)*

69 (148)*

120

50 (101)*
85 (1344)*

90
60
10 (67)*

30

11 (212)*
10 (181)*

6 (123)*

0
180

15 (11)*

Chickpea protein isolate

150

6 (6)

Wheat flour
23 (15)*

21 (17)*

120
90
44 (449)*

60

0 (0)

6 (62)*

30

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0
0

1

2

3

4

5

6

7

8

9

0

1

2

3

4

5

6

7

8

9

pH
Fig. 2. Soluble protein (mg/g substrate) exposed at different simulated pH after a pre-incubation of ingredients with (ﬁlled line) or without (dotted line)
2500 FTU/kg DM. Values be above curves indicates the increment in soluble protein as an effect of phytase treatment expressed as mg/g DM and (%) of the
maximum value. Asterisk indicates signiﬁcant increment (P<0.05).
Table 3
Phytase induced increment (%) on the solubility of the different proteins identiﬁed by SDS-PAGE gel image analysis.
Protein

Fractions identiﬁed (n)a

Mean ± SDb

Convicilin
Vicilin
Legumin
Glycinin
␤-Conglycinin
Glutelin
Gliadins and glutenins
Conglutin
Oleosin
Napin

1
7
6
3
3
1
6
4
1
1

369
181 ± 135
113 ± 112
56 ± 18
51 ± 17
22
18 ± 15
16 ± 17
13
4

Minimum

Maximum

98
32
31
35

456
319
70
69

2
0

39
39

a
Number of SDS-PAGE bands identiﬁed in all plant ingredients for each storage-protein family deducted by comparison with results obtained by different
authors when performing SDS-PAGE of similar proteins and Expassy database entries (Magrane and UniProt Consortium, 2011).
b
Measures of variability was not represented in proteins with only one fraction observed in SDS-PAGE.

60

G.A. Morales et al. / Animal Feed Science and Technology 181 (2013) 54–64

Fig. 3. Image analysis of sodium dodecyl sulphate polyacrylamide gel electrophoresis of soybean meal (SBM), peas (PEAS), broad bean meal (BM), chickpea
protein isolate (CPI), lupin meal (LUP), canola meal (RSM), wheat middlings (WM) and wheat ﬂour (WF) after the incubation or not with 2500 FTU/kg DM
(phy). The relative electrophoretic mobility (rf) and the molecular weight (kDa) of the main protein fractions are detailed on the top and the bottom of the
ﬁgure.
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Table 4
Total amino acids released by plant source after 6 h of in vitro gastric digestion with (Phy) or without (C) the inclusion of 2500 FTU/kg DM.
Plant Ingredient

Soybean meal
Peas
Broad bean meal
Chickpea protein isolate
Lupin meal
Canola meal
Wheat middlings
Wheat ﬂour
Factorial ANOVA model
Factor
P-value

Total amino acids released (mg/g DM)*

Increment (%)

Control

Phytase

12.2 ± 0.3a,z
11.2 ± 0.2a,yz
10.7 ± 0.1a,y
12.0 ± 0.6a,z
11.2 ± 0.1a,yz
9.4 ± 0.1a,x
8.0 ± 0.4a,w
6.9 ± 0.1a,w

14.2 ± 0.0b,z
12.3 ± 0.2b,y
11.9 ± 0.0b,xy
12.5 ± 0.5a,y
11.5 ± 0.6a,xy
10.5 ± 0.3b,x
8.2 ± 0.3a,w
6.9 ± 0.5a,v

16
10
11
4
3
12
2
0

Ingredient
<0.001

Phytase
<0.001

Ingr. × Phy.
0.0014

*
Mean ± SD (triplicates). Values not sharing the same ﬁrst letter (between treatment) or the same second letter (between ingredients) for the same
treatment are signiﬁcantly different at P<0.05.

Table 5
Total soluble phosphorus released from the ingredients after six hours of in vitro gastric digestion with (Phy) or without (C) the inclusion of 2500 FTU/kg
DM.
Plant Ingredient

Soybean meal
Peas
Broad bean meal
Chickpea protein isolate
Lupin meal
Canola meal
Wheat middlings
Wheat ﬂour
Factorial ANOVA model
Factor
P-value

Total soluble P released (mg/g DM)*

Increment

Control

Phytase

%

5.57 ± 0.08a,b
3.61 ± 0.03a,a
3.40 ± 0.24a,a
5.95 ± 0.17a,b
7.55 ± 0.18a,d
6.67 ± 0.15a,c
7.40 ± 0.01a,d
3.58 ± 0.03a,a

14.24 ± 0.38b,e
7.50 ± 0.22b,b
10.00 ± 0.23b,c
17.04 ± 0.31b,f
11.94 ± 0.17b,d
16.41 ± 0.27b,f
10.95 ± 0.35b,cd
3.57 ± 0.03a,a

154
108
194
188
57
145
47
0

Ingredient
<0.001

Phytase
<0.001

Ingr. × Phy.
<0.001

*
Mean ± SD (triplicates). Values not sharing the same ﬁrst letter (between treatment) or the same second letter (between ingredients) for the same
treatment are signiﬁcantly different at P<0.05.

respectively) (Table 4). The rest of ingredients did not show a signiﬁcant effect of phytase on the release of AA. Soluble P was
also signiﬁcantly increased (P<0.001) in the presence of phytase in SBM, RSM and CPI (8.6, 9.7 and 11.1 mg/g DM increment,
respectively), BM (6 mg/g DM), LUP, PEAS and WM. These values accounted by relative increases in P availability for the
different protein sources ranging from 47 and 194% (Table 5). However, the release of P from WF remained unaffected by
phytase treatment.
Results obtained with the simulated stomach digestion evidenced differences between ingredients (Fig. 4). Brieﬂy, SBM,
RSM and BM showed the highest increases in protein and P bioavailability as a response to phytase treatment, while LUP,
WM and WF showed a lower effect. The chickpea showed a high increment in P bioavailability, but IP6 dephosphorylation
did not result in a signiﬁcant increment of AA throughout gastric incubation; PEAS evidenced intermediate values for both
AA and P increment.
4. Discussion
It is widely recognized that the solubility of protein and phytic acid depends on protein source and pH (Kies et al., 2006).
As the pH approaches the isoelectric point, negative and positive charges are neutralized, resulting in precipitation of the
protein. In contrast, at pH above or below the isoelectric point the net charges of proteins provide more binding sites for
water, this increasing their solubility (Hamm, 1960). This explains to a great extent the results obtained in the present study
when assessing changes in the solubility of legume proteins, although in the rest of ingredients this parameter showed a
slight reduction as the pH increased. A point deserving future research is the role of free amino acids in the solubilisation of
dietary proteins in vivo, since it has recently been demonstrated that a mix Arg/Glu 1:1 increases protein solubilisation even
when pH equals pI (Golovanov et al., 2004). On the other hand, as described by Grynspan and Cheryan (1983) IP6 solubility
is largely pH-dependent, being more soluble at low pH and tending to precipitate as IP6-Ca at pH above 4. This was observed
in the present study in the assays performed with leguminous seeds, while a lower variation in the solubility of IP6 as the
pH increased was measured in the rest of ingredients.
Storage proteins and native IP6 can interact naturally within seeds, but also within the gastrointestinal tract of animals
at both acid and alkaline pH (Cheryan, 1980). Phytic acid is negatively charged over most of the pH scale, suggesting a high
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Fig. 4. Increment in phosphorus and amino acids bioavailability in plant sources simulation ﬁsh gastric conditions as an effect of inclusion 2500 FTU/kg
DM. Soybean meal (SBM), peas (PEAS), broad bean meal (BM), chickpea protein isolate (CPI), lupin meal (LUP), canola meal (RSM), wheat middlings (WM)
and wheat ﬂour (WF). The results are plotted as the mean ± SD (triplicates).

potential for binding to positively charged molecules such as cations or proteins. As a result, insoluble complexes of phytic
acid with proteins may be formed, these showing a reduced bioavailability due to their resistance to enzyme hydrolysis
(Kies et al., 2006; Morales et al., 2011).
Within the pH range of functional stomachs, each IP6 P-moiety holds at least one negative charge (Costello et al., 1976),
whereas the bulk of dietary proteins and gastric hydrolases are below their pI. Under these conditions, the electrostatic
interactions between IP6 and basic residues present in such protein molecules may result in their precipitation under the
form of IP6–protein complexes. In contrast, the formation of ternary IP6–divalent cation–protein complexes is favoured
at the intestinal alkaline pH, although in this case, the effect of IP6 on precipitation is not so strong (Prattley et al., 1982;
Vaintraub and Bulmaga, 1991).
These effects could explain the results obtained in the present study after addition of phytase, where the enzymatic
dephosphorylation of IP6 resulted in a signiﬁcant increase in the amount of soluble protein in most of the assayed ingredients.
While in BM, PEAS and CPI the increase in soluble protein after phytase treatment was measured at both acid and basic pH,
probably as a result of interferences in the formation of the above mentioned binary and ternary complexes, a similar effect
was detected in SBM only at acidic pH, and only minor or no effect were observed in the rest of ingredients. Such differences
could be related to the molecular structure of the storage proteins present in each plant ingredient, which determines their
charge at different pH and hence their afﬁnity to binding to IP6. In fact, proteins present differences in their relative amount
of the basic AA residues (i.e. arginine, lysine, and histidine) which show a high afﬁnity to form binary insoluble complexes
with IP6 under the acidic conditions existing in ﬁsh stomach (Anderson, 1985). Additionally, the concentration of divalent
cations like Ca2+ may have an effect, since high concentrations of Ca2+ could compete for binding to IP6 with the cationic
groups of protein. This may result in the dissociation of complexes at acid pH (Okubo et al., 1976; Cheryan, 1980), while at
alkaline conditions the formation of ternary protein–cation–IP6 should also be affected by the relative concentration of such
ion (Anderson, 1985).
The existence of differences related to the composition of storage proteins was supported by the results obtained in
the SDS-PAGE analysis of protein fractions in plant ingredients assayed in the present study. For example, while wheat did
not show variations in the protein fractions after phytase treatment, legumes showed a clear effect as a response to IP6
dephosphorylation by phytase. This could be explained considering that gliadins and glutenins (29 kDa), the main storage
proteins in wheat, contain 4.1% of Arg + Lys + His (Magrane and UniProt Consortium, 2011) while in contrast, legumin (53 kDa)
and vicilin (45 kDa) present in PEAS and BM, contain a higher proportion of basic AA (17.4 and 19.9%, respectively). An
intermediate response was found in SBM, which contains protein subunits (78 kDa ␤-conglycinin ␣, 48 kDa ␤-conglycinin
␤, 39 kDa acid glycinin and 20 kDa basic glycinin) showing intermediate contents in basic AA: 14.3, 13.7, 13.7 and 10.5%,
respectively.
Taking this into account, it may be suggested that the proportion of basic AA present in proteins may play an important
role in their interaction with phytic acid. Nevertheless, the proportion of basic amino acids in a polypeptide cannot thoroughly explain phytate-induced changes in its solubility. Selle et al. (2012) reported an indirect mechanism based on the
lyotrophic effects of IP6 phosphate moieties, where their competition for water can disrupt the hydration shell of protein
molecules, leading to a decreased solubility. In cases where lyotrophic effects prevail, Selle et al. (2012) suggested that protein hydrophobicity would be the key factor in the precipitation process. It is noteworthy that the increase in the solubility
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of protein fractions resulting from phytase treatment (four fractions: 40–45 kDa legumins and 53 kDa vicilins from PEAS
and BM; solubility increase from 159 to 456%) can be arranged by their hydropathicity or aliphatic indexes according to the
Expassy database.
The effect of IP6 on the solubility of proteins, through the formation of the IP6–protein complexes, indirectly affected their
accessibility for hydrolysis by ﬁsh digestive enzymes. Similarly to the results obtained in the present study with several plant
ingredients, Ravindran (1995) mentioned that the formation of insoluble IP6–protein complexes reduce their susceptibility
to hydrolysis by proteolytic enzymes. However, in a recent in vitro study (Morales et al., 2011) demonstrated that the
addition of phytase to SBM prevented the formation of such IP6–protein complexes, improving protein solubility and AA
release during gastric digestion and that digestive hydrolases are also precipitated by phytate complexation. On the other
hand, Vaintraub and Bulmaga (1991) reported a phytate-induced loss in porcine peptic activity on high molecular weight
polypeptides, but not on low molecular weight substrates such as APIT (acetyl-l-phenylalanyl-3,5-diiodo-l-tyrosine). Thus
more in depth studies are required in order to clarify this issue.
Considering that most commercial phytases used in animal nutrition have a functional range below pH 5.5 (Greiner
and Konietzny, 2006), and that IP6 solubility is largely pH-dependent, being more soluble at pH below 4.0 (Grynspan and
Cheryan, 1983), an efﬁcient use of phytase as a feed additive in ﬁsh diets should require that their stomach can reach such
pH values. This would not be a limiting factor in some species like salmonids, which stomach can reach pH values lower
than 4.0 (Nordrum et al., 2000), but in other groups like the sparids, which usually present a higher stomach pH (Marquez
et al., 2012).
Increased protein utilisation and AA availability resulting from dephytinization of dietary IP6 by exogenous phytase has
been reported in several experiments (Storebakken et al., 1998; Sugiura et al., 1998; Forster et al., 1999; Vielma et al., 2000;
Glencross et al., 2004). However, a lack of effect has also been reported (Lanari et al., 1998). These different responses to
phytase treatment may be the consequence of a combination of both a direct effect of the pH existing in the stomach of the
different species (which strongly affects IP6 solubility and phytase action) and an indirect effect derived from the action of
phytase on the solubility and bioavailability of protein, as demonstrated in the present study.
5. Conclusions
It is concluded that phytase may increase the solubilisation of crude protein present in leguminous seeds, but not to
the same extent that in cereals and canola. The dephosphorylation of native IP6 positively affected the bioavailability of
both phosphorus and AA, depending on the type of plant ingredient. The results obtained in the present study may help
to get a better understanding on the IP6–protein interactions and the potential availability of proteins and AA in different
ingredients used in the formulations of ﬁsh feeds which may optimize nutrient utilization and reduce nutrient loss.
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