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A simplified in vitro test tube (TT) method was developed to estimate the percentage of available P
in feed ingredients for swine. The entire digestion procedure with the TT method consists of three
consecutive enzymatic digestions carried out in a 50-mL conical test tube: (1) Pre-digestion with
endo-xylanase and beta-glucanase for 1 h, (2) peptic digestion for 2 h, and (3) pancreatic digestion
for 2 or 4 h. The TT method is simpler and much easier to perform compared to the dialysis tubing
(DT) method, because dialysis tubing is not used. Reducing sample size from 1.0 to 0.25 g for the
TT method improved results. In conclusion, the accuracy and validity of the TT method is equal to
that of our more complicated DT method (r ) 0.97, P < 0.001), designed to mimic the digestive
system of swine, for estimating the availability of P in plant-origin feed ingredients.
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INTRODUCTION

The quick and accurate measurement of phosphorus (P)
bioavailability from ingredients used to formulate animal feeds
is of great importance to the livestock industry, not only for
maximizing growth but also for minimizing water pollution from
unutilized nutrient excretion in animal manure (1, 2). In cereal
grains and oilseed meals, the main ingredients used in mono-
gastric animal feed, 60-80% of the P is stored as phytate (3).
The phytate P in cereal grains and oilseeds is poorly utilized
because the digestive systems of monogastric animals produce
little to no phytase (4), the enzyme required to hydrolyze P from
the inositol ring (5). There are two different approaches to
measuring nutrient availability, either in vivo or in vitro testing.
It is obvious that in vivo testing is the most valid way to
determine P bioavailability of feed ingredients. However, P
availability determined in vivo is limited by the time and
expense required for animal experiments. Therefore, in vitro
testing is a faster and lower cost approach to obtain a valid
estimate of available P (aP) in feed ingredients (6, 7). In vitro
approaches have also been used to estimate the digestibility of
protein (8-10), Zn (11, 12), Fe (13), and P based on P solubility
in dilute acid (14,15).

In vitro procedures were designed in our laboratories to mimic
the digestive system of pigs and poultry by using dialysis tubing
to estimate P availability in plant-origin ingredients for swine
(6, 7) and poultry (16). Unfortunately, these dialysis tubing (DT)

methods were not effective in estimating the P availability of
animal-origin ingredients (7). In addition, the DT method
requires time for preparation of the dialysis tubing, the dialysis
buffer, and the complicated quantitative transfer of digesta into
the dialysis tubing. An in vitro method that is simple, easy to
use, inexpensive, and equally accurate for both plant and animal
origin feed ingredients is desired. Therefore, the two objectives
for this study were to evaluate a simplified and faster (reduced
incubation time) in vitro method developed in our laboratory
that used conical centrifuge tubes (TT method) to estimate the
availability of P in plant feed ingredients compared with our
DT method, and to compare 1.0-, 0.50-, and 0.25-g sample sizes
for the TT method.

MATERIALS AND METHODS

Enzymes.Natugrain containing Endo-xylanase (8250 units/g EC
3.2.1.8) and Endo-Β-glucanase (6000 units/g EC 3.2.1.6) was provided
by BASF Corporation Mount Olive, NJ. Porcine pepsin (P-6887; EC
3.4.23.1) and pancreatin (P-7545; activity) 8 × USP) were purchased
from Sigma Chemical Co., St Louis, MO.

Chemicals.All chemicals used were reagent quality or better. Water
was 18 MΩor equivalent.

Samples and Sample Preparation.A normal Harrington Check
(HC) barley and the near isogenic low phytic acid 422 (LPA 422) barley
grains were obtained from the USDA-ARS National Small Grains
Germplasm Research Facility, Aberdeen, ID. Soybean meal (SBM) and
corn were obtained from the University of Missouri-Columbia (UMC)
feed mill. Whole soybeans (WSB) were obtained from the UMC
Agronomy Department The SBM and WSB were extruded (extSBM
and extWSB, respectively) in a single screw extruder (Insta-Pro Model
2000R, Triple F, Des Moines, IA) with a 0.95-cm die opening, at 132
( 2 °C for 25 ( 2 s. Prior to extrusion, the WSB were cracked in a
hammer mill, and the SBM was “preconditioned” by mixing 15% water
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and 15% crude soy oil with 70% SBM, air-dry basis. All sample
ingredients were ground in a Wiley laboratory mill to pass a 1-mm
mesh screen. Then, sub-samples were reground in a Tecator 1093
sample mill to pass a 0.5 mm mesh screen. All samples were kept in
sealed plastic bags at 4°C until analyzed.

Modified Dialysis Tubing in Vitro Method (DT method). The
DT method used in this experiment is a modified version of our original
in vitro DT method designed to mimic the digestive system of the pig
(6), which consisted of two consecutive enzymatic digestions: a pepsin
digestion followed by a pancreatin digestion, concurrent with dialysis.
The modifications made to our original DT method are as follows: (a)
the addition of a predigestion step, containing endo-â-glucanase and
endo-xylanase, which increased carbohydrate digestibility and reduced
sample viscosity; (b) the amounts of pepsin and pancreatin added to
the digesta were increased to increase protein digestion and the release
of P from the feedstuff matrix; and (c) the amount of NaHCO3 added
with the pancreatin was reduced to optimize digesta pH.

Testing in our laboratory found that the addition of beta-glucanase
and endo-xylanase in a predigestion step increased carbohydrate
digestion and liquefied the sample, especially for feedstuffs such as
soy products and barley. This decreased the difficulty in transferring
the digesta into the dialysis tubing and allowed the required mixing of
the digestive enzymes with the substrate. In a preliminary experiment
with HC barley, we tested NaHCO3 concentrations of 0.2, 0.4, 0.6,
0.8, and 1.0 M in the pancreatic digestion step and measured digesta
pHs of 1.93, 2.83, 5.50, 6.83, and 7.43, respectively. Hydrolyzed P
values were 17.1, 17.5, 23.7, 28.6, and 26.6%, respectively. Our results
found that adjusting the NaHCO3 level to 0.8 M in the pancreatic
digestion step lowered digesta pH below 7.0 and increased P hydrolysis
in barley, providing in vitro aP values that were similar to the in vivo
aP values obtained in studies with swine (1, 4). An increase in the
concentrations of pepsin and pancreatin in the digesta samples improved
the in vitro estimate of P availability in some plant ingredients, as
described in our results below. Thus, the modified DT method in the
present experiment consisted of three consecutive enzyme digestion
steps: (1) predigestion with beta-glucanase and endo-xylanase, (2)
pepsin digestion, and (3) pancreatic digestion concurrent with dialysis.
These steps are described as follows:

(1) Predigestion. Finely ground sample (1.0, 0.5, or 0.25 g) (0.5-
mm screen) was mixed with 3 mL of 0.04% sodium azide solution
containing 5.3 mg of Natugrain (Endo-xylanase 8.250 units/g and Endo-
â-glucanase 6000 units/g, BASF Corporation Mount Olive, NJ) /mL
in a 10-mL plastic syringe. Due to time constraints of the digesta transfer
to the dialysis tubing, sample start times require at least a 3 min interval.
The sample and enzyme solution were vortexed and incubated in a
water bath with shaking at 120 rpm and 39°C for 60 m.

(2) Pepsin Digestion. Following predigestion, the digesta sample
was mixed with 1.0-mL of a 0.85 N-HCl solution containing 6000,
12 000, or 24 000 U of porcine pepsin, giving a final level of 1500,
3000, or 6000 U/mL as indicated. After the digesta and peptic enzyme
solution was vortexed, the digesta was incubated in the same water
bath at 39°C for 2 h.

(3) Pancreatin Digestion. At the end of the pepsin digestion phase,
samples were quantitatively transferred to dialysis tubing segments (18
cm long) and 1.3 mL of a 0.8 M NaHCO3 solution containing 5.65,
11.30, or 22.60 mg porcine pancreatin/mL (8× United States Pharma-
copoeia (USP)) was added to the pepsin digesta as indicated. After the
digesta and enzyme solution were well mixed, dialysis tubing was sealed
on each end with clamps. The dialysis tubing (molecular weight cut
off of 12 000-14 000, diameter 1.6 cm, Sigma Chemical Co., St Louis,
MO) was placed in a 250-mL flask containing 100 mL of 0.05 M
succinate buffer. Samples were incubated at 39°C with shaking at 120
cycles per min for 2 or 4 h as indicated. After the pancreatic incubation
period, hydrolyzed P dialyzed into the succinate buffer was determined
colorimetrically on a spectrophotometer at 415 nm as described by
Engelen et al. (17). In the DT method, each ingredient was analyzed
in triplicate.

Test Tube in Vitro Method (TT Method). (1) Predigestion. In
the TT method, predigestion is the same as that for the DT method
except that the sample for the TT method is placed in a 50-mL plastic,
conical centrifuge tube. Two sample sizes, 1.0 and 0.25 g, were
evaluated with the barley, corn, and soy product samples. With the TT
method, samples can be started at 1 min intervals.

(2) Peptic Digestion. After predigestion was completed, the digesta
was mixed with 1.0 mL of a 0.85 N HCl solution containing 24 000 U
of porcine pepsin, giving a final concentration of 6000 U/mL and
incubated with shaking at 120 cycles per min for 120 min at 39°C.

(3) Pancreatic Digestion. Immediately following the pepsin digestion,
1.3 mL of a 0.8 M NaHCO3 solution containing 22.6 mg of porcine
pancreatin/mL (8× USP) was added to the peptic digesta. After mixing,
the digesta was incubated at 39°C with shaking at 120 cycles per min
for 2 or 4 h. Approximate pH of digesta after addition of pancreatin
was 7.06 in blanks. After the pancreatic digestion, test tubes were placed
at 0 °C, to halt enzymatic activity in the digesta. Samples 10-40 mL
of a 2 N HClsolution was added to the digesta and mixed thoroughly
to stop enzyme activity and dilute the digesta. The volume of 2 N HCl
added was dependent on the estimated amount of hydrolyzed P in
digesta. After 2 N HCl additions, tubes were centrifuged at 1000g for
20 min to remove particulates from supernatants. Hydrolyzed P in the
clear sample supernatant was determined colorimetrically on a spec-
trophotometer at 415 nm (17). Each ingredient was analyzed in six
replicates. Hydrolyzed P in the DT and TT methods was calculated by
subtracting a blank, with the same enzyme additions, from gross
hydrolyzedP values obtained from the samples.

Total P and Phytic Acid P Determinations. Sample total P (tP) was
determined by wet ashing (using nitric+ perchloric acid digestion)
and then running the Molybdate-Vanadate method for inorganic P (18).
Phytic acid P was determined by the AOAC method (18). Table 1
shows our analyzed values for tP, phytic acid P content, and the
calculated percentage of tP that is available for swine in HC barley,
LPA 422 barley, and the soy products. The published values for tP
content, phytic acid P content (19-21), and the published in vivo
percentages of tP in these ingredients that are available for swine (1,
4) are also shown inTable 1.

Table 1. Total Phosphorus, Phytic Acid Phosphorus, and Available Phosphorus Concentrations of Corn, Barleys, and Soybean Products

analyzed values, %a published values, %

ingredient
total P

(%)

phytic
acid P

(%)

anal. estimate
of P availability

(%)b
total P
(%)c

phytic
acid P
(%)d

in vivo
P availability

(%)c

corn 0.274 0.237 13.5 0.28 0.18−0.24 12−14
Barley Grains
Harrington check 0.354 0.242 31.6 0.36 0.19−0.27 30−31
low phytic acid 422 0.338 0.134 60.4
Soy Products
48% soybean meal 0.715 0.512 28.4 0.69 0.39 23−25
extruded soybean meal 0.549 0.387 29.5
whole soybeans 0.514 0.369 28.2 0.59 0.33
extruded whole soybeans 0.561 0.397 29.2 0.59

a Air dry basis. b Analytical estimate of P availability ) ((total P − phytate P)/total P) × 100. c Values from Cromwell and Coffey (1) and NRC (4). d Values from Viveros
et al. (19) and Ravindran et al. (20, 21).
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Statistical Analysis.The enzyme and soy product data were analyzed
by analysis of variance (ANOVA) as a completely random design (22)
using SAS (SAS Institute Inc., Cary, NC). The enzyme concentration
data were arranged as a 3× 3 factorial (3 levels of pepsin and 3 levels
of pancreatin) (Table 2), and the soy products data were arranged as
a 3 × 2 factorial (3 sample sizes and 2 incubation times,Table 3).
Each soy product was analyzed individually. The main effects of in
vitro method (DT method with 1.0 g samples, and TT method with
1.0 and 0.25 g samples) and pancreatic incubation (hydrolysis) time (2
or 4 h for both methods) were analyzed as a completely random design
ANOVA with the treatments arranged as a 3× 2 factorial (Table 4)
according to the following model; Xijk) µijk + ai + âj + a âij +
eijk, whereµijk ) overall mean, ai) method,âj ) time, and e)
error contribution with average 0 and variance d2,i ) 1... a; j ) 1...
b; andk ) 1...n. Significance was reported atP < 0.05, with a trend
betweenP g 0.06 andP e 0.10.

RESULTS AND DISCUSSION

The Preincubation Step.The swine DT method as originally
developed by Liu et al. (6) did not include a predigestion step.
Because some feed ingredients, especially soy products and
barley grains, tended to produce a thick gellike paste after the
addition of HCl in the tryptic phase, it was desirable to modify
the original DT method to correct this problem. Thus, a
preincubation step was added to hydrolyze xylans and glucans,
which liquefied the sample required for the proper mixing of
enzyme and substrate. Endo-xylanase and endo-â-glucanase

addition to the digesta samples as a preincubation step resulted
in the complete liquefaction of samples in a few minutes (data
not shown). Endo-xylanase degrades arabinoxylan, a nonstarch
polysaccharide, which is known to increase digesta viscosity
and reduce nutrient availability (23). Endo-â-glucanase degrades
beta-glucans, which also increase digesta viscosity (24). The
predigestion step allows proper mixing of the digesta samples
and sample transfer to the dialysis tubing after the peptic
digestion phase.

Optimization of Peptic and Pancreatic Enzyme Levels.
Normal physiological digestion of protein in a feedstuff also
releases P from the matrix of the feedstuff. This allows the
percentage of aP to be determined relative to the tP in the
sample. Preliminary tests conducted in our laboratory indicated
that the amount of pepsin (3000 units) and pancreatin (2.4 mg)
added per gram of sample in our original DT method (6, 7)
were not adequate for optimal protein hydrolysis and P release
for some feed ingredients. Enzyme concentrations of 1, 2, and
4-fold that of the original DT method with pepsin and pancreatin
were examined using two barleys, HC and LPA 422.Table 2
shows that an increase in the concentration of both pepsin and
pancreatin using the DT method resulted in an increase in the
amount of P hydrolyzed in normal (HC) and low phytic acid
(LPA 422) barley. In HC barley, the highest percentage of
hydrolyzed P occurred (P < 0.01) using 2 or 4× pepsin with
2× pancreatin. For LPA 422 barley, the highest percentage of
P hydrolyzed (P< 0.01) was observed using 4× pepsin with
4× pancreatin. However, the percentage of P hydrolyzed from
HC barley using 4× pepsin with 4×pancreatin was 29.5%,
which was similar to that found in in vivo studies for swine (4)
and chickens (25) at 30 and 28%, respectively. Therefore, both
pepsin and pancreatin concentrations were increased to 4× of
the concentrations used in our original DT method (6, 7) for
use with both the TT and DT in vitro methods in the present
study.

Reduction of Sample Size for Soy Product Digestions.In
our preliminary runs, we were not able to obtain a reasonable
amount of hydrolyzed P with the TT method from any of the
soy products when a 1.0 g sample was used (Table 3) with
either a 2 or 4 hpancreatic digestion. As pepsin, and especially
pancreatin, contain significant levels of P, it was not desirable
to increase enzyme levels beyond 4× for pancreatin compared
with our original DT method (6,7). Therefore, we reduced the
sample size from 1.0 to 0.5 g and ultimately to 0.25 g to increase
the enzyme/sample ratio. For the 0.5 and 0.25 g sample groups,
the enzyme/sample ratio of pepsin and pancreatin would be 8
and 16 times higher than the original method, respectively. We
found that the percentages of hydrolyzed P for our soy product
samples measured after 2 or 4 h of peptic digestion increased
(P < 0.01) as sample size was reduced from 1.0 to 0.5 to 0.25
g. The 0.25-g samples had the highest hydrolyzed P values,
ranging from 18.8 to 31.1% (Table 3). These estimated aP
values are close to the in vivo percentages of tP in soybean
products that are available to swine (23.0% in soybean meal
without hulls) (4). The reduction in sample size raised the digesta
pH of SBM, extSBM, and WSB from about pH 6.6 with 1.0 g
samples to 6.9 with 0.25 g samples, which is close to the pH
that optimized hydrolyzed P released in our preliminary
experiments with 0.8 M NaCO3. The increase in digesta pH
may allow for greater pancreatic enzyme activity. The extWSB
samples had a smaller increase in pH from about 6.6 to 6.8.

Comparison of the DT and TT Methods.The DT method
with 1.0-g samples and the TT method with 1.0- and 0.25-g
samples were compared at pancreatic hydrolysis times of 2 and

Table 2. Relationship between Enzyme Concentration and P
Hydrolysis in Barley Determined with the Dialysis Tubing Method

enzyme concentration P availability (%)a

pepsin × pancreatin
pepsin

(U)
pancreatin

(mg)
Harrington

checkb
low phytic
acid 422c

(1 × 1)d 6000 5.65 17.5e 32.6e

(1 × 2) 6000 11.30 17.6e 33.8e

(1 × 4) 6000 22.60 17.8e 32.5e

(2 × 1) 12 000 5.65 27.5f 46.0f

(2 × 2) 12 000 11.30 33.3gh 50.2g

(2 × 4) 12 000 22.6 28.1f 52.5g

(4 × 1) 24 000 5.65 30.3fg 43.2f

(4 × 2) 24 000 11.30 34.7h 49.9g

(4 × 4) 24 000 22.60 29.5f 56.3h

a P availability (%) ) (hydrolyzed P/total P) × 100. b SEM for Harrington check
barley was 0.827. c SEM for low phytic acid barley was 0.873. d The ratio of 1 ×
1 refers to the enzyme concentrations of 6000 U of pepsin and 5.65 mg of
pancreatin. e−h Means with no common superscripts in columns differ (P < 0.01).

Table 3. Relationship between Sample Size, P Hydrolysis, and pH for
Individual Soy Products Determined with the Test Tube Method

P availability, % pH

sample hydrolysis time hydrolysis time

item size (g) 2 h 4 h SEM 2 h 4 h SEM

soybean mealb 1.00 0.7b 1.2b 0.3 6.48b 6.66c 0.01
0.50 5.2d 5.6e 0.3 6.67c 6.75d 0.01
0.25 18.8d 21.5e 0.3 6.96e 6.97e 0.01

extruded soybean mealc 1.00 2.8b 6.3c 0.5 6.70c 6.65b 0.01
0.50 13.2d 15.5d 0.5 6.89e 6.84d 0.01
0.25 25.3e 30.8f 0.5 6.94f 6.95f 0.01

whole soybeand 1.00 0.0b 0.0b 0.4 6.61b 6.61b 0.01
0.50 4.1c 4.3c 0.4 6.79c 6.79c 0.01
0.25 29.7e 23.3d 0.4 6.92e 6.88d 0.01

extruded whole soybean 1.00 2.4b 2.3b 0.9 6.63b 6.64b 0.01
0.50 14.4c 13.8c 0.9 6.77d 6.72c 0.01
0.25 31.1d 27.4d 0.9 6.85e 6.82e 0.01

a Available P (%) ) (hydrolyzed P/total P) × 100. b−f Means within soy product
samples with no common superscript differ (P < 0.01).
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4 h in a 3 ×2 factorial arrangement of the treatments as shown
in Table 4. The method by hydrolysis time interactions were
significant (P < 0.01) for LPA422 barley and all the soy
products, with a trend (P e 0.10 for HC barley and corn. These
interactions occurred because of the differences between the
DT and TT methods in response to pancreatic hydrolysis time.
For the DT method, the hydrolyzed P values were higher (P <
0.05) and more valid at 4 h compared with 2 h for all the
ingredients tested. For the DT method with a 4-h pancreatic
hydrolysis time, the hydrolyzed P values for the barley grains
and corn are within the range of published in vivo values for
swine, although all the values for the soy products are slightly
below published in vivo data (4).

For the TT method with 1.0-g samples, the hydrolyzed P
values at both 2 and 4 h are within the published range of in
vivo swine data for barley grains and corn (4); although the
values for the soy products are clearly not valid (Table 4). When
sample size was reduced to 0.25 g for the TT method, the
hydrolyzed P values increased for all ingredients, with similar
hydrolyzed P values at both 2 and 4 h for barley grains and
corn. However, for soy products, the 2-h incubation gave higher
(P < 0.05) and more valid hydrolyzed P values than the 4-h
hydrolysis, compared with in vivo swine data (4). Therefore,
the TT method with a 0.25-g sample and a 2-h pancreatic
hydrolysis provided the most valid in vitro estimate of hydro-
lyzed P for all the ingredients tested.

A comparison of our modified DT in vitro method (modifica-
tions as described in the Materials and Methods of this paper)
and our in vitro TT method found that our simplified TT method
with 0.25-g ingredient samples and a 2-h pancreatic incubation
was at least equal or superior to our DT method that used 1.0-g
samples and a 4-h pancreatic incubation to estimate aP as a
percentage of total P in feed ingredients, with published in vivo
data from swine experiments as the standard (1, 4). Our original
DT in vitro method was validated with in vivo data obtained
using growing swine (6). Correlation coefficients between our
original DT method and the in vivo criteria (P digestibility, daily
gain, daily feed consumption, and feed efficiency) averaged
0.999 (Pe 0.04) (6). Therefore, in the present experiment, we
validated our TT in vitro method (0.25-g sample and 2-h
incubation) by comparing that data with the data from our
validated DT method (1-g sample and a 4-h incubation) as well
as published in vivo P availability (1, 4). A significant
correlation (r ) 0.97, P < 0.001) confirms the positive
relationship between these two in vitro methods in the present

study. The availability of P for swine, expressed as a percentage
of tP, was determined by in vivo studies with growing pigs to
range from 12 to 14% for corn and averaged 30-31% for barley
grains (1, 4). These values are similar to the P availablilty values
estimated by our DT and TT methods. The LPA 422 barley,
with a reduction in phytic acid content but no reduction in tP
content, would be expected to have a higher P availability than
HC barley. The availablilty of P reported for in vivo studies
with SBM is 23-25% (1, 4), which is similar to the TT method
value obtained with the 0.25-g sample hydrolyzed for 2 h (Table
4). There are no reported in vivo P availablilty values for WSB,
extSBM, or extWSB. The lower hydrolyzed P values obtained
from soy product samples using the DT method may be due to
nutrient components in the digesta blocking the pores in the
dialysis tubing and interfering with diffusion of hydrolyzed P
into the dialysis buffer. This cannot occur with the TT method
because dialysis tubing is not used.

Soybean products are economical sources of plant protein
for animal diets globally. Thus, it was important to adapt the
TT method to give estimates of P availability that were
comparable to those reported for soybean products in vivo,
which our original DM method failed to accomplish (6, 7). Our
initial tests on all soy products using 1.0 g samples with the
TT method gave unsatisfactory results with P availabilities
ranging from 0 to 6%. However, reducing the sample size for
our TT method from 1.0 to 0.25 g gave soy product hydrolyzed
P values ranging from 19.6 to 30.6%, which are similar to
published in vivo results (4). Reevaluation of the sample size
used in the DT method (6) was not an objective of the current
experiment. However, we expect that reducing the sample size
in the DT method from 1.0 to 0.5 or 0.25 g while keeping the
liquid (plus enzyme) volume constant will also improve the
consistency of the DT method. The reduction in sample size
may allow the pancreatic hydrolysis to be completed in 2 h
compared with the 4 h currently required for the DT method.
Also, the smaller sample size will reduce the possibility of the
substrate blocking the pores of the dialysis tubing used in the
DT method. Therefore, the sample size used in the DT method
deserves further consideration in a future in vitro method study.

Phytate solubility after peptic and pancreatic digestion is
negatively affected by an increase in Ca concentration in the
sample (27). Compared with cereal grains, soybeans and SBM
have a relatively high Ca content which may reduce phytic acid
hydrolysis. A high Ca level may also interfere with the peptic
digestion phase. Additional factors in soy products that lower

Table 4. Comparison of the Dialysis Tubing and Test Tube in Vitro Methods for Estimating Available P as a Percentage of Total P in Barley Grains,
Corn, and Soy Productsa

dialysis tubing method test tube method

1.0 g sample 1.0 g sample 0.25 g sample P Values

hydrolysis time hydrolysis time hydrolysis time main effects interaction

ingredients 2 h 4 h SEM 2 h 4 h SEM 2 h 4 h SEM time method time × method

barley
Harrington check 25.7b 32.0c 1.4 27.0b 28.1b 1.0 45.2d 48.1d 1.0 0.01 0.01 0.10
low phytic acid 422 41.8b 50.6c 1.1 42.9b 43.9b 0.8 65.3d 65.4d 0.8 0.01 0.01 0.01
corn 7.7b 9.2c 0.4 14.8d 16.8e 0.3 9.4c 10.1c 0.3 0.01 0.01 0.09

soy products
soybean meal 12.4c 17.6d 0.5 0.7b 1.2b 0.3 22.0f 19.6e 0.3 0.01 0.01 0.01
extruded soybean meal 13.4d 17.4e 0.5 2.8b 6.3c 0.3 30.4g 26.1f 0.3 0.01 0.01 0.01
whole soybeans 13.4c 16.8d 1.0 0.0b 0.0b 0.5 29.4f 22.7e 0.5 0.04 0.01 0.01
extruded whole soybeans 14.8c 20.2d 0.4 2.3b 2.3b 0.3 30.6f 27.2e 0.3 0.02 0.01 0.01

a The DT method with 1.0-g samples and the TT method with 0.25 g samples (2 and 4 h data combined for both methods) were equal in estimating available P as a
percentage of total P (r ) 0.97, P < 0.001). The SEM for the DT method is about 1.5 times that of the TT method because ingredient replication number is 3 for the DT
method and 6 for the TT method. b−g Means in a row with no common supercript differ (P < 0.05).
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peptic digestion and reduce P hydrolysis are the high pH and
plant protein content compared with grains. Soy products also
have very low native phytase activities and relatively high
amounts of phytate that is known to inhibit enzymatic activity
(28, 29). The major effect of reducing the soy product sample
size from 1.0 to 0.25 g was to increase the fluid volume relative
to the ingredient sample dry matter to allow adequate mixing
of the enzymes with the sample during the incubation steps.
Another beneficial effect was the “dilution” of potential
enzymatic inhibitors in soy product samples during the digestion
steps.

To optimize the hydrolysis of P from digesta, the original
DT method of Liu et al., (6, 7) that used a 1-g sample with a
2-mL peptic solution addition, was modified as described in
Materials and Methods. First, the addition of a predigestion step
that added endo-xylanase andâ-glucanase before the peptic step
was effective in reducing sample viscosity and “liquefied” the
sample, especially the soy products and barley grains. This
facilitated the breakdown of plant cell walls and allowed greater
access of the digestive enzymes to the substrate. The addition
of xylanase to wheat-based feeds has reduced digesta viscosity
and increased P availability for broiler chickens (23). The
reduction of sample viscosity in the present experiment greatly
reduced the difficulty of transferring the digesta slurry from the
syringe to the dialysis membrane in the DT method and allowed
proper mixing of the digesta and the peptic and pancreatic
enzyme solutions in both methods. Second, the peptic volume
was increased to 4 mL, which eliminated the uneven wetting
encountered for some sample types when only 2 mL of peptic
solutions was added. Third, our original in vitro method for
estimating the bioavailability of P for swine (Liu et al.,6, 7)
was adapted from a poultry in vitro method (16). We examined
the effects of pancreatic enzyme concentrations on P hydrolysis
in diets and feed ingredients in our original DT method (6,7),
but not the peptic enzyme effects. On reexamination of the
peptic enzyme effects, we found that the concentration of pepsin
in our original DT method (6) was not optimal for hydrolysis
of P in some ingredients, and that 4× pepsin (four times the
concentration used in our original DT method) maximized P
hydrolysis in both HC and LPA 422 barleys (Table 2). For
pancreatin, a concentration of 2× maximized P hydrolysis in
HC barley, whereas a concentration of 4× was required for LPA
422 barley. The combination of 4× pepsin followed by 4×
pancreatin gives values for hydrolyzed P (Table 2) that are close
to in vivo (1, 4, 25) and in vitro (7) values of aP for swine
reported for HC and LPA 422 barley. Fourth, digesta pH may
not have been optimized during the pancreatic digestion phase
in our original in vitro DT method (6, 7). Gastrointestinal
enzymatic activities and the formation of mineral-protein
complexes are significantly affected by the digesta pH (28). A
high gastric pH may lead to the formation of insoluble Ca-
Zn-phytate complexes in the stomach (27). Wolter et al. (12)
reported that increasing the pH from 6.2 to 7.4 during pancreatic
digestion reduced the dialyzability of Ca, Mg, Fe, and Cu.
Reducing NaHCO3 from 1.0 to 0.8 M in the pancreatin step in
both the DT and TT methods in the present study kept the pH
below 7.0 and increased P hydrolysis. These results confirm
the importance of pH on mineral solubility in the pancreatic
step of in vitro digestion models (12, 30).

Veum et al. (26) suggested that the analytical values (18) for
phytic acid P and tP could be used to estimate the percentage
of tP that is available in feed ingredients. Subtracting phytic
acid P from tP provided a good analytical estimate of P
availability in normal barley compared with the in vitro estimate

by our original DT method (26). In the present experiment,
analytical estimates (phytic acid P subtracted from tP) of P
availability for all the ingredients inTable 1 (barley grains,
corn and soy products) were highly correlated with the in vitro
P availability estimates by the DT method (1.0-g samples and
4-h incubation,r ) 0.95,P ) 0.001) and the TT method (0.25-g
samples and 2-h incubation,r ) 0.94,P ) 0.001). Even though
the analyzed values for phytic acid P and tP may be used to
estimate P availability, the laboratory work required to analyze
for phytic acid P is very laborious, time-consuming, and
expensive. An HPLC method for phytic acid analysis will reduce
the analytical time required; although sample cost will increase
unless large numbers of samples are run on a regular basis.

Both of our DT and TT in vitro methods are easier, faster,
and less expensive than the phytic acid P analysis. However,
the TT method is simpler and faster than the DT method, while
maintaining the same level of validity for estimating P avail-
ability.

In conclusion, the results of this experiment indicate that we
accomplished our objective of developing a simple, valid, in
vitro TT method to estimate hydrolyzed P that will be much
easier to use than our in vitro DT method. The TT method will
eliminate the preparation of dialysis tubing, succinate buffer,
syringes, and dialysis tubing clips used for dialysis. The TT
method also avoids the difficult step of quantitatively transfer-
ring the digesta from the syringe to the dialysis tubing and
reduces the handling time for each sample. Approximately 20
samples can be run at one time with the DT method, whereas
double to triple that number (40-60) samples can be run with
the TT method. The analytical value for phytic acid P may also
be used to estimate P availability in feed ingredients by
subtracting phytic acid P from total P.

Our simplified in vitro test tube procedure is comparable to
our in vitro dialysis tubing method for measuring hydrolyzed P
(estimated available P) and is a valid alternative to conducting
in vivo studies to evaluate P availability in feed ingredients fed
to swine. Compared to the dialysis tubing method, this simple
in vitro test tube procedure reduces preparation time, eliminates
the complicated and time-consuming manipulation of digesta
during transfer to dialysis tubing and allows a greater number
of samples to be run simultaneously.
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