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Methodological impact of starch
determination on starch content and ileal
digestibility of starch in grain legumes for
growing pigs
Dagmar Jezierny1, Rainer Mosenthin1, Nadja Sauer2, Klaus Schwadorf3 and Pia Rosenfelder-Kuon1*

Abstract

Background: Grain legumes represent a valuable energy source in pig diets due to their high starch content. The
present study was conducted to determine the content and apparent ileal digestibility (AID) of starch in different
grain legume cultivars for pigs by means of both a polarimetric and enzymatic method for starch determination.

Methods: Three experiments were conducted with six barrows each which were fitted with ileal T-cannulas. In
total, 18 diets including six different cultivars of faba beans (Vicia faba L.) and peas (Pisum sativum L.), five different
cultivars of lupins (Lupinus luteus L., Lupinus angustifolius L.), and one diet with a soybean meal (SBM) were fed.

Results: The starch content of faba beans and peas was greater (P < 0.05) when determined polarimetrically than
enzymatically (438 vs. 345 g/kg dry matter (DM) in faba beans and 509 vs. 390 g/kg DM in peas, respectively).
Considerable lower starch contents were obtained in lupins and SBM, with 82 and 48 g/kg DM (analyzed
polarimetrically) and <1.1 and 3 g/kg DM (analyzed enzymatically), respectively. Mean values for contents of neutral
detergent fiber (NDF) and acid detergent fiber (ADF) in grain legumes ranged from 111 and 79 g/kg DM in peas to
248 and 207 g/kg DM in lupins, respectively. Contents of condensed tannins in the colored flowered faba bean
cultivars ranged from 2.1 to 7.4 g/kg DM. The AID of starch was greater (P < 0.05) in pea than in faba bean cultivars,
and using the polarimetric starch determination method resulted in greater (P < 0.05) digestibility values than using
enzymatic starch analysis (84 vs. 80% in faba beans and 86 vs. 83% in peas). Moreover, AID of starch differed (P < 0.05)
within pea cultivars and starch digestibility in faba beans decreased linearly (P < 0.05) as the content of condensed
tannins increased. However, there was no relationship between contents of NDF and ADF and AID of starch in pea and
faba bean cultivars.

Conclusion: Both contents and AID of starch in grain legumes can vary as influenced by the analytical method used
for starch determination. Generally, starch digestibility is greater when measured by polarimetric rather than
enzymatic methods.
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Background
The search for alternative protein sources in livestock
nutrition has resulted in growing interest in the use of
grain legumes as alternatives for animal by-products or
oilseed products such as soybean meal (SBM). In
addition, grain legumes have proven to be a valuable en-
ergy source in animal nutrition due to their high content
of starch in faba beans and peas and lipids in lupins [1].
According to NRC [2], average starch contents in faba
beans and peas amount to 445 and 493 g/kg dry matter
(DM), respectively, which are lower when compared to
cereal grains (671, 559, and 708 g/kg DM for wheat, bar-
ley, and corn, respectively), but considerably higher than
in lupins, SBM, and rapeseed meal (7, 21, and 66 g/kg
DM, respectively). The use of grain legumes in livestock
nutrition, however, is often limited due to the presence
of secondary plant metabolites (tannins, protease inhibi-
tors, alkaloids, lectins, pyrimidine glycosides, saponins),
also referred to as anti-nutritional factors (ANF). These
metabolites can induce feed refusals (tannins, alkaloids),
reduced nutrient digestibility (tannins, protease inhibi-
tors, lectins), or even toxic effects (alkaloids) [3].
In general, legume starch contains 30 to 40% amylose

and 60 to 70% amylopectin, whereas cereal starch con-
sists of 20 to 25% amylose and 75 to 80% amylopectin
[4]. Hydrolysis of starch by pancreatic α-amylase has
been reported to be inversely related to the amylose
content, with high amylose starches being particularly
resistant [5].
As starches in grain legumes are closely associated

with proteins, the determination of starch in grain
legumes may be confounded by the analytical method
used [6], mainly due to the hydrophobic properties of
these proteins and the enclosure of the protein-starch
network by cell wall compounds [5]. Commonly used
procedures for starch determination in food and feed in-
gredients are based on gravimetric, iodometric, and po-
larimetric methods [7, 8]. In the European Union, the
polarimetric method is the official method used for
starch analysis in feeds [9, 10]. According to Champ et
al. [11], however, this method lacks precision due to nu-
merous artifacts (e.g. amino acids, mono- and oligosac-
charides). Thus, Mitchell [12] suggests the enzymatic
method to be advantageous over the polarimetric
method for analyzing starch in complex plant matrices
such as mixed diets due to enzyme specificity. Until
now, no comparative experiments have been conducted
to compare values from enzymatic and polarimetric
methods for starch determination in different grain
legumes and ileal digesta samples collected from pigs
fed these grain legumes. Therefore, the objective of the
present study was to determine the starch content in dif-
ferent cultivars of faba beans, peas, and lupins and ileal
digesta samples by means of a polarimetric and

enzymatic procedure. Furthermore, the effect of these
different methods as influenced by the presence of ANF
in the feed ingredients on apparent ileal digestibility
(AID) of starch in growing pigs was assessed.

Methods
Experimental procedure
A total of 18 feed ingredients including six seed-grade
cultivars of faba beans (Vicia faba L.) and peas (Pisum
sativum L.), five seed-grade cultivars of lupins (Lupinus
L. spp.), and one commercially available SBM were used
in three consecutive experiments with six growing bar-
rows (German Landrace × Piétrain) each. The experi-
ment was arranged as a row-column design. Each of the
three experiments included six pigs (rows) and six pe-
riods (columns). Within each of the three experiments,
the animals were randomly allocated to the 18 assay feed
ingredients in periods one to three and four to six,
respectively, resulting in two replications per experiment
and a total of six observations per assay feed ingredient
throughout all three experiments. The average initial
and final body weight (BW) of the pigs at the beginning
and end of the experiment was 23 ± 2 kg and 45 ± 4 kg,
respectively. The pigs were surgically fitted with T-can-
nulas at the distal ileum according to the procedures de-
scribed by Li et al. [13]. After a 7-day recuperation
period from surgery, the pigs were fed twice daily their
semi-synthetic diets in two equal meals (0700 and
1900 h) at a daily level of 30 g/kg (as-fed) of their in-
dividual BW, determined on d 1 of every experimen-
tal period. Ileal digesta samples were collected for a
total of 24 h from 1900 to 0700 h on d 5 and from
0700 to 1900 h on d 6. The individual samples of
digesta of each pig were pooled separately after every
sampling period, freeze-dried, and ground to 0.5 mm
prior to analysis.
The research protocol was approved by the German

Ethical Commission for Animal Welfare. Care of the an-
imals used in this experiment was in accordance with
the EEC directive 86/609 [14]. The diets based on casein
and corn starch contained one of the feed ingredients
each (grain legumes or SBM), and were supplemented
with (on as-fed basis) 100 g/kg dextrose, 50 g/kg cel-
lulose, 20 g/kg plant oil, and L-cystine, L-threonine,
L-lysine-HCl, vitamins, and minerals to fulfil NRC
[15] nutrient requirements for pigs from 20 to 50 kg
BW. Titanium dioxide was used as a digestibility
marker. Further details on diet composition and nutrient
contents have been reported by Jezierny et al. [16].

Analytical procedure
Contents of DM, neutral detergent fiber (NDF), acid
detergent fiber (ADF), condensed tannins, and titanium
dioxide were determined as described by Jezierny et al. [16].
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The starch contents in the feed ingredients, the diets,
and in ileal digesta samples were analyzed both polari-
metrically and enzymatically. The polarimetric method
represents the official starch determination method in
the European Union for feed according to the Commis-
sion Directive 1999/79/EC [10], and comprises two
steps. First, the sample was treated with diluted hydro-
chloric acid (1.128%). After clarification and filtration,
the optical rotation of the solution was measured polari-
metrically. In the second step, the sample was extracted
with 40% ethanol. After acidifying the filtrate with
hydrochloric acid, clarifying, and filtering, the optical ro-
tation was measured according to the same procedure as
used in the first step. The difference between these two
measurements, multiplied by a factor is equivalent to
the starch content of the sample. This factor, however, is
not constant as it may vary among various types of
starch and feedstuffs. For the quantitative determination
of starch by enzymatic analysis, samples had to be pre-
treated to convert starch into a soluble form. Therefore,
homogenized samples were mixed with hydrochloric
acid (8 mol/L ) and dimethylsulfoxide and incubated at
60 °C for 30 min. Thereafter, water was added and the
solution was adjusted to pH 4–5. After filtration, soluble
starch was quantified by enzymatic analysis. For this
purpose, starch first was hydrolyzed to D-glucose in the
presence of the enzyme amyloglucosidase, followed by
phosphorylation of D-glucose to D-glucose-6-phosphate
by means of ATP (adenosine-5’-triphosphate) in the
presence of hexokinase with simultaneous formation of
ADP (adenosine-5’-diphosphate). Then, in the presence of
the enzyme glucose-6-phosphate dehydrogenase, the D-
glucose-6-phosphate was oxidized by NADP (nicotina-
mide-adenine dinucleotide phosphate) to D-gluconate-6-
phosphate with the formation of reduced NADPH. The
amount of NADPH formed is stoichiometric to the amount
of D-glucose formed by hydrolysis of starch and was quan-
tified spectrophotometrically at 340 nm (type Lambda 25,
PerkinElmer Inc., Waltham, MA) [17].

Calculations
The AID of starch in the diets was calculated using the
following equation:

IDAi ¼ 100% – IAi � SDið Þ = SAi � IDið Þ½ � � 100%

where IDAi = apparent ileal starch digestibility in the
ith diet (%), IAi = marker concentration in the ith diet
(g/kg DM), SDi = starch content in digesta of the ith

diet (g/kg DM); SAi = starch content in the ith diet
(g/kg DM), and IDi = marker concentration in digesta
of the ith diet (g/kg DM).
The AID of starch in the feed ingredients was calcu-

lated according to the following equation:

IDI ¼ IDAi– IDC � CCð Þ = CI

where IDI = apparent ileal starch digestibility in the feed
ingredient (%), IDAi = apparent ileal starch digestibility in
the diet (%), IDC = apparent ileal digestibility of corn
starch (%), CC = contribution level of starch from corn
starch to the diet (%) and CI = contribution level of
starch from the feed ingredient to the diet (%).

Statistical analysis
Homogeneity of variances and normal distribution of
the data were confirmed and experimental data were an-
alyzed using the MIXED procedure of SAS [18]. The lin-
ear model included the fixed effects of grain legume
species, experiment, grain legume cultivar, analysis,
species × cultivar (cultivar is nested within species),
experiment × animal, experiment × replication, species ×
analysis and the random effects experiment × replicate ×
period and experiment × replicate × animal. Multiple
comparisons among cultivars within species were per-
formed using a t-test with degrees of freedom deter-
mined by the Kenward-Roger method [19]. This test was
performed only when a preliminary F-test [20] revealed
significant differences within a species (SLICE = species
option in MIXED). Significant differences between treat-
ments were indicated by different superscript letters
using the algorithm for letter-based representation of all
pair-wise comparisons according to Piepho [21]. The sig-
nificance level was set at α = 0.05. Furthermore, the
effects of NDF and ADF contents in all grain legumes
and of tannin contents in faba beans on AID of starch
were modelled by a linear regression.

Results
Chemical composition of grain legumes
Analyzed contents of starch, both determined polarime-
trically and enzymatically, and contents of NDF and
ADF in grain legume cultivars as well as condensed tan-
nins in faba bean cultivars are presented in Table 1.
Within pea and faba bean cultivars, starch contents

ranged between 495 and 535 g/kg DM for cultivars
Rocket and Hardy, respectively, and between 421 and
456 g/kg DM for cultivars Fuego and Aurelia, respect-
ively, when determined polarimetrically. Using the en-
zymatic approach, starch contents within pea cultivars
ranged from 372 to 423 g/kg DM for cultivars Santana
and Hardy, and within faba bean cultivars from 311 to
393 g/kg DM for cultivars Espresso and Limbo. Within
lupin cultivars, starch content ranged from 56 in Bornal
to 96 g/kg DM in Boregine when determined polarime-
trically. However, starch content for all lupin cultivars
was below the detection limit of 1.1 g/kg DM when
analyzed enzymatically. The starch content in SBM
amounted to 48.0 and 3.0 g/kg DM, based on
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polarimetric and enzymatic measurements, respectively.
Contents of NDF and ADF in faba bean cultivars ranged
from 126 to 165 and 101 to 137 g/kg DM, respectively,
and in the pea cultivars from 104 to 126 and 68 to 86 g/
kg DM, respectively. Condensed tannins contents in faba
beans amounted to 2.1, 4.2, 7.0, and 7.4 g/kg DM in
Divine, Espresso, Limbo, and Fuego, respectively. In peas
and lupins, condensed tannins were not detected.
Average starch contents in pea, faba bean, and lupin cul-

tivars are presented in Table 2. Among grain legume spe-
cies, pea cultivars had greatest average starch contents,

followed by faba beans, and lowest contents in lupins, irre-
spective of the method used for determination (P < 0.05).
Average starch contents in pea, faba bean, and lupin culti-
vars amounted to 509, 438, and 82 g/kg DM when ana-
lyzed polarimetrically and 390, 345, and <1.1 g/kg DM,
respectively, when analyzed enzymatically. The mean po-
larimetric analyzed starch values in grain legumes were
greater when compared to the mean starch contents that
were analyzed enzymatically (P < 0.001) (Table 2).

Ileal starch digestibility in grain legumes
The AID of starch of faba beans and peas is shown in
Table 3 using either polarimetric or enzymatic analysis
for starch determination. The AID of starch for lupins
and SBM could not be determined by means of the
difference method due to their low starch contents,
resulting in a low contribution level to the total starch
contents in the diet.
Within pea cultivars, AID of starch was greater (P < 0.05)

for cultivar Harnas (89%) in comparison to cultivars Phönix
(83%), Rocket (83%), and Hardy (85%), when the polarimet-
ric method was used for starch analysis. Based on the
enzymatic procedure, AID of starch within peas was greater
(P < 0.05) for cultivar Jutta (88%) when compared to

Table 1 Analyzed contents of carbohydrates and condensed tannins of feed ingredients (g/kg DM)

Species Cultivar DM Starch NDF ADF Condensed tannins

polarimetric enzymatic

Pisum sativum Santana1 881 503 372 105 81 ND

Jutta1 869 505 389 104 79 ND

Phönix1 877 518 392 106 68 ND

Harnas1 871 496 385 109 86 ND

Rocket1 874 495 378 126 83 ND

Hardy1 872 535 423 115 75 ND

Vicia faba Aurelia1 878 456 358 126 101 ND

Divine2 883 452 371 128 112 2.1

Gloria1 886 425 314 127 111 ND

Limbo2 890 442 393 138 116 7.0

Fuego2 876 421 321 165 137 7.4

Espresso2 872 432 311 156 134 4.2

Lupinus spp. Probor3 902 95 <1.15 224 185 ND

Bornal4 892 56 <1.15 252 208 ND

Boregine3 909 96 <1.15 247 195 ND

Boruta3 901 90 <1.15 261 230 ND

Idefix3 905 74 <1.15 258 219 ND

SBM 905 48 3 114 74 ND

Abbreviations: ADF acid detergent fiber, DM dry matter, ND not determined, NDF neutral detergent fiber, SBM soybean meal
1White flowered cultivar
2Colored flowered cultivar
3L. angustifolius
4L. luteus
5values were below the detection limit of 1.1 g/kg DM

Table 2 Effect of starch determination method on starch content
in grain legumes#

Starch content, g/kg DM P-value

Species polarimetric enzymatic

Pisum sativum 509 ± 8.0aC 390 ± 8.0bC <0.001

Vicia faba 438 ± 8.0aB 345 ± 8.0bB <0.001

Lupinus spp. 82 ± 8.8A <1.1*A <0.001
#LSmeans ± standard error of the means
Abbreviations: DM dry matter
a,bWithin a row, means without a common superscript differ (P < 0.05)
A,B,CWithin a column, means without a common superscript differ (P < 0.05)
*values were below the detection limit of 1.1 g/kg DM
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cultivars Hardy (82%), Phönix (80%), and Rocket (77%). Ap-
parent ileal starch digestibility in faba beans did not differ
(P > 0.05) between cultivars, and ranged from 81 (Limbo)
to 86% (Aurelia, Divine) using the polarimetric starch de-
termination method and from 75 (Limbo) to 82% (Divine,
Espresso) with the enzymatic starch determination
procedure.
Mean values for AID of starch did not differ between

faba bean and pea cultivars (84 vs. 86%) when the polari-
metric method was used (Table 3). However, average
AID of starch was lower (P < 0.05) in faba beans when
compared to pea cultivars (80 vs. 83%), if starch contents
were analyzed enzymatically. Similarly, mean values for
AID of starch of faba beans and peas were lower (P <
0.05) when starch content was determined enzymatically
rather than polarimetrically.

Discussion
Mean values for polarimetrically analyzed starch con-
tents of peas were within the range of previously re-
ported data [22, 23]. Based on this approach, starch
contents in faba beans were greater and starch contents
in blue lupins lower when compared to values reported
by Berk et al. [23] and Moschini et al. [22]. However, the
polarimetric method resulted in a starch content of
56 g/kg DM in the yellow lupin cultivar Bornal which

was greater than average values published by Berk et al.
[23] for yellow lupins (35 g/kg DM). Starch content of
SBM was in good agreement with tabulated values pub-
lished by DLG [24], which have been determined polari-
metrically as this procedure is used as official method
for feed analysis in Germany [7]. Using the enzymatic
starch determination procedure, average starch contents
in the grain legumes were consistently lower when com-
pared to literature data, with up to 111, 160, and 12 g/kg
DM lower contents for peas [25–27], faba beans [25,
28], and lupins [29], respectively. Comparative studies
on measurements of starch contents in grain legumes by
using polarimetric and enzymatic procedures have not
been published, but the results reported herein were
confirmed by Obuchowski et al. [30] in different triticale
grain samples. The authors determined up to 109 g/kg
DM lower starch contents when using the enzymatic
method rather than the polarimetric procedure. Accord-
ing to Beutler [8], results obtained by the polarimetric
method may be biased by the presence of substances,
such as mono-, oligo-, and polysaccharides or fiber in
feed and food ingredients. Thus, greater starch values
obtained by the use of the polarimetric method can be
attributed to the fact that both starch and other carbo-
hydrates such as pentosans and ß-glucans are hydrolyzed
[30]. Similarly, Priepke et al. [29] reported that measure-
ment of starch contents in lupins according to the po-
larimetric approach were confounded by the presence of
mono-, oligo-, and polysaccharides. The enzymatic
starch analysis method, however, is based on the
principle that starch is hydrolyzed to glucose. Complete
hydrolysis of starch to glucose and specific measurement
of the released glucose are required to obtain accurate
starch values. However, incomplete hydrolysis of starch to
glucose or incomplete assay of released glucose due to in-
adequate gelatinization or conditions that reduce enzymatic
activity, will result in lower starch values when the enzym-
atic method is used [6].
Differences in starch contents within grain legume cul-

tivars may be due to differences in genetics, but also to
varying growing and harvesting conditions [31, 32].
Jørgensen et al. [33] and Prolla et al. [34], however,
observed no differences in starch content of peas and
common beans, respectively, between different years of
harvest, Therefore, it cannot be ruled out that in the
present study both variations in harvest and growing
conditions and genetics may be responsible for the dif-
ferences in starch content within grain legume cultivars.
In the present study, AID of starch of faba beans was

up to 13 percentage units lower compared to AID values
obtained by Jansman et al. [35] in piglets. Results may
be biased by the use of different methods for starch ana-
lysis as these authors used the polarimetric and
enzymatic starch determination method for feed and

Table 3 Apparent ileal starch digestibility in faba beans and peas

Species Cultivar Ileal starch digestibility (in %) SEM P-value

polarimetric enzymatic

Pisum sativum Santana1 86abc 85ab

Jutta1 89ab 88a

Phönix1 83c 80bc

Harnas1 89a 84ab

Rocket1 83c 77c

Hardy1 85bc 82bc

LSmeans 86d 83eB 0.8 <0.001

Vicia faba Aurelia1 86 81

Divine2 86* 82

Gloria1 85 77

Limbo2 81* 75

Fuego2 84* 80

Espresso2 85* 82

LSmeans 84d 80eA 0.8 <0.001

Abbreviations: SEM standard error of the means
1White flowered cultivar
2Colored flowered cultivar
a,b,cWithin a column, means without a common superscript differ within
species (P < 0.05)
d,eWithin a row, means without a common superscript differ between starch
determination methods (P < 0.05)
A,BWithin a column, means without a common superscript differ between
species (P < 0.05)
*linear effect of dietary content of condensed tannins (P < 0.05)
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digesta samples, respectively. For raw peas, AID of
starch determined with the enzymatic method was up to
13 percentage units lower in comparison with results by
Stein and Bohlke [36] who reported AID of starch of
90% in raw peas using the same analytical procedure.
However, in a study with growing pigs using an enzym-
atic procedure for starch determination, Sun et al. [37]
obtained AID of starch coefficients between 78 and 80%
in raw peas, measured in different experimental periods.
These values were lower than those for most pea culti-
vars in the present study.
Hydrolysis of starch in the gastrointestinal tract is in-

fluenced by a number of host factors, in addition to dif-
ferences in physical characteristics of the ingested food
and starch. Host factors, for example, include intensity
of chewing the feed, the availability of pancreatic α-amy-
lases, and digesta retention time in the small intestine
[38]. Starch depolymerization is affected by several di-
gestive enzymes that cleave the α-(1–4-) and α-(1–6-)
glycosidic bonds. In monogastric species, the main
starch hydrolyzing enzymes are α-amylases, amylogluco-
sidases, and isoamylases [39, 40]. There are differences
in starch digestibility between different categories of feed
ingredients such as digestibility of starch in peas in com-
parison to e.g. cereal starch is lower at the ileal level (P
< 0.05), but there are no differences over the entire di-
gestive tract [41]. Consequently, more starch from peas
than from cereals will enter the large intestine.
According to Wiseman [41], up to 20% of starch diges-
tion from peas will take place in the large intestine com-
pared with only 4 to 7% for cereal starch.
Differences in AID of starch have been attributed to

the existence of an enzyme-resistant starch fraction, dif-
ferences in starch digestion rate, or both [42]. It is gener-
ally acknowledged that starch digestibility is affected by
the crystal structure of amylopectin present in starch
granules [42]. Accordingly, A-type pattern found in
cereal starches have proven to be highly digestible,
whereas B-type pattern exhibited by starches from
tubers, such as potatoes, renders them more resistant to
digestion by pancreatic amylase; and C-type pattern
found in grain legume starches being intermediate be-
tween the A- and B-type patterns revealing some resist-
ance to hydrolysis by α-amylases [37, 43, 44]. Gernat et
al. [45] hypothesized that the C-type pattern is a mixture
of the A- and B-type patterns with varying ratios. Ac-
cording to these authors, pea starch is composed of
61.4% type A and 38.6% type B, in comparison to starch
of beans with 83.0% type A and 17.0% type B. However,
these structural differences in starch granules among
grain legumes do not explain the greater AID of starch
in peas when compared to faba beans in the present
study. Besides variations in crystallinity of amylopectin,
the amylose content is another important factor

affecting starch digestibility [46, 47]. Unlike amylopectin
that is highly branched, amylose polymers have less sur-
face area and more intramolecular hydrogen bonds [42].
Therefore, amylose is depolymerized at a slower rate
and extent than amylopectin due to decreased accessibil-
ity for α-amylase [48]. According to Sun et al. [37], di-
gestibility of starch is generally inversely proportional to
its amylose content, because the amylase starts hydrolyz-
ing in the amorphous regions of the amylopectin [49].
However, these findings could not be confirmed by the
results of the present study, where faba beans exhibited
lower digestibility values than peas despite greater amyl-
ose contents in peas (44.4%) than in faba beans (40.0%)
[50]. According to the results of a recently conducted lit-
erature review [44], there is little information on the
structure of grain legume starches at different levels of
structural organization (granular, supramolecular, and
molecular). Consequently, it is difficult in many in-
stances to explain the variation in characteristics among
grain legume starches reported in the literature. More-
over, there is limited information on grain legume
starches with respect to susceptibility towards acid and
enzyme hydrolysis, polymorphic composition, rate and
extent of retrogradation, and on the levels of rapidly di-
gestible starch, slowly digestible starch, and resistant
starch. As many of the studies on grain legume starches
have been conducted on individual cultivars, it is diffi-
cult to conclude, whether characteristics of structure
and their relationships reported for an individual cultivar
are truly representative for the whole species [44]. Fi-
nally, it has to be acknowledged that particle size may
also contribute to differences in starch digestibility
among feed ingredients of the same origin. For example,
according to Owsley et al. [51], reduction in particle size
of sorghum resulted in improved apparent ileal and total
digestibility of DM, starch, protein, and GE of growing
pigs.
Grain legume starches are generally part of the protein

matrix [5]. Most of these proteins are quite hydrophobic,
and the protein-starch network is surrounded by cell
walls. The starch tends therefore to be kept in the inter-
ior of the particles protected from water. Starches from
tubers and legumes are particularly well protected from
the polar environment of luminal fluids [5] resulting in
limited access of host enzymes including α-amylase.
Differences in AID of starch between pea cultivars in

the present study may also be attributed to the presence
of cell wall components surrounding the starch granules,
thereby inhibiting access of amylases to the granule.
According to results of in vitro digestion of starch in red
kidney beans (Phaseolus vulgaris), amylolysis was en-
hanced by wet homogenization and pepsin pretreatment
[52]. These findings suggest that disruption of cell walls
is important for efficient starch digestion, however, no
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relationship between AID of starch and NDF or ADF
contents in the diets could be established (data not
shown), likely due to low variation among cultivars.
In faba beans, condensed tannins reduce AID of starch

in pigs (e.g. [53]). Condensed tannins strongly inhibit
the activity of α-amylase, maltase, sucrase, and lactase
[54]. As these enzymes are the most important carbohy-
drases, condensed tannins may interfere with in vivo
carbohydrate digestion and absorption, thus increasing
the proportion of starch reaching the large intestine.
This is in accordance with the results of the present
study, where the AID of starch (determined polarimetri-
cally) of the tannin containing faba bean cultivars
Divine, Espresso, Limbo, and Fuego decreased (P < 0.05)
with increasing tannin content of the diets (amounting
to 0.9, 1.8, 2.7, and 3.0 g/kg DM for diets containing the
cultivars Divine, Limbo, Fuego, and Espresso, respect-
ively). Differences between AID of starch in faba beans
and peas or within pea cultivars may be attributed to
variations in contents of resistant starch. Moreover, vari-
ations in amylose to amylopectin ratio of grain legumes
may, at least in part, explain the observed differences in
AID of starch.

Conclusions
Starch contents and AID of starch in grain legumes ob-
tained by means of the polarimetric method are greater
than starch values determined enzymatically. This meth-
odical difference is apparently due to the presence of
other feed components such as carbohydrates that inter-
fere with the polarimetric starch analysis and (or) has to
be attributed to incomplete starch hydrolysis when the
enzymatic procedure is applied. Differences in AID of
starch between faba beans and peas are confined to the
use of the enzymatic method for starch determination.
Within pea cultivars, differences in AID of starch were
observed for both starch analysis methods. There was a
negative linear effect of condensed tannins in the diet on
AID of starch in faba beans when the polarimetric
method was used for starch determination. The polari-
metric approach is the official method used in the
European Union for starch determination in feed. However,
there is increasing evidence that the enzymatic method is
superior over the polarimetric method due to its enzyme
specificity for starch.
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