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and Specificity
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8.1 Total dietary fibre: introduction

Interest in dietary fibre is undergoing a dramatic revival, thanks in part to the introduction of
new carbohydrates as dietary fibre components. Much emphasis is being placed on determin-
ing how much fibre is present in a food. Linking a particular amount of fibre to a specific
health benefit is now an important area of research.

The term ‘dietary fibre’ first appeared in 1953, and referred to hemicelluloses, celluloses
and lignin (Theanderezal. 1995). Trowell (1974) recommended this term as areplacement for
the no longer acceptable term ‘crude fibre’. Burkitt (1995) has likened the interest in dietary
fibre to the growth of a river from its first trickle to a mighty torrent. He observes that dietary
fibre ‘was first viewed as merely the less digestible constituent of food which exerts a laxative
action by irritating the gut’, thus acquiring the designation ‘roughage’—a term later replaced
by ‘crude fibre’ and ultimately by ‘dietary fibre’. Various definitions of dietary fibre have ap-
peared over the years, partly due to the various concepts used in deriving the term (i.e. origin
of material, resistance to digestion, fermentation in the colon, etc.), and partly to the difficul-
ties associated with its measurement and labelling (Mongeau et al. 1999). The principal com-
ponents of dietary fibre, as traditionally understood, are non-starch polysaccharides (which in
plant fibre are principally hemicelluloses and celluloses), and the non-carbohydrate phenolic
components, cutin, suberin and waxes, with which they are associated in nature. In 1976,
the definition of dietary fibre was modified to include gums and some pectic substances,
based on the resistance to digestion of these components in the upper intestinal tract. For the
purposes of labelling, Englyst ef al. (1987) proposed that dietary fibre be defined as ‘non-
starch polysaccharides (NSP) in the diet that are not digested by the endogenous secretions
of the human digestive tract’. Methods were concurrently developed to specifically measure
NSP (Englyst et al. 1994).

8.1.1 Measurement of NSP

In the Englyst procedure (Englyst et al. 1994; Quigley and Englyst 1994) for the measure-
ment of NSP, the sample is first defatted (if necessary) and then starch is completely removed.
Starch removal is achieved by cooking the sample in dimethyl sulphoxide (which completely
solubilises the starch), treatment with bacterial a-amylase and pullulanase, and finally pre-
cipitation of the dissolved fibre components with acidic alcohol. The starch fragments remain
in solution and are removed. Pancreatin is added with the pullulanase to effect protein deg-
radation. The precipitated material is recovered by centrifugation, washed with ethanol and
acetone, and dried. This residue is acid hydrolysed and the sugar and uronic acid components
are quantified by GLC, HPLC or by a colorimetric procedure. This procedure is used in the
United Kingdom, but in other countries the AOAC dietary fibre procedures are the methods of
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choice. The Englyst procedure has not received widespread adoption because, from a physi-
ological point of view, NSP is less relevant than total dietary fibre. It isnow generally accepted
that resistant starch should be considered as part of dietary fibre.

8.1.2 Measurement of total, soluble and insoluble dietary fibre

An alternative — and now generally accepted — method for the measurement of dietary fibre
is AOAC Method 985.29 (Prosky 1985), which has been modified to allow measurement
of soluble and insoluble components (Prosky et al. 1988), and to allow the use of alterna-
tive buffers (AOAC method 991.43) (Lee ez al. 1992). In principle, samples are treated with
petroleum ether (if necessary) to remove fat, and then with enzymes to depolymerise starch
and protein, which are subsequently removed in an ethanol precipitation step. The residue is
dried and weighed and samples are taken for protein and ash determination. An extension of
this method involves acid hydrolysis of the residue and analysis for sugars and uronic acids
(the Uppsala method; AACC Method 32-25) (AACC 1997).

These methods are the culmination of the work of several research groups over many
years. A major difference between these methods and the NSP procedure is that values ob-
tained using the AOAC procedures include resistant starch and lignin. Resistant starch should
be included under the ‘umbrella’ of dietary fibre, because it behaves in a manner similar to
other dietary fibre components, in that it resists digestion in the small intestine and it is largely
fermented in the colon, producing short-chain fatty acids (Champ et al. 1999).

8.1.3 Enzyme activity

Measurement of total dietary fibre (TDF), soluble dietary fibre (SDF) and insoluble dietary
fibre (IDF) by AOAC methods (985.29, 991.42, 993.19) requires the use of three enzymes,
thermostable a-amylase (Bacillus licheniformis), amyloglucosidase (4spergillus niger) and
protease (Bacillus licheniformis). The effectiveness and purity of these enzymes for dietary
fibre analyses is usually determined by analysing specific control samples and monitoring
recovery, e.g. starch, casein, -glucan, pectin and larch galactan. With the first two samples,
the recovery should be close to zero, whereas with the latter three, the recovery should be
approximately 100%. The actual activity of the individual enzymes and of contaminants of
importance is usually not provided or measured, and this is due (in part) to the absence of
generally accepted assay methods. To fill this need, traditional methods for the measurement
of each of these activities were evaluated, and new rapid and quantitative methods for the
measurement of the major activities and important contaminants were developed (McCleary
1999).

Two methods were evaluated for the measurement of a-amylase in the commercially
available thermostable ai-amylase preparations used for dietary fibre analyses (McCleary
1999). One of these methods was based on the Nelson/Somogyi reducing sugar procedure
(Somogyi 1952) with soluble starch as substrate, and the second used a defined p-nitrophe-
nyl-maltosaccharide as substrate, in the presence of a thermostable o-glucosidase (Ceralpha
method using Amylase HR reagent) (McCleary & Sheehan 1987) (Fig. 8.1). It was found that
the activity of o-amylase preparations currently available from major suppliers is similar, i.e.
~10000 U/ml (soluble starch) or ~3000 U/ml (Ceralpha method). However, the activity of
preparations of this enzyme supplied for use in AOAC dietary fibre procedures over the past
five years have ranged from 2000 to 10 000 U/ml (activity on soluble starch). From the results
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Fig. 8.1 Schematic representation of the measurement of a-amylase with Ceralpha reagent.

shown in Table 8.1, itis evident that the level of activity of this enzyme significantly affects the
measured dietary fibre levels of certain samples, particularly resistant starch. Consequently, it
is essential that the level of activity of this preparation be more clearly defined than has previ-
ously been the case. Since the preparations that are currently available commercially have
an activity of approximately 10 000 + 1000 U/ml on soluble starch (or 3000300 Ceralpha
Units/ml), it would seem wise to set the required activity at this value.

Standardisation of the concentration of this enzyme is necessary to reduce the interlabora-
tory variations in reported values for resistant starch samples. From Table 8.1, it can be seen
that for four commercial resistant starch materials (resistant starch A, B and C, and high-
amylose maize starch), the level of a-amylase used in the assay has a very significant effect
on the measured dietary fibre level. In AOAC Method 985.29, the recommended addition of
a-amylase is 50 pl of preparations which are ~3000 Ceralpha Units/ml (i.e. 150 U/assay). Itis
evident, that higher or lower levels of enzyme will alter the determined dietary fibre levels for
resistant starch samples. These variations have in the past caused conflict between analyti-
cal laboratories, but hopefully can now be avoided by using properly standardised enzyme
preparations. Both described assays for the measurement of a-amylase give reliable and
consistent results in the hands of a competent biochemist, but the Ceralpha method has the
advantage of being extremely easy to use, even by analysts less experienced in biochemical
assays.

Two methods have been compared for the assay of amyloglucosidase (McCleary 1999).
One of these methods is more conventional; it employs soluble starch as substrate and the
release of glucose is measured using glucose oxidase/peroxidase reagent. A second method
employs p-nitrophenyl B-maltoside (PNPBM) as substrate in the presence of saturating levels
of B-glucosidase (McCleary et al. 1991). In this method, as amyloglucosidase hydrolyses
the terminal o-linked D-glucosyl residue, the excess levels of B-glucosidase give immediate
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Table8.1 Effect of the concentration of thermostable a-amylase and amyloglucosidase on determined
dietary fibre contents of starch and resistant starch samples.

Polysaccharide Enzyme preparation Quantity Total dietary

(U/assay) fibre (%)
High-amylose* Thermostable a-amylase} 600U 15.2
maize starch 300U 234

150U 29.3

75U 342

38U 34.6

19U 383
Resistant starch A* Thermostable a-amylase 600U 29.5

300U 32.6

150U 34.8

75U 355

380 35.8

19U 38.7
Resistant starch B* Thermostable a-amylase 150U 53.8

75U 55.5

38U 59.5

19U 61.0
Resistant starch C* Thermostable o-amylase 600U 28.1

300U 384

150U 433
Regular maize starcht Amyloglucosidase§ 40U 0.08+0.07

Amyloglucosidase 20U 1.3+0.07

High-amylose Amyloglucosidase 120U 28.8
maize starch* Amyloglucosidase 40U 29.3
Caseint Standard enzymes ) 1.38+0.04
Pectin (ex. Sigma)t Standard enzymes 89.0+0.9
Pectin (ex. Megazyme)t Standard enzymes 86.5+1.0

* These samples were analysed once.

t Duplicate analyses were performed on these enzymes.

1 a-Amylase activity is expressed as Ceralpha units. For all samples, an aliquot (50 ul) of enzyme is used, and
the activities of the preparations are 380 to 12 000 U/ml. In the standard AOAC procedure, the concentration of

the o-amylase is 3000 U/ml (or 150 U/assay).
§ Amyloglucosidase activity is expressed as PNP-Units bases on the assay using p-NP-B-maltoside.

hydrolysis of the B-linked D-glucosyl residue, releasing free p-nitrophenol that is detected by
adding an alkaline solution. Both methods give quantitative measurement of amyloglucosi-
. dase. The level of activity of the amyloglucosidase preparation supplied by Megazyme is
200U/ml on p-nitrophenyl -maltoside (or 3300 U/ml on soluble starch), and 0.2 ml is used
in the procedure (i.e. 40 U/test sample). Amyloglucosidase preparations supplied for use in
TDF assay procedures have traditionally had an activity of about 130 U/ml on PNPBM (or
~2000 U/ml on soluble starch), and 0.3 ml of enzyme was used in standard AOAC methods
(i.e. 40 U/test sample). This level of activity is adequate to ensure that all a-limit dextrins that
are released on hydrolysis of starch by oi-amylase, are hydrolysed to glucose in the standard
assay format. The effect of using lower or higher levels of amyloglucosidase on the measured
dietary fibre levels of regular maize starch and high amylose maize starch is shown in Table
8.1. With half of the recommended level of amyloglucosidase, the total dietary fibre values
for regular maize starch increases only marginally (from <0.1% to 1.3%). Increasing the
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level of amyloglucosidase to three times the recommended level has an insignificant effect
on measured total dietary fibre in resistant starch samples, i.e. values for high-amylose maize
starch decreased by less than 1%. ‘

There are no reported problems associated with variations in the concentration of the pro-
tease used in dietary fibre determinations. This is most likely due to the fact that the level of
enzyme used is more than adequate to give hydrolysis of all susceptible bonds in proteins in
the samples being analysed. Also, any protein that is resistant to hydrolysis by the protease,
and thus remains in the recovered fibre sample, is chemically measured and then subtracted
in the calculations. However, since accurate and reliable assay procedures for standardising
protease activity are desirable, two assay formats were evaluated (McCleary 1999). One
method is a modification of traditional methods employing casein with TCA precipitation.
This method was easy to use and give a linear standard curve over one absorbance unit. The
second method employed Azo-Casein and a TCA precipitation step (Megazyme 1999). This
assay has the advantage that it is more sensitive, the reaction products absorb in the visible
range (440 nm) and the assay is specific for endo-protease. A standard curve for Subtilisin A
on Azo-Casein is shown in Fig. 8.2. Activity Units for both assays were expressed as micro-
moles of tyrosine equivalents per min (Tyrosine Units). In evaluating enzyme preparations
currently used in dietary fibre analyses (Subtilisin A), an activity of 6-8 tyrosine units/mg
was obtained. In the standard AOAC dietary fibre methods, a protease concentration of
50 mg/ml is recommended (i.e. ~300—400 tyrosine Units/ml). Consequently, a concentra-
tion of 350+ 50 U/ml was recommended for general use in dietary fibre determinations. A
stabilised solution of this enzyme (350 U/ml) is commercially available (Megazyme cat. no.

E-BSPRT).

8.1.4 Enzyme purity

Of the three enzymes used in dietary fibre determinations, only one ~ namely amyloglu-
cosidase — was significantly contaminated with interfering activities. The thermostable

mU/ml =129 x Abs + 3.5
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Fig. 8.2 Standard curve relating the activity of Subtilisin A on casein to action on Azo-casein (Megazyme
Lot. 81001).
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o-amylase and protease enzymes that are commercially available for use in dietary fibre
measurement are generally free of interfering enzymes. Low levels of B-glucanase (endo-
1,3:1,4-B—D glucanase; lichenase) have been detected in protease preparations, but these
were well below the level which would interfere with the dietary fibre assay (i.e. that would
result in a loss of B-glucan). The major contaminant in amyloglucosidase preparations (ex.
Aspergillus niger) was shown to be endo-cellulase, and this resulted in endo-depolymerisa-
tion of mixed-linkage B-glucan from barley and oat, with a resultant underestimation of this
component. The effect of cellulase contamination in amyloglucosidase preparations on the
viscosity of barley B-glucan solutions is shown in Fig. 8.3, and the effect on analysed dietary
fibre levels of pure barley B-glucan is shown in Table 8.2. It is evident that cellulase concen-
trations greater than 1.0 U/ml in the amyloglucosidase preparations (i.e. 0.2 U/assay) result
in significant depolymerisation of barley B-glucan (Fig. 8.3) and loss of this component in
dietary fibre analyses. Levels of cellulase equivalent to or higher than this concentration have
been measured in some preparations of amyloglucosidase offered commercially for use in
dietary fibre analyses. This contaminant can be readily detected and quantified using an assay
procedure based on a substrate containing dyed, cross-linked B-glucan (Beta-Glucazyme
tablets) (McCleary 1999). This simple test can assure that the enzyme is of adequate purity
to ensure quantitative recovery of B-glucan, a major cereal based soluble dietary fibre com-
ponent.

Another enzyme activity, which could cause significant underestimation of dietary fibre,
particularly dietary fibre of fruit origin, is polygalacturonanase. This enzyme is most read-
ily assayed using a viscometric method employing high-viscosity citrus pectin as substrate.
It has been shown that the level of this enzyme in amyloglucosidase preparations used in
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Fig. 8.3 Effect of Aspergillus niger cellulase on the viscosity of solutions of barley B-glucan. Assays were
performed exactly as described in the text. To highly purified A. niger amyloglucosidase (lot 40801) cellulase
was added at a concentration of 0.1, 0.2, 0.4 and 0.8 Units per 0.2 ml of amyloglucosidase, and 0.2 ml of
these amyloglucosidase preparations were added to 10 ml of B-glucan solution (10 mg/ml, pH 4.5) in the
viscometer.
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Table8.2 Effect of the concentration of cellulase contamination in amyloglucosi-
dase on determined dietary fibre contents of pure barley B-glucan.

Added cellulase Total dietary
Polysaccharide (Units/assay i.e./0.2 m]l AMG) fibre (%)
Barley B-glucan (100 mg)* 0.0 99.9

0.05 99.2

0.10 99.1

0.20 98.4

0.40 90.0

0.80 69.2

*All values are based on single determinations.

dietary fibre determinations were extremely low (McCleary 1999). On incubation of 0.2 ml
of amyloglucosidase preparation (as used in dietary fibre analyses) with a solution of citrus
pectin (10 ml, 10 mg/ml), there was only minor viscosity reduction over an incubation period
of 20 min. This viscosity reduction was equivalent to a polygalacturonanase concentration of
less than 0.01 U/assay (i.e. per 0.2 ml of amyloglucosidase), which is below the level which
would result in pectin loss in AOAC dietary fibre assays (about 0.20 U/test). However, other
enzyme preparations, that may be incorporated into AOAC total dietary fibre procedures,
may contain this contaminating activity (e.g. Fructozyme® which is used to remove fructans)
(Quemener et al. 1993, 1997).

The TDF values obtained for casein and pectin (ex. Megazyme TDF Controls Kit) and
pectin from Sigma Chemical Co. (dietary fibre control) are also shown in Table 8.1.

The dietary fibre value obtained for casein was as expected, but the value for the control
pectin samples was much lower than expected. This was not due to a pectinase contamina-
tion in the amyloglucosidase, as the level of this activity in the enzyme used (amyloglucosi-
dase, E-AMGDF, Megazyme International) was negligible (less than 0.01 U per 0.2 ml of
amyloglucosidase) and the levels in protease and thermostable a-amylase preparations were
undetectable. The low recovery must be due to incomplete precipitation of the pectin in
78% ethanol. The reason for this is not apparent, as both pectins used were quite pure, high-
molecular weight materials.

8.2 Specific dietary fibre components
8.2.1 1,3:1,4 B-o-Glucan (mixed-linkage B-glucan)

Plant-derived dietary fibre is generally considered to include all plant components except pro-
tein, non-resistant starch, lipids and low-molecular weight materials not precipitated by 80%
ethanol. The first of this mixture of components to attract individual attention was mixed-
linkage B-glucan (B-glucan) from cereal grain sources, particularly barley and oats. The inter-
est in this polysaccharide was catalysed by the numerous health claims concerning the use
in human nutrition of oat fibre products rich in B-glucan (Anderson and Bridges 1993). The
Food and Drug Administration (USA) has allowed the claim that the inclusion of oat products
in the diet may reduce the risk of heart disease.

A specific procedure for the measurement of B-glucan was developed in 1985 (McCleary
& Glennie-Holmes) (Fig. 8.4), and then further simplified (McCleary & Codd 1991). In prin-
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Fig. 8.4 Schematic representation of the measurement of B-glucan with lichenase and 8-glucosidase
(AOAC Method 995.16).

ciple, B-glucan in the sample is hydrated by cooking a slurry of the flour, followed by de-
polymerisation with a specific 1,3:1,4 -glucanase (lichenase) enzyme. This enzyme cleaves
the (1-—4)-glycosidic linkage of a 3-linked D-glucosyl residue within the B-glucan chain
and thus has no action on (1—4) B-linked D-glucans (cellulose). The oligosaccharide reac-
tion products released on hydrolysis of B-glucan by lichenase are then hydrolysed to glucose
with a highly purified $-glucosidase, and the glucose is measured enzymatically with glucose
oxidase/peroxidase reagent. Since the procedure is used to measure trace levels of B-glucanin
cereal and food products, which also contain high levels of starch and other glucose contain-
ing oligosaccharides, such as malto-oligosaccharides and sucrose, the enzymes must be very
pure. Invertase contamination of B-glucosidase will give glucose release from sucrose, and
contamination by a-glucosidase or amyloglucosidase will result in release of glucose from
malto-oligosaccharides. In both cases, an inflated estimate of B-glucan content will result.
The purity of B-glucosidase can be tested by incubating a range of concentrations of the
enzyme with aliquots of lichenase treated barley flour slurry (as per the standard B-glucan
assay format). If the enzyme is devoid of interfering activities, the same glucose absorbance
value should be obtained. The results of such an experiment are shown in Fig. 8.5. Normally,
0.2U of B-glucosidase is used per assay, but it is evident that even with a 75-fold excess

* (15 U/assay) of this enzyme, the determined B-glucan content is only very slightly (~3%)
overestimated.

B-Glucosidase from 4. niger is very effective in catalysing complete hydrolysis, to glu-
cose, of the mixed-linkage B-gluco-oligosaccharides released on hydrolysis of barley or
oat B-glucan by lichenase. However, this is not the case for the B-glucosidase from almond
emulsin (Fig. 8.5). The almond enzyme, even at very high levels of activity, does not com-
pletely hydrolyse these oligosaccharides, leading to an underestimation of the -glucan con-
tent of the sample.

Following extensive international interlaboratory evaluations, this assay procedure has
become the International standard method for the measurement of mixed-linkage B-glucan
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Fig. 8.5 Hydrolysis of B-gluco-oligosaccharides (from lichenase treatment of mixed-linkage B-glucan) by
highly purified A. niger and almond-seed B-glucosidases.

(AOAC 995.16; AACC Method 32-23; ICC Standard No. 166; EBC Methods 3.11.1, 4.16.1
and 8.11.1). The method has been adapted for the analysis of mixed-linkage B-glucan in
cereal and food products and in liquid materials such as wort and beer.

8.2.2 Resistant starch

Until recently, it was generally thought that starch was completely digested in the small intes-
tine. However, it is now recognised that there is a portion (resistant starch, RS) which resists
digestion, passes into the large intestine and is fermented there. Three types of RS have been
identified: (1) physically trapped starch; (2) resistant starch granules; and (3) retrograded
starch (Muir ef al. 1993; Englyst ef al. 1994). Physically trapped starch granules are locked
within the food matrix, such that digestive enzymes are prevented or delayed from having
access to them. Resistant starch granules, as are present in raw potatoes and green bananas,
resist attack by ai-amylase, which is probably due to the crystalline nature of the starch. From
anindustrial and food technology perspective, the most interesting resistant starches are those
which are produced through retrogradation of gelatinised starches. Retrogradation is gener-
ally attributed to the amylose portion of the starch, so starches high in amylose are particularly
amenable to the production of resistant starch.

Since resistant starch is defined as ‘the sum of starch and products of starch degradation
not absorbed in the small intestine of healthy individuals’ (Asp 1992; Muir et al. 1993), any
analytical method for RS should take into account all the starch and o-dextrins covered in
this physiological definition. Furthermore, the method should be validated using in-vivo data
from healthy human subjects. The various procedures for the measurement of resistant starch
have been summarised and discussed by Champ et al. (1999). The methods can be broadly
grouped into two approaches. In one approach (Englyst ez al. 1992; Muir et al. 1993), samples
are analysed for total starch and for soluble starch, and the latter is subtracted from the former
to give resistant starch. The major inherent problem with this approach, analytically, is that
the content of resistant starch is generally a small proportion of total starch. Thus, the resist-
ant starch value is obtained by subtracting one large analytical value (for non-resistant starch)
from another similar large value (for total starch), meaning that analytical precision is greatly
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reduced. In the second approach (Champ 1992; McCleary et al. 1997), the sample is treated
with starch-degrading enzymes to remove the non-resistant starch, which is washed away
from the residue. The residue is then analysed. By definition, this approach must be analyti-
cally more precise. The procedure should be used in conjunction with AOAC Method 985.29
to determine total dietary fibre in the sample.

In most TDF procedures, the hydrolytic conditions are quite severe, resulting in underes-
timation of resistant starch. If the final total dietary fibre value is to be the sum of TDF deter-
mined by AOAC Method 985.29 plus resistant starch determined by a method such as that of
Champ (Champ 1992; Champ et al. 1999), then the amount of resistant starch measured in
AOAC Method 985.29, must be allowed for or removed (otherwise it will be counted twice).
A possible way to handle this is to pre-treat samples with hot dimethyl sulphoxide (DMSO)
or sodium hydroxide prior to TDF analysis by AOAC Method 985.29. The DMSO treatment
should dissolve all of the starch, allowing complete hydrolysis by oi-amylase and amyloglu-
cosidase, and subsequent removal in the alcohol treatment step. Of course, such a treatment
will alter the ratio of soluble to insoluble fibre as determined by AOAC Method 991.43. A
DMSO treatment step is used in AOAC Method 996.11 for the measurement of total starch
(McCleary et al. 1997) and in the Englyst ez al. (1994) NDF procedure.

8.2.3 Oligofructan and inulin

Fructans are widely distributed in the plant kingdom. They are defined as any compound in
which one or more fructosyl-fructose linkages constitute a majority of the linkages. They
are generally classified as inulin, levan or graminan types, based on linkage types. In nature,
inulin occurs as a series of oligosaccharides with degrees of polymerisation from 2 to 60
(Pontis 1990; Lewis 1993). It consists principally of linear chains of fructosyl units linked
0-(2-1), ending with a glucosyl unit. Inulin and oligofructose resist hydrolysis by human
digestive enzymes, but are fermented in the large intestine. They thus have the same physi-
ological action as dietary fibre.

In recent years, interest in the measurement of fructans such as inulin and oligofructose
has been stimulated by applications made to regulatory authorities for acceptance of fructans
as dietary fibre components for food labelling purposes (Coussement 1999).

Since fructans are largely soluble in 80% ethanol, they are not significantly measured in
currently used dietary fibre methods. Several methods have now been developed for the spe-
cific measurement of fructans, and these rely on the complete hydrolysis of the oligofructose
and inulin to fructose and glucose, which are measured either instrumentally (Quemener
et al. 1993; Hoebregs 1997) or chemically (McCleary & Blakeney 1999; McCleary et al.
2000). In some procedures, the separate quantities of fructan, sucrose, glucose and starch are
determined by hydrolysis with specific enzymes, followed by chromatographic procedures
(AOAC Method 997.08) (Hoebregs 1997). In a procedure developed in the author’s labo-
ratory (McCleary & Blakeney 1999), fructan is measured chemically, after removal of su-
crose and starch through enzymatic hydrolysis, followed by borohydride reduction (Fig. 8.6).
Sucrose is completely hydrolysed to glucose and fructose with a specific sucrose-degrading
enzyme (sucrase; o-glucosidase) with no detectable hydrolysis of fructo-oligosaccharides,
not even kestose (Fig. 8.7). The relative rates of hydrolysis of sucrose and kestose (under
optimal assay conditions (i.e. pH 6.5 and 40°C, and at a substrate concentration of 10 mg/ml)
was 3800 : 1. Since starch and maltosaccharides are unstable in the highly alkaline conditions
used in the PAHBAH reducing sugar method, it is essential to remove these from the sample
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Fig.8.6 Schematic representation of an enzymic procedure for the measurement of fructan (inulin) (AOAC
Method 999.03).
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Fig. 8.7 Hydrolysis of sucrose and fructans by sucrase (o-glucosidase). Sugar compound (0.2 mi, 50 pg)
was incubated with sucrase (1 unit) in sodium maleate buffer (100 mM, pH 6.5) at 40°C. The reaction was
terminated at various time intervals with PAHBAH working reagent, and the colour developed.

extract. This is achieved by hydrolysis to glucose by the combined action of pullulanase,
[-amylase and maltase, followed by borohydride reduction. The level of each enzyme used
was 10 times that required for complete hydrolysis. This combination of enzymes was chosen
to allow starch hydrolysis to be performed concurrently with hydrolysis of sucrose by sucrase
(i.e. at pH 6.5 and 40°C).
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In the development of the current procedure for the assay of inulin and fructo-oligosaccha-
rides, two inulin-degrading enzymes were purified, exo-inulinase and endo-inulinase. Thin-
layer chromatographic patterns of the products released on hydrolysis of onion, wheat and
high degree of polymerisation (DP) chicory fructans by exo-inulinase showed that the only
reaction products are fructose and glucose (McCleary 1999). Wheat and chicory fructan are
hydrolysed less rapidly than onion fructan. The slower rate of hydrolysis of the wheat fructan
is probably due to the highly branched nature of this mixture of oligosaccharides. The Bio-
Gel P-2 chromatographic patterns of onion fructo-oligosaccharide mixture, before and after
incubation with exo-inulinase (Fig. 8.8) demonstrate that with the level of enzyme used,
hydrolysis to fructose and glucose is complete. Incubation of chicory fructan with endo-
inulinase produces an accumulation of oligosaccharides of DP 4, 5 and 6.

In the final assay format, the inulin and oligofructose are hydrolysed to fructose and
glucose using a highly purified exo-inulinase enzyme (to which a small amount of endo-
inulinase has been added). The released sugars are measured with a reducing-sugar method.
In initial work, it was considered that rapid hydrolysis of high-molecular weight inulin by
exo-inulinase may require the presence of endo-inulinase. However, as shown in Table 8.3,
addition of endo-inulinase (at 10% the level of exo-inulinase) has an insignificant effect on
the level of measured inulin, when more than 18 U of exo-inulinase is used per assay. A major
problem with the addition of endo-inulinase is the fact that in the purification of this enzyme
it is difficult to completely remove B-glucosidase and cellulase. After extensive purifica-
tion, contamination of endo-inulinase with B-glucosidase is about 1%, and with cellulase is
0.001%. When this is mixed with exo-inulinase at a ratio of 1: 10, the final contamination

with B-glucosidase is thus just 0.1%. However, this level of contamination is sufficient to give
an overestimation of the fructan content of cereal flours (up to 20%) through hydrolysis of
B-glucan and release of glucose. For this reason, the level of endo-inulinase in the fructanase
mixture used in the standard fructan assay procedure has been reduced to just 1% of the exo-
inulinase. Under these conditions, the level of contaminating B-glucosidase has an insignifi-
cant effect.
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Fig. 8.8 Bio-Gel P-2 chromatography of the sugars produced on hydrolysis of onion fructan by exo-inuli-

nase. Column eluates were analysed by the phenol-sulphuric acid procedure. Incubated for 0 min (e) and
60 min (o).
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Table8.3 Effect of concentration of exo-inulinase and presence or absence of endo-
inulinase on the determined fructan content of selected samples.

Determined fructan content, % w/w (db)

Sample and amount (U/assay) : - :
of exo-inulinase* exo-inulinase exo-~ plus endo-inulinase
Dehydrated onion
36 58.8 61.1
18 58.6 58.9

9 57.8 58.0

4.5 57.2 55.6
Wheat stalks
36 5.3 5.3
18 51 5.1

9 4.7 4.6
4.5 42 42
Chicory
36 98.7 98.9
18 93.4 97.8

9 90.0 934
4.5 81.8 83.5

* The level of endo-inulinase in each incubation was 10% of the level of exo-inulinase.

exo-Inulinase acts on galactosyl-sucrose oligosaccharides (e.g. raffinose and sucrose)
to produce a series of galactosyl-glucose oligosaccharides (e.g. melibiose from raffinose).
Thus, the presence of these oligosaccharides in the samples that are being analysed will result
in an overestimation of the fructan content. This may be of significance in the analysis of food
materials that contain legume seed material as well as fructo-oligosaccharides. With such
samples, if an accurate measurement of fructo-oligosaccharides is required, then extracts
of the samples being analysed should be pre-treated with o-galactosidase (plus sucrase) to
catalyse complete hydrolysis of galactosyl-sucrose oligosaccharides to galactose, glucose
and fructose. This is best performed in the pre-incubation step in which sucrose and starch
are hydrolysed and removed (by borohydride reduction).

The specific advantages of this assay procedure for inulin and fructo-oligosaccharides
are that highly purified enzymes are used and the assay can be performed with basic labo-
ratory equipment. The method has been evaluated on a range of fructan-containing materi-
als, including both natural and compounded food products, and has been subjected to an
extensive international interlaboratory evaluation under the auspices of AOAC International
(McCleary et al. 2000). This study involved 15 laboratories and 18 samples (nine blind du-
plicates). Samples included a range of native materials as well as a range of commercial
food products such as milk powder, chocolate and low-fat spreads (to which inulin had been
added). Repeatability relative standard deviations (RSDy) ranged from 2.3 to 7.3% and re-
producibility relative standard deviations (RSDR ) ranged from 5.6 to 11.5%. The mean value
obtained for ‘pure’ fructan was 95.8% (on an as-is basis. On the basis of these results, the
method has been recommended by AOAC International for First Action Approval (Method
999.03; McCleary et al. 2000).

Fructans comprise a series of oligosaccharides, some of which are precipitated with alco-
hol in the total dietary fibre assay procedure, but others — the lower DP oligomers — remain
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soluble at this concentration of alcohol. This introduces a complication into dietary fibre
analyses. A proposed solution to this problem (Quemener et al. 1993, 1997) is to treat samples
for dietary fibre analysis with a fructanase mixture to catalyse completely depolymerisation
of the fructan (and thus complete solubilisation in 80% alcohol). This step ensures that none
ofthe fructan is measured in AOAC total dietary fibre procedure. The fructan is then measured
separately and added to the dietary fibre value. For this modification to give reliable results,
the fructanase mixture used to hydrolyse the fructan must be devoid of enzymes active on
other dietary fibre components. Quemener ef al. (1997) recommended the use of heat-treat-
ed Fructozyme®. Heat treatment was shown to effectively inactivate most of the pectin de-
grading activities in the preparation, and resulted in quantitative pectin measurement in the
AOAC total dietary fibre method 985.29. However, Fructozyme® also contains high levels of
o-galactosidase and B-glucanase (cellulase) (Table 8.4). The B-glucanase is not inactivated
by the heat treatment step recommended by Quemener et al. (1993) (60°C, 2h) and gives a
rapid depolymerisation of B-glucan, resulting in a significant underestimation of this compo-
nent in AOAC method 985.29 (McCleary 1999). This B-glucanase contamination can, how-
ever, be removed chromatographically (Megazyme Data Sheet; E-FRMXLQ) (Table 8.5) al-
lowing the use of the enzyme as proposed by Quemener et al. (1997).

8.2.4 Polydextrose

Polydextrose is prepared by vacuum thermal polymerisation of glucose, using sorbitol as
plasticiser and citric acid as catalyst (Craig et al. 1999). This random polymerisation and
branching yields various types of glucosidic bonds in the structure with a-1,6 bonds pre-
dominating. The compound includes covalent linkages to sorbitol and citric acid, and has an
average degree of polymerisation of 12. Polydextrose is an approved food additive in over 40
countries. It is not hydrolysed by normal human digestive enzymes, but it is fermented in the
colon like many other fibres.

Polydextrose is not quantitatively measured with AOAC Method 985.29 because, as is
the case with other resistant oligosaccharides (RO), it is not completely precipitated with
80% ethanol. Because of the complex chemical nature of the compound, measurement can-
not be achieved through specific enzymatic hydrolysis. Consequently, analytical procedures

Table8.4 Levels of inulinases, cellulase, polygalacturonanase (pectinase) and a-galactosidase in
Fructozyme®, heat-treated Fructozyme® and a purified fructanase mixture (ex. Megazyme).

Enzyme activity (Units/ml)”
Fructozyme HT Fructozymet Pure Fructanase Mixture}
| exo-Inulinase 2000* 1200 2000
endo-Inulinase ‘ 200 ’ 200 200
Pectinase 40 4.1 0.4
Cellulase 4.0 4.0 . 0.1
a-Galactosidase 284 10.2 0.05

* One Unit of activity is the amount of enzyme required to release 1 pmol product/min under standard
assay conditions (40°C, pH 4.5).

t The Fructozyme was pre-heated (HT Fructozyme) at 60°C for 120 min.

1 This preparation is available from Megazyme (cat. no. E-FRMXLQ).



Measurement of Dietary Fibre Components 103

Table8.5 Effect of addition of crude and purified fructanases on the recovery of inulin
and B-glucan in the AOAC International total dietary fibre assay procedure.

Recovery (%)
Enzyme preparation Quantity Inulin (Fructan) B-Glucan
Heat-treated Fructozyme* 0.2ml 0.2+0.2 11.4+04
0.1ml 0.2+0.2 52.0+2.0
0.05ml 7.2+0.3 80.0+1.2
Pure Fructanase mixture 0.2ml 02402 99.0+1.3
0.1ml 0.2£0.2 100.8+0.8
0.05ml 3.5+0.2 98.5+1.8

* All samples were analysed in duplicate.
The levels of enzyme activities in heat-treated Fructozyme and the pure fructanase mixture
are as shown in Table 8.4. The amount of B-glucan used in assays was 100 mg.

depend on aqueous extraction of the sample being analysed, followed by enzymatic hydroly-
sis of other oligosaccharide and polysaccharide materials that are likely to interfere in sub-
sequent chromatographic quantitation. Highly purified enzymes active on starch, cellulose,
pectins and gums (e.g. galactomannans), have been employed (Craig et al. 1999).

8.2.5 Galacto-oligosaccharides

Galacto-oligosaccharides [o-D-Glcp(1-1)-B-p-Galp-containing oligosaccharides) have been
shown to be beneficial to human health through promotion of the growth of bifidobacteria in
the large intestine (Fransen et al. 1998). The oligogalactosylated glucoses are prepared from
lactose through the transgalactosylating activity of B-galactosidase. Various parameters, such
as the source of the enzyme, substrate concentration, pH and temperature influence the trans-
galactosylation and thus, the final yields of the different products. Typically, the reaction
products are composed of about 60% transgalacto-oligosaccharides (mainly tri-, tetra- and
pentasaccharides) and about 40% of a mixture of lactose, glucose and galactose.

Alternative galacto-oligosaccharides are the galactosyl-sucrose oligosaccharides of plant
origin, namely raffinose, stachyose and verbascose (Dey 1978). These oligosaccharides con-
sist of sucrose, to which an -extended chain of 1,6 a-linked galactosyl residues is attached
to C-6 of the glucosyl residue. Raffinose is a major by-product of sugar crystallisation from
sugarbeet extracts, and it has been shown to promote the proliferation of bifidobacteria in the
human intestinal microflora.

Acceptance of galacto-oligosaccharides as soluble dietary fibre components requires the
development of analytical procedures that will specifically measure these components in
food mixtures. The lactose-derived -galacto-oligosaccharides are effectively hydrolysed
with 4. niger B-galactosidase, while the galactosyl-sucrose oligosaccharides are rapidly and
quantitatively hydrolysed by 4. niger a-galactosidase. The released sugars can be measured,
either chromatographically, or using various colorimetric procedures. In both cases, the spe-
cificity of the procedure depends on the purity of the enzyme used. A procedure for the meas-
urement of transgalacto-oligosaccharides is the subject of an upcoming AOAC International,
interlaboratory study. A major consideration is the measurement of the transgalacto-oli-
gosaccharides independently of lactose present in the sample.
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8.3 Conclusions

In conclusion, success in the introduction of ‘new’ dietary fibre components will be depend-
entonidentifying a specific health benefit of the component, as well as providing an analytical
procedure that will allow accurate measurement of this component in complex food mix-
tures. Development of such procedures will require the use of highly purified enzymes of
known activity and specificity to either hydrolyse the fibre component to components that
can be analysed, or alternatively, to remove other fibre components which will interfere in the

assay.
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