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Abstract

Many feed ingredients in use in monogastric diets contain significant quantities of
antinutritional factors (ANF) which limit both their feed value and their use.
Almost all enzymes currently being used address such factors to varying degrees,
allowing for more economic utilization of raw materials. However, animal
response to xylanase, f-glucanase and even phytase utilization reported in the
literature tends to vary. Factors such as enzyme source, ingredient variety and
environment under which the ingredient was grown, stored and processed into
animal feed, age of animal, interaction with other dietary ingredients, and health
status are shown to affect significantly the response obtained. As a result, the mode
of action of xylanases and f-glucanases is still debated due to too much emphasis
being placed on interpretation of individual trial results without regard to the
interactive factors or the literature dataset as a whole. Better understanding of such
factors will improve data interpretation. While results with phytase are not subject
to such extreme variation, they are nevertheless inconsistent in the degree to which
inorganic phosphorus can be replaced by this enzyme. Greater understanding of the
ANF and factors which interact to govern the response to added exogenous
enzymes will undoubtedly improve the economic return and confidence in their
use. Improved knowledge of ANF structure will result in development of enzymes
directed towards far more specific targets, which enhances the likelihood of
success and should reduce the overall enzyme usage.

Introduction

Evolution has undoubtedly shaped the digestive system of the jungle fowl and wild pig to deal
with the dietary ingredients they encounter in an efficient manner. Systematic breeding has
certainly altered not only the growth potential (Muramatsu et al. 1990; Friesen et al. 1994;
Fuller ez al. 1995) of these animals but has also significantly changed the structure (Hancock et
al. 1995; Uni et al. 1995) and morphology (Ddmmrich, 1987) of their digestive tract. The
manner in which these animals are fed has not stood still either. In the wild, the diets of these
animals would be made up of many different ingredients, few of which would ever reach
>30% of total intake on a lifetime basis. Such a situation has changed dramatically with
modern farming practices. The range in types and relative quantities of ingredients that can be
presented to the modern monogastric animal, while complex, tend to result in a diet in which 2
or 3 ingredients may constitute >75 % of intake.

Such change is driven by least cost formulation processes, and endeavours to provide
maximum nutrient density for minimum cost. Inevitably, this results in diets reliant on the most
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available cereal and vegetable protein, which translates into maize, wheat or sometimes barley
as the dominant cereal, and soyabean meal or rapeseed meal as the dominant protein source.
Each of these ingredients contains varying quantities of several antinutritional factors (ANF),
the consequence of which is minimal if fed at low concentrations but considerable if their
threshold is exceeded (Sauveur, 1989; Campbell & Bedford, 1992; Jansman et al. 1994).
Modern feed formulation practices tend to create such a problem, whereby the dietary con-
centration of a given ANF often approaches its threshold due to the economically attractive
nature of the cereal or protein meal for achieving the goal of nutrient provision. Because of
natural variation in the content of ANF (Matthaus, 1997) these thresholds are sometimes
unwittingly exceeded.

The activity of such ANF depends upon the antinutrient concerned and the concentration in
the final ration (Huisman & van der Poel, 1987; Sauveur, 1989; Annison, 1990; Campbell &
Bedford, 1992; Dintzis et al. 1992; Huisman, 1992; Liener, 1994; Tamminga et al. 1995).
Many ANF are antinutritional because they are not degraded sufficiently or indeed at all by the
conditions and digestive enzyme array in the gastrointestinal tract. In such cases, any process
which will reduce ANF concentrations will enhance performance and relax some of the con-
straints on feed formulation. It is under such circumstances that exogenous enzymes can be of
benefit. They may simply supplement those enzymes that are present in the digestive tract to a
level that is effective, or provide hydrolytic capacity that is totally absent. The enzymes that
will be covered by this review are those that are absent in the normal digestive processes of the
pig and chicken. Addition of exogenous amylases and proteinases has been shown to be of
benefit in both the pig and chicken (Ritz et al. 1995; McNab et al. 1996) and suggests that this
is an area requiring more attention. This review will focus more on the enzymes currently in
commercial use worldwide, which in decreasing order of commercial value are the xylanases
(baving by far the greatest share of current enzyme sales), phytases and f-glucanases. These
enzymes are virtually absent from the intestinal tract of the animal, while their target substrates
are present in the average monogastric ration in relative abundance.

The relevance and results of using these enzymes will be dealt with on a species basis
wherever possible, since it is evident that differences in the digestive tract between the pig and
the chicken are such that different ANF have varying importance.

Differences in digestive tract structure which influence the susceptibility of pigs and
poultry to various ANF

The pig and chicken differ quite considerably in digestive physiology and in their development
from ‘birth’ (Manners, 1976; Widdowson, 1985; Nitsan et al. 1991; Nir et al. 1993). The
elements of particular interest in this review are the retention time of feed in the gastrointestinal
tract and the dry matter of the material as it passes through the small intestine. The chick
certainly has a much faster rate of passage than the pig, approximately 2-4h v. 12-24h
(Entringer et al. 1975; Mateos et al. 1982; Johansen et al. 1993). It also tends to have far less
moisture in the small intestine, 16-20% dry matter (DM) (Bedford et al. 1991) v. 7-10%
{Bedford et al. 1992) for the chick and pig respectively. While the gastric phase of the chick’s
digestive system may last only 20—45 min, it can average 4-8h in the pig. Such differences
confer considerably different stresses on the feed materials and possibly explain some of the
notable differences in response to enzyme supplementation. Chicks certainly have much higher
viscosities of intestinal digesta than pigs when fed relatively similar diets (Bedford et al. 1990,
1992), which is probably a function of the differences in DM. Solutes in the lumen of the chick
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are effectively concentrated, perhaps as much as two-fold, compared with those in the pig. The
pig ultimately dilutes the feed with a greater volume of pancreatic juice and water, which
markedly alters the rheological and thus the subsequent kinetic parameters of digestion. These
differences will be discussed in the light of the topics reviewed herein.

Xylanases and B-glucanases—Diversity in their source and characteristics

Xylans and fS-glucans exist in huge quantities in nature as principal components of plant cell
wall material (Bastawde, 1992; Theander er al. 1993). They therefore provide substrates for
many organisms which derive energy through metabolism of the constituent sugars (xylose,
glucose and arabinose). While the underlying structure of most xylans is similar, i.e. a f-1,4
linked backbone of D-xylose residues, in practice the variety is enormous due to differences in
backbone size and in type and degree of substitutions from the backbone, all of which depend
on the source of the xylan (Bastawde, 1992; Sunna & Antranikian, 1997). Hardwood, softwood
and cereal xylans, for example, are very different in all three categories identified above. The
substitution pattern, in particular, can vary significantly from source to source, the substituents
most commonly being a-4-O-methylglucuronic acid, arabinose, acetic acid, and various phe-
nolics linked through substituent sugars. The position of the substituent on the xylan backbone
(i.e. linked at C 2,3 etc.) varies depending on the source. Differences in f-glucan structure from
plant to plant are also evident (Bastawde, 1992; Heredia et al. 1995). The principal f-1,4
glucose backbone can vary in length and in degree and pattern of substitution with f-1,3
linkages (Dais & Perlin, 1982; Edney et al. 1991). Substitution patterns in both xylans and 8-
glucans alter not only their physical properties, e.g. solubility, water binding capacity, viscos-
ity, but also their susceptibility to attack by enzymes (Ogawa, 1988; Bastawde, 1992; Bhat &
Bhat, 1997; Ito, 1997; Shoemaker et al. 1983).

As a result of such heterogeneity in plant cell wall structure, a plethora of xylanolytic and
glucanolytic systems has evolved, each with their own characteristics. Hydrolysis of xylan
requires the presence of an enzyme system comprising a f8-1,4 endoxylanase (which cleaves the
internal linkages of the xylan backbone), a f-D-xylosidase (which hydrolyses short xylo-
oligosaccharides from the nonreducing end to release xylose), and enzymes designed to release
the substituents. Sunna & Antranikian (1997) list the characteristics of endoxylanases produced
from 31 fungal and 31 bacterial species (in some cases each species producing as many as 5
xylanases). The range (min and max) of some of the characteristics is summarized in Table 1
and shows that there is considerable variation in enzyme capabilities. This results from the wide

Table 1. Variation in catalytic and physical properties of endoxylanases from 31 species of
bacteria and 31 species of fungi

Optimal Optimal Molecular Vmax Km
Organism temperature °C pH weight (U/mg) (mg/ml)
Fungi Min 30 2.0 13,000 0.37 0.09
Fungi Max 80 7 95,000 1.4 x 10* 22.3
Bacteria Min 30 45 13,200 1.7 x 1072 0.07
Bacteria Max 105 10 350,000 7.6 x 10° 17.7

Data derived from Sunna & Antranikian (1997).
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variation not only in substrate structure, but also in the environments in which these substrates
are found—arctic v. tropical areas of the planet and alkaline v. acidic soils for example.

Some endoxylanases require lengths of unsubstituted xylan in order to bind and hydrolyse
the backbone, while others are not so demanding (Bastawde, 1992; Sunna & Antranikian,
1997). As a result there are differences between enzyme sources in their dependence on the
accessory or debranching enzymes (e.g. acetyl xylan esterase, arabinosidase) for depolymer-
ization of the backbone. Regardless of catalytic properties, the goal of these enzyme systems is
to provide sugars for the organisms that produce them. Such sugars may be in the form of
oligomers of 3—4 sugar length or single sugars, depending on the requirements of the organism
involved. While these characteristics are designed and set by the evolution of the organism, the
efficiency of such enzymes in animal feed applications depends very much on a completely
different set of criteria which depend on the mechanism of action of the enzyme in animal feed
usage; this is discussed below.

Xylanases and f3-glucanases~Mechanism of action in pig and poultry feed

Virtually all applications of xylanases and f-glucanases in animal feeds are currently targeted
at the cereals wheat, rye, barley, oats and triticale. These cereals constitute a lesser component
than maize in poultry and pig feeds on a global scale, but regionally they are dominant in areas
of Northern Europe, Canada and Australia either throughout the year or seasonally.

It is reasonably safe to state that both xylanases and f-glucanases significantly increase the
digestibility of wheat and barley based diets respectively, but the mechanism by which this is
brought about has been debated over the past 10 years. Two main schools of thought exist. One
is based on the fact that the cell walls of the cereal endosperm, which are composed of xylans,
B-glucans and cellulose (the relative proportions depending upon the cereal), encapsulate starch
and protein. Since the monogastric animal does not have the enzymic capacity to digest such
structures, the contents of intact endosperm cells effectively escape digestion (Pettersson &
Aman, 1988; Pettersson et al. 1990; Cowan et al. 1993). Provision of €XOgEenous enzymes
which degrade such structures effectively removes the cell wall and thus facilitates digestion.
This hypothesis remains difficult to defend on the basis of digestibility data and enzyme
kinetics. The use of cell wall degrading enzymes has consistently been shown to improve fat
digestibility (Campbell et al. 1983; Classen et al. 1985; Edney et al. 1989; Carre et al. 1992;
Danicke er al. 1995), often to a greater extent than that of any other nutrient, and since little or
no dietary fat is encountered in cereal endosperm cells, it is unlikely that cell wall dissolution
per se plays a large part in describing the action of such enzymes.

It has been suggested by Chesson & Travis (1997) that the average pore size in graminae
cell walls is too small for the average xylanase or amylase, let alone a bacterium, to penetrate.
Modelling of cell wall degradation by cellulolytic bacteria over a period of 24 h demonstrated
that there was no net increase in cell pore size, simply a reduction in total insoluble biomass
(Chesson & Travis, 1997). Thus it is unlikely, given the time constraints placed on added
enzymes by the digestive system of the pig and particularly the chicken, that significant cell
wall dissolution will occur. Moreover, increased endosperm cell wall degradation in vitro on
addition of very high rates of xylanase and cellulase (Tervila-Wilo et al. 1996) did not result in
increased starch hydrolysis in the presence of amylase. This suggests that the cell wall dis-
ruption that did take place was of cells already broken open. Furthermore, in vitro simulation
has shown little if any changes to the microscopic structure of wheat endosperm cell walls
(Morgan et al. 1995). Nevertheless, microscopic analysis of the intestinal contents of the broiler
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has indicated increased damage to endosperm cell wall structure on addition of a Trichoderma
xylanase, but interestingly this is most evident at the level of the gizzard (Bedford & Autio,
1996). As such, this may not be due directly to the effect of the enzyme on endosperm cell
walls, but perhaps on its ability to produce soluble, fermentable oligomers which enter the
caeca and enhance fermentation (Choct et al. 1996). Research with rats has shown that
enhanced fermentation in the colon elevated enteroglucagon concentrations, which in turn
depressed gastrin concentrations markedly, thereby slowing gastric emptying but increasing
motility (Gee et al. 1996). It is feasible, therefore, that xylanases indirectly enhance cell wall
breakdown through stimulating gizzard/stomach function.

An alternative hypothesis relates to the fact that some of the cell wall components of these
cereals dissolve in the digestive tract and interact to form high molecular weight, viscous
aggregates (White er al. 1981, 1983; Fengler & Marquardt, 1988a; Bedford et al. 1991;
Bedford & Classen, 1992a,b; Annison, 1993). They present problems to pigs, but to poultry in
particular when fed in excess through increasing the viscosity of the intestinal digesta, which is
known to (i) reduce the gastrointestinal passage rate (van der Klis er al. 1993; Almirall &
Esteve-Garcia, 1994; Sudendey & Kamphues, 1995); (ii) reduce diffusion of digestive
enzymes, their substrates and their products (Johnson et al. 1984; Fengler & Marquardt, 1988b;
Bedford & Morgan, 1996; Ellis et al. 1996); (iii) promote the secretion of endogenous enzymes
(Choct & Annison, 1992; Larsen et al. 1993; Angkanaporn et al. 1994; Inborr et al. 1994); and
(iv) stimulate bacterial proliferation, particularly in the small intestine (Annison & Choct, 1991;
Choct er al. 1996; Hock et al. 1997). Each of these responses will be discussed in more detail
later. While the source of the viscous polymer is of interest (it is a complex of arabinoxylan in
the case of wheat, triticale and rye, or f-glucan in the case of barley and oats (White et al. 1983;
Ahluwalia & Ellis, 1985; Fengler & Marquardt, 1988a; Delcour et al. 1991; Girhammar &
Nair, 1992a; Izydorczyk & Biliaderis, 1992a; Autio, 1997)), the end result of excess intake is
poor digestive efficiency. The bulk of the research into viscosity problems has focused on
barley, rye and wheat, but many of the findings are applicable across cereal species and are
discussed below. The actual intestinal viscosity measured is dependent upon a number of
factors, including grain species, variety and environment under which it was grown (Classen et
al. 1985; Bedford, 1996b). Fig. 1 shows the determined viscosity of wheat & barley (Waldron
& Bedford, 1997, pers. comm.) averaged over many varieties and climates but presented on a
country basis over a 2 year period. The higher the extract viscosity, the more viscous the
intestinal contents will become on feeding this sample, and hence the larger the response
expected upon enzyme supplementation. Such data demonstrate that large and almost contrary
responses due to enzyme addition would be expected in the literature as a result of cereal
viscosity variation alone.

A few, relatively well targeted hydrolytic events need to take place to reduce viscosity
significantly since the molecular size and concentration of a viscous polymer is exponentially
related to subsequent solution viscosity (Bedford & Classen, 1992a,b; Izydorczyk & Biliaderis,
1992b). Such a limited number of hydrolytic events favours this mechanism over the cell wall
mechanism. For viscosity reduction, these hydrolytic events need to be aimed as close to the
centre of the polymer as possible (i.e. endo-acting enzymes) rather than at the exposed ends of
the chain (exo-acting enzymes) if rapid molecular weight reduction is to be achieved. Evi-
dently, the relative efficacy of enzymes from different source organisms will differ in achieving
this objective.

The xylan backbone can be highly substituted with arabinose in wheat, rye and triticale
(Dudkin et al. 1976; Saini & Henry, 1989; Annison et al. 1992; Girhammar & Nair, 19925;
Vinkx & Delcour, 1996). Such substitution interferes with the in vitro activity of many
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Figure 1. Effect of cereal species, source and year of production on extract

viscosity measurement (mean+SD; Waldron & Bedford (1997), pers.

comm.). Sample sizes per country range from 5 to 43. Method used for

extract viscosity determination is based on that of Bedford & Ciassen
(1992a).

endoxylanases, some being particularly sensitive to the presence of such moieties and thus
responding to the addition of accessory activities which remove or debranch the xylan back-
bone (Poutanen, 1988; Poutanen et al. 1991; Tenkanen et al. 1991; Sunna & Antranikian,
1997). While in vitro reaction kinetics clearly indicate the benefit of combination of the endo-
and debranching enzymes, the benefit of such side activities in practice, however, does not
seem to be so clear cut. Grootwassink et al. (1989) indicated that a crude preparation from
Aspergillus niger which contained the xylanase and debranching activities resulted in better
chick performance than the purified xylanase alone. Bedford & Inborr (1993) and Cowan et al.
(1993), however, found that the purified xylanases from Humicola insolens or Trichoderma
respectively outperformed the crude preparations which contained debranching activities. It
appears, therefore, that the source of the xylanase can influence its requirement for accessory
activities if maximum depolymerization is to be achieved.

When considering the source organisms of the current commercial xylanases and f-glu-
canases (from Aspergillus, Trichoderma and Humicola), their physical and catalytic properties
are markedly different (Ito ez al. 1992; Wong & Saddler, 1992; Kormelink et al. 1993; Diis-
terhoft et al. 1997). Even xylanases derived from the same organism differ markedly in their
catalytic activities on various xylan substrates (Kluepfel et al. 1992; Table 2), preventing
meaningful interpretation of results if the relative presence of each of the isozymes is not
disclosed. As a result, presentation of data on the effect of a xylanase without disclosure of the
source organism and relative presence of isozymes, and its activity on a defined substrate which
bears resemblance to the substrate in the feed, is of limited value.

The various f-glucanases and cellulases on the market at present are subject to similar
constraints. Since the effect of these enzymes on cereal arabinoxylans or S-glucans is so dif-
ferent, ‘broad brush’ conclusions on mechanisms of action of all xylanases or f-glucanases
should be drawn with caution on the basis of studies in which only one source is investigated.
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Table 2. Comparison of specific activities and Km of xylanases A, B and C from Streptomyces
lividans on two different xylan substrates (Kluepfel et al. 1992)

Qat spelt xylan Birchwood xylan
Km Vmax Km Vmax
Xylanase A 2.6 5570 1.1 616
Xylanase B 3.7 1960 1.8 921
Xylanase C 4.2 650 11 3022

Evidence to counter the viscosity mechanism

There still remain several reports suggesting that intestinal viscosity is not a factor in deter-
mining the response to exogenous enzymes, particularly if it is less than 10 cP. In many cases,
however, the hypothesis has not been tested correctly, either through use of enzymes which do
more than simply reduce viscosity or through reformulation which alters far more than diet
viscosity (see Bedford, 1996a; Bedford & Morgan, 1996).

A further observation of note is that a measurement of intestinal viscosity is a point in time
determination. This value is then regressed against a performance characteristic, and conclu-
sions drawn on the basis of the presence or absence of a regression. Intestinal viscosity,
apparent metabolizable energy (AME) and feed conversion ratio (FCR) are undoubtedly sub-
ject to diurnal variations. It is evident that FCR and AME values will more accurately reflect
the true mean since they are average values taken over a period of time. Intestinal viscosity, on
the other hand, is measured at point of slaughter. It is not only subject to diurnal rhythms, but
also to individual bird water intake patterns and pancreatic serous secretion output. Both of
these activities will be influenced by length of fasting prior to slaughter and both will sig-
nificantly dilute gut contents and hence lower measured viscosity. It is not uncommon to see
coefficients of variation as high as 75 % in viscosity data sets. While 4 or 5 replicates is often
adequate for digestible energy (DE), AME and FCR determination, our experience suggesis
that as many as 12-16 replicates are required for a reasonable estimate of intestinal viscosity
for any particular diet. Furthermore, much of the dissenting data has been analysed by inap-
propriate statistical methods. Often point to point comparisons are made where regression
analysis may have yielded a different interpretation. Moreover, the lack of a relationship
between intestinal viscosity and performance on the basis of such analysis is incorrectly
interpreted as support for the alternative cell wall hypothesis. There is only one published paper
where the relationship has been tested correctly, and in this study there was a very strong
correlation between FCR and intestinal viscosity (at values ranging from 3 to 12 cP; Bedford,
1995, Fig. 2). In the aforementioned study, all diets were identical apart from the content of a
viscosity reducing enzyme.

Restrictions on nutrient extraction due to reduced rates of diffusion/convection
Genetic selection has resulted in animals with very much accelerated rates of metabolism and

increased intestinal efficiency (Bulfield et al. 1988; Mitchell & Smith, 1991; Stern ez al. 1995;
Jackson & Diamond, 1996). Demands on the ability of the gut to provide the nutrients required
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Figure 2. Effect of intestinal viscosity measure at 21d old on subsequent

performance of broiler chicks to 42d old (Bedford, 1995). Diets (wheat based)

were identical apart from inclusion of xylanase at 0, 600, 1200, 1800, 2400, 3000
U/kg.

for growth increase year by year such that minor perturbations in nutrient supply will result in
more and more dramatic effects on growth rates and efficiency.

The broiler, turkey and piglet have been reported to be slow to develop to the full their
digestive enzyme capacity and intestines to meet the demands of growth as they age
(McConlogue et al. 1984; Lindemann et al. 1986; Owsley et al. 1986; Cera et al. 1988;
Krogdahl & Sell, 1989; Sell er al. 1989; Nitsan et al. 1991; Noy & Sklan, 1994; Uni et al.
1995). Neonates have to deal very rapidly with the transition from zero zymogen release from
the pancreas prior to ‘birth’, to reacting to the presence of feed in the gut and release of the
relevant enzymes. This process may not be particularly well coordinated in younger animals
(Uchiyama & Watanabe, 1990) and may quickly deplete the pancreas of reserves (Nitsan et al.
1991). Even in older animals, pancreatic adaptation to changes in dietary input takes a mini-
mum of 24 h and changes are still measurable 5-7 d later (Pinchasov ef al. 1990; Le Huerou-
Luron et al. 1993). Coupled with the observation that feed is resident in the small intestine for
only 4 h and often less than 2, depending on diet (Mateos et al. 1982; van der Klis et al. 1990;
van der Klis & Van Voorst, 1993), there may be several circumstances where there is insuf-
ficient time for complete digestion of the feed. Such a statement seems to run counter to the
commonly held tenet that there is some 100 times more enzyme released into the lumen
(Makkink & Verstegen, 1990) of the intestine than would be required by the quantity of
substrate. However, such statements are based on in vitro determinations of enzyme activity
which do not take into account poor accessibility of substrate (e.g. encapsulated by plant cell
walls), reduced enzyme mobility or varying feed transit times. The fact that there is significant
adaptation of pancreatic enzyme output in response to dietary change (Mourot & Corring,
1979; Makkink & Verstegen, 1990; Pinchasov er al. 1990; Uchiyama & Watanabe, 1990;
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Lhoste et al. 1993) and that blood borne nutrients are lower in broilers compared with layers
(Mahagna & Nir, 1996), suggesting that demand is outstripping supply, clearly indicates that
digestion in rapidly growing animals is on the limit of the adaptive capacity of the bird.
Therefore, any event that delays or impedes the rate of digestion will have a significant effect
on the overall digestibility of a ration. An increase in intestinal viscosity is one such event, and
its ramifications are discussed below.

Some authors have indicated that increased viscosity significantly reduces the rates of
diffusion of solutes (Fengler & Marquardt, 1988b; Bedford, 1996a) and others that viscosity
severely restricts convectional movement of material in the lumen (Edwards ef al. 1988).
Restricted diffusion slows the rate of digestion and thus rate and efficiency of growth suffers
(White et al. 1983; Bedford et al. 1992; Bedford & Classen, 1992a; Almirall et al. 1995). The
animal has some capacity to compensate as luminal viscosity increases through increased
pancreatic enzyme output and growth in both length and weight of the small intestine and
height of the villi (Angkanaporn et al. 1994; Viveros et al. 1994; Smits et al. 1997), but
ultimately a point is reached beyond which the bird has no further capacity to respond to the
challenge and performance suffers (Angkanaporn et al. 1994). In any case, in responding to
such a challenge the animal expends more energy in extracting dietary nutrients and feed
efficiency will suffer.

Restricted convectional movement will most dramatically impair fat digestion, particularly
that of saturated fats, owing to the reliance of this process on thorough emulsification. Fat
emulsification is severely reduced with only minor (1-5cP) increases in viscosity of the
aqueous phase (Pasquier et al. 1996, Fig. 3), the result being the appearance of larger and larger
droplets of fat in the digesta as its viscosity increases (Kanauchi et al. 1995), concomitant with
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Figure 3. Effect of solution viscosity on the percent of triglyceride emulsified after a
standard agitation and rest period. (Pasquier et al. 1996).
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poorer fat digestibility (Classen et al. 1985; Wang et al. 1992; Viveros et al. 1994; Danicke et
al. 1995). One further consequence of reduced convectional motility is a reduction in feed
passage rate due to reduced ability of the gut to move material through its length (van der Klis
& van Voorst, 1993; Almirall & Esteve-Garcia, 1994). Caution is required in interpreting the
literature, however, since it is likely that the influence of increasing intestinal viscosity on
transit time is not consistently unidirectional. Re-analysis of the data presented by Bedford &
Classen (1992a,b) indicates that feed intake of broilers is actually stimulated as intestinal
viscosity increased towards 20 cP, but is severely depressed as this limit is exceeded. This is
perhaps due to the ability of the bird to perceive what is effectively a nutrient dilution and
respond by increasing intestinal throughput by increasing musculature of the gut. The adap-
tational abilities of the bird are evidently not limitless, and beyond a certain point, reduced feed
passage rate results; this is cited as one of the benefits of added fat. Increasing contact time
between feed and digestive enzymes in the digestive tract results in improved diet digestibility
(Mateos et al. 1982). In the case of viscosity induced reduced feed transit rate, however,
digestion is not enhanced and reduced feed passage rate is therefore detrimental to bird per-
formance, for reasons discussed below.

Data for pigs are limited. Accurate intestinal viscosity determinations are more difficult to
determine in the pig owing to limitations in animal numbers and because the viscosity of most
samples is so low that they often approach the detection limits of the equipment used.
Nevertheless, the fact that viscosity reduction has been associated with improved nutrient
digestion (in fact, fat digestibility was greatly improved) in pigs (Dusel ef al. 1997) suggests
that this mechanism may still be important. While nutrient diffusion and fat emulsification may
well be affected directly by increased intestinal viscosity (Dusel et al. 1997), Ellis et al. (1996)
suggest that increasing gastric viscosity also increases the size of particles leaving the stomach
owing to failure of the sieving mechanism. Large particles, instead of falling to the bottom of
the stomach, are suspended in the viscous stomach contents and are therefore more likely to
exit with each opening of the pyloric sphincter. This will impair digestion and seems to be
specific to the pig. Viscosity also disturbs peristalsis, which alters gastric inhibitory polypeptide
(GIP) output which in turn disturbs pancreatic secretions (Ellis ef al. 1996). As a result of
reduced peristalsis, digesta flow is more laminar than disturbed, and this further reduces the
efficiency of digestion. Viscous nonstarch polysaccharides (NSP) may also physically coat
starch granules, further reducing the rate of digestion (Ellis er al. 1996). While NSP digest-
ibility has been shown to increase in the presence of cell wall degrading enzymes, this does not
necessarily mean that cell walls are physically disrupted; rather, a layer may be peeled away.
Microscopic analysis of digesta does suggest that cell walls are thinned in the presence of a
xylanase in wheat fed pigs. Pigs and chickens may well diverge in this respect, therefore, since
the incubation time for enzyme and substrate in the gastrointestinal tract of pigs may be suf-
ficient to allow for some cell wall dissolution. However, the contribution that cell wall
degradation makes to the response to enzyme supplementation in pigs is difficult to establish
with the current dataset.

Interaction with the intestinal microflora
Reduced feed passage rate increases the time available for digesta associated bacteria to
multiply prior to evacuation through the rectum, and coupled with reduced rates of digestion by

the host there will of course be more substrate available in the distal parts of the small intestine
for microbial fermentation (Bedford, 1996a). Evidence for the presence of such substrate in the
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terminal ileum has been implicated by the results of many digestibility studies investigating
viscosity reducing enzymes (Lindemann ez al. 1986; Pettersson et al. 1991; Bedford e al. 1992;
Annison, 1992; Almirall et al. 1995; Jondrevilie et al. 1995; Scott & Boldaji, 1997). While
bacterial fermentation can provide energy to the host in the form of volatile fatty acids
(Annison et al. 1968; Argenzio, 1982; Kirchgessner & Miiller, 1991), it is certainly not the
most efficient method for extracting energy from starch or other metabolizable sugars. At best,
the microflora can be seen as competing for those nutrients that the host animal can utilize. In
many cases the increase in microbial activity in the small intestine associated with poorly
digested diets can be substantial (Choct et al. 1996; Jansman et al. 1996). The addition of a
Trichoderma longibrachiatum xylanase to a wheat based broiler diet not only reduced total ileal
bacterial numbers by 60 % but significantly reduced the proportion of bacteria with low content
of guanidine:cytosine in the total DNA pool (method of Holben & Harris, 1995), suggesting a
shift away from enterococci and clostridia towards more lactobacilli and bifidobacter (Apa-
jalahti & M.R. Bedford, unpublished data). Furthermore, microscopic evaluation and computer
aided analysis revealed that in the untreated wheat based diet the surface area presented by
enteric bacteria constituted 25 % of the entire small intestinal surface area, highlighting the
demand they must place on the digestive system (Apajalahti, pers. comm.). Changes in
microflora population size and species distribution as a result of diet change may dramatically
alter not only competition for nutrients, but also the status of the immune system. Stimulation
of the immune system is implicated in less efficient assimilation of nutrients (Cook, 1996),
which undoubtedly reduces the energetic efficiency of lean tissue deposition.

Some confusion in the literature would therefore seem unavoidable when it is recognized
that the interaction of the effect of the enzyme with the microfiora in the gut plays such a large
role in the scale of the response. Not only will the initial microbial challenge (which is
determined by the environment, stocking density etc.) play a vital role in determining response,
but also those factors such as antibiotics and coccidiostats which influence the microfloral
population in their own right (Bedford, 1996¢; Rada & Marounek, 1996; Vukic Vranjes &
Wenk, 1996). In some cases they work together and synergize (Allen et al. 1996) while in
others they do not (Miles et al. 1996). Even micronutrients such as zinc and copper significantly
alter the microfloral fermentation profiles (Yenigun et al. 1996) and so can be expected to
interact with feed enzymes. We are only now beginning to recognize the complex interactions
involved in the response to added feed enzymes, and hence need to exercise caution in making
judgements based on isolated trials. As a result, conclusions should only be drawn when a
representative number of trials has been conducted which simulate the range of conditions
likely to be encountered in the environment of interest.

Phytase

Phytase is probably the enzyme most readily recognized by monogastric nutritionists, but
surprisingly it constitutes less than 20 % of the total commercial enzyme usage to date.
Currently this enzyme is commercially produced by a limited number of organisms,
Aspergillus sp. being the dominant source, while it is produced by many species of bacteria,
yeast and fungi, as well as many plants in nature. Gene technology has even advanced to the
stage where fungal phytases are now being expressed in canola (‘double zero rapeseed’; Pen et
al. 1993) and seeds from tobacco and tomato (Beudecker & Pen, 1995). Such sources will
ultimately become the cheapest and therefore commonest method of manufacture. Phytases
suffer from the same variation from source to source (Segueilha et al. 1992; Shimizu, 1992;
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Zyta, 1992) as has been described for xylanases and f-glucanases. Consequently, as phytases
from different organisms become available on the market, conflicting data and mechanisms will
undoubtedly appear.

Phytase as an efficacious additive to monogastric diets

Phytic acid, the substrate for this enzyme, is a storage form of phosphorus in most plants, and in
particular the cereals and oilseed legumes utilized in monogastric nutrition. The phytic acid
content of a range of ingredients is shown in Table 3. It is commonly thought that phytic acid is
not digested or absorbed by monogastric animals and hence exogenous phytase is needed to
make the phosphorus in this compound available. Addition of phytase to broiler and pig rations
has long been known to improve phosphorus digestibility (Sauveur, 1989; Nisi, 1990; Simons
et al. 1990). Additional benefits have been observed since phytate chelates many minerals and
perhaps reduces protein digestibility through interference with pepsin and trypsin activity
(Frolich, 1990; Torre et al. 1991; Caldwell, 1992; Zy{a et al. 1995; Liebert et al. 1996). Thus
there are many advantages to be gained through use of this enzyme, since phytate hydrolysis
has been shown to bring about improvements in digestibility of these seemingly unrelated
nutrients (Komegay et al. 1996; Yi et al. 1996a,b). While it appears that this is a relatively
simple issue of phytase degrading phytate, recent literature points to more complex inter-
actions. On closer examination, it appears that there is variation in the absolute and relative
response to phytase in the literature, reasons for which are only now becoming apparent.

Phytate hydrolysis—Reasons for variation in monogastric animals

One of the reasons for variation in response may be that the above assumptions are not correct.
For example, there is evidence that soluble phytate is in fact absorbed and distributed to various
tissues in the rat as inositol and variously degraded compounds, intimating the presence of an
endogenous phytase (Sakamoto et al. 1993). Absorption of soluble phytate also suggests that its
antinutritive capacity may be limited, since on absorption it is unavailable to chelate metal ions
or inhibit pepsin or trypsin activity. The presence of an endogenous phytase has been reported
in the rat (Bhandari, 1980) and bird (Wise, 1983), and more recently it has been characterized
from the intestinal mucosa of the chick (Maenz er al. 1997). This endogenous enzyme is more
prevalent in the laying hen than the broiler chick (60 % more activity) which is consistent with

Table 3. Phytate content (%) of a range of feed ingredients

Matthaus  McKnight  Lantzsch et al. NRC,

Ingredient (1997) (1997) (1992) (1994)" Mean+ SD
Maize 0.265 0.196 0.20 0.220+0.038
Wheat 0.235 0.255 0.24 0.243+0.010
Barley 0.223 0.230 0.19 0.214+0.021
Soyabeans 1.20+0.03 1.20+£0.030
Rapeseed 1.35+0.10 1.350+0.101
Soyabean meal 48% 0.372 0.40 0.386+0.020
Rapeseed meal 0.870 0.870 0.87

'NRC (1994) Calculated as difference between total and available phosphorus
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more efficient phytate utilization by the hen (Maenz et al. 1997). Such an enzyme, however, is
claimed to be present in negligible concentrations in the intestinal mucosa of pigs (Pointillart,
1991), so there may be significant differences between species in their response to exogenous
phytase.

The ability of the monogastric animal to utilize a significant proportion of phytate phos-
phorus in the absence of any exogenous phytase is made evident by Edwards’ group. Phytate
was evidently being digested in the young chick, according to balance studies, and in fact this
could be significantly enhanced through addition of 1,25-dihydroxyvitamin D (Edwards, 1993;
Sooncharernying & Edwards, 1993). This vitamin has been shown to increase the activity of
mucosal phytases (Pointillart et al. 1985) which may be one route by which the result was
achieved. In addition, vitamin D status has a significant effect on calcium absorption. Several
studies have shown that there is a considerable increase in phytate phosphorus digestibility
through lowered calcium concentration in the ration (Fisher, 1992; Schoner et al. 1993). As a
result, better calcium absorption through improved vitamin D status of the bird will lower its
concentration in the digesta and may therefore significantly enhance utilization of phytate
phosphorus. Most trials investigating the effects of phytase on phosphorus digestibility
demonstrate less benefit in calcium-rich rations. Low dietary calcium is therefore employed
which emphasizes the need for proper negative controls to ensure that enhanced phosphorus
digestion is truly a result of phytase addition and not partly explained by use of a low calcium
diet.

Variation in response—Animal factors

Phytase addition to monogastric diets has consistently been shown to allow for reduction in
inorganic phosphorus (Pi) supplements. However, the number of units of phytase required to
replace 1g Pi varies considerably (Table 4), depending on age or physiological status of the
animal (Schoner et al. 1993; Kornegay et al. 1996; Yi et al. 1996a,b; Kornegay et al. 1997).
Such replacement rates tend not to be linear, with exponentially increasing concentrations of
phytase required to continue a linear increase in phosphorus release. Older birds seem to
require less phytase to replace 1g Pi compared with younger birds (Kornegay et al. 1997),

Table 4. Replacement rate of inorganic phosphorus by phytase as extracted from the literature

U phytase to replace

Authors Species Age 1 g phosphate
Kornegay et al. (1997) Broilers 21-49d <400
Schoner et al. (1993) Broilers <14d 570
<40d 850
Kornegay et al. (1996) Broilers 0-21d 939
Kemme et al. (1997) Pigs Piglets 757
Grower/finisher 602
Mid pregnancy 1562
Late pregnancy 676
Lactation 485
Van der Klis et al. (1997) Laying hens 2024 weeks 192
36 weeks 312
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while the efficacy of phytase is greater in lactating sows and growing finisher pigs than in
piglets or mid-pregnancy sows (Kemme et al. 1997). These differences are clearly large, and
thus must be taken into consideration when formulating rations. Furthermore, improvements in
digestibility of crude protein and organic matter as a result of phytase addition has also been
shown to increase with increasing sow parity (Kemme et al. 1997), possibly owing to inter-
actions of feed intake and feed passage rate—i.e. incubation time.

Other factors

The replacement of Pi by phytase is very much dependent not only upon the calcium content
(Schoner et al. 1993; Sebastian et al. 1996; Qian et al. 1997) but also that of cholecalciferol
(Qian et al. 1997) as described above. Presence of tallow in the ration reduced phytate
digestibility in broilers quite substantially (Matyka et al. 1990). These authors postulated that
the reason for such an effect was through reduced populations of phytase secreting microbes in
the presence of tallow.

Endogenous cereal phytase, the content of which varies according to variety and climatic
conditions of cereal growth (Barrier-Guillot er al. 1996a,b) has been shown to influence the
digestibility of the resident phytate in wheat (Barrier-Guillot ef al. 1996a.,b). The concentration
of the substrate, phytic acid, also depends on variety and climate (Dintzis et al. 1992); thus
variations in the performance of added exogenous phytase may, in part, be due to a varying
contribution of phytic acid and phytase from the source grains.

Steam pelleting of the ration has been shown to reduce significantly the activity of
endogenous phytase in wheat based pig diets, with the result that phosphorus and calcium
digestibility can be decreased by as much as 10% (Jongbloed & Kemme, 1990). Thus pro-
cessing conditions can markedly alter the background endogenous phytase activity into which
the exogenous phytase is introduced.

Most of the phytic acid present in cereals appears to be in the form of sodium and mag-
nesium salts, concentrated mainly in the aleurone layer. This layer is particularly resistant to
digestion and often appears intact at the terminal ileum of chickens (Bedford, 1996¢; Bedford
& Autio 1996) and pigs (H. Schulze, pers. comm.). If the aleurone cell walls are not ruptured in
the process of grinding or pelleting, then it is unlikely that their content of phytate will be
readily accessible to phytase activity since this enzyme is far larger ( ~ 80k Da—Dungelhoef er
al. 1994; Yoon et al. 1996) than the expected pore sizes present in the plant cell wall. Thus the
only route for degradation of phytate from such plant tissues is for the phytate itself to dissolve
and diffuse out of the aleurone cells. This may actually be the case, since work by Parkkonen et
al. (1997) clearly shows considerable removal of phytin crystals following an in vitro digestion
simulation procedure. However, as the authors admit, the assay may considerably overestimate
digestion owing to the minute particle size employed in the procedure and the much greater
moisture contents compared with actual digesta in the pig or chick. If phytate has to diffuse out
of the aleurone layer of the cereal in order to be accessible to the phytase, then greater phytate
digestibilities would be expected in the pig than the chicken given the greater solubility of
phytate in acid, and the longer retention time of feed in the stomach of the pig. This is in fact
evident from the work of Barrier-Guillot et al. (1996a,b) who demonstrated that pigs retained
more of the phosphorus from 4 samples of wheat than broilers.

There is clearly not so much confusion in the literature as regards the mode of action of
phytase, but the rate at which 1g Pi can be replaced by a fixed number of phytase units is
clearly not a constant. Phytase will undoubtedly become a more common ingredient in poultry
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and pig diets as environmental pressures mount and understanding of its use increases, but since
the consequence of inaccurate titration is quite dramatic, feed compounders will undoubtedly
play safe and be cautious in exploiting its full potential until all interacting factors can be
quantified.

The future ?

More than 80 % of manufactured poultry feed and 95 % of pig feed on a global basis does not
contain an added enzyme (Finnfeeds International, unpublished). The reason for this is that it is
either based on corn, sorghum, rice or another nonviscous starch source or, in the case of
phytase, it is not an economical replacement of Pi. The advent of enzymes directed at the
nonviscous grains (Wyatt et al. 1997a,b) opens up a new potential for enhanced nutrient
digestibility in diets which are commonly thought to be more completely digested. However,
the energy content of maize can vary (Leeson et al. 1993) and depends on climate and variety,
and digestibility data suggest that 11-18 % of starch may remain undigested at the terminal
ileum in birds ranging from 4 to 21d of age (Noy & Sklan, 1994). Microscopic analysis of the
intestinal contents of maize fed chicks has also indicated that large particles of undigested
endosperm, containing fully intact cells, reach the terminal ileum (M. R. Bedford, unpub-
lished). This demonstrates that nutrients are escaping digestion, even in maize based diets, and
use of the correct enzyme complex can lead to improvements in nutrient assimilation and feed
conversion efficiency (Wyatt et al. 1997a,b). The current uses of enzymes in pig and poultry
diets are listed in Table 5. As can be seen, enzymes designed for maize based diets are more
complex in their formulation compared with the relatively simple combinations of xylanases
and f-glucanases encountered in wheat and barley based diets respectively. This is a result of
there being no one overwhelming and consistently apparent ANF responsible for retarding the
rate of digestion in such diets (as is the case with the B-glucans or arabinoxylans in a barley or
wheat based diet respectively), but rather a complex of associated factors. It is apparent, for
example, from work by Bedford et al. (1995, unpublished) that there may well be synergy
between proteinases and amylases in maize based diets (due to the proteinase presumably
exposing the starch granules to amylase attack) which need exploration in a factorial design in
order to generate an optimum product. Synergic interaction between enzymes is certainly not
new, as it has been demonstrated between phytases and acid phosphatases, proteinases and

Table 5. Content of ANF of cereals and likely enzymic solution

Target Likely ANF Effect of ANF Suitable enzyme

Barley, oats B-glucans Viscous digesta—wet litter, Endo-p-glucanase
poor nutrient digestibility
and bird performance

Wheat, rye, triticale  Arabinoxylans Viscous digesta—wet litter, Endoxylanase
poor nutrient digestibility
and bird performance

All Phytate Poor mineral and P digestibility Phytase

All cereals Resistant starch  Poor energy digestibility Amylase, xylanase,
and increased microfioral proteinase
populations
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xylanases to name a few (Zyta, 1993; Ullah & Phillippy, 1994; Guenter et al. 1995; Zyta et al.
1995; McNab et al. 1996). Such interactions can be due to a concerted attack on similar targets
(e.g. proteinase and amylase as above), one enzyme removing and hence reducing end product
inhibition of another (e.g. f-glucanase and cellobiase) or independent attacks on separate
substrates of equal growth inhibiting importance (e.g. proteinase attack on trypsin inhibitor
coupled with xylanase attack on arabinoxylan from wheat resulting in removal of both ANF).
Clearly the challenge is to identify the ANF correctly in the form that they present themselves
in the intestinal tract in order to design enzymes better suited to their destruction. This process
has only just started.

The fact that enzymes are also currently thought to have considerable activity during the
feed conditioning process (Bedford et al. 1997) indicates that there is considerable potential for
tuning both processing conditions and enzyme properties (heat stability, V. and Kp,) to
maximize subsequent nutrient utilization. The conditions in the feed conditioning kettle are far
more easily regulated than those in the intestinal tract of the bird, so that variation in bird
performance can be minimized if the activity of the enzyme takes place during the mechanical
process of feed manufacture rather than the physiological process of digestion. This evidence
also suggests that feed assays for the measurement of residual activity may prove useless for
predicting subsequent bird performance. Thus alternatives or modifications to simple residual
xylanase or B-glucanase assays in complete feeds must be developed if they are to be of use to
the feed manufacturer.

Enzyme assisted processing of some of the oilseed meals prior to utilization in monogastric
feeds is also likely to take place in the near future. Many of the soyabean meal and canola meal
targeted enzymes work well when incubated together with the meal, but fail to give as good
performance enhancements when the target substrate is diluted in a compound feed (Huo et al.
1993; Bedford & Morgan, 1995).

It must be recognized that the current xylanases commercially in use arise from at most 4
genera of fungi or yeast, whereas the xylanases from 19 fungal and 8 bacterial genera have been
characterized in detail (Sunna & Antranikian, 1997). The reason for this is that the current
commercial enzymes are produced by organisms which have been cultured on a large scale for
other purposes, but undoubtedly some of the more novel enzymes will be better suited to the
requirements of the animal feed industry. Once the key requirement for each enzyme is
identified, the best candidate can be cloned into a producing organism and large advances can
be expected in a relatively short period of time.

A final consideration is ‘targeted” enzymes or enzymes which attach only to the substrate
for which they are designed (Marquardt et al. 1996). For example, lectins and trypsin inhibitors
in soyabean meal can be degraded by specific proteinases (Hessing et al. 1995), but the addition
of these to soyabean meal or even compound feed presents the enzyme with many other
substrates. If the enzyme were attached to a monoclonal antibody which recognized and
directed the enzyme to its substrate, then the consequences would be twofold. Firstly, there
would be far more efficient use of the catalytic activity of the enzyme, resulting in much lower
inclusion rates than would otherwise be required to ensure adequate destruction of the target
substrate. Secondly, usage of an enzyme which targets only its intended substrate prevents it
from interacting in any other way with the feed, positively (by protein degradation in proteinase
deficient animals) or even negatively (in the case of production of bitter peptides, for example).
Thus the results from the use of such a product would be far more predictable.

Transgenic animals perhaps present the ultimate evolution of feed enzymes. Incorporation
of the relevant exogenous gene into the animal itself, while appearing obvious, has several
obstacles in its path.
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o The diet the animal is fed changes with the relative prices of raw materials. A bird optimized
to feed on barley based diets through insertion of a functioning f-glucanase into its pancreatic
array of enzymes would have no advantage when economics drive the feed producer to
switch from barley to wheat.

o The current enzymes being utilized in animal feeds are but the first wave of discovery. There
are undoubtedly far better, more efficient and much cheaper alternatives to all the products on
the market today. Any transgenic animal is at least 5 years from reaching the market even if it
were available today, owing to the laborious process of multiplying the stock in sufficient
numbers to satisfy the demand for broiler production, for example. While these animals were
being multiplied, newer, more efficient enzymes would be in process of production through a
much more rapid fermentation process, and would render the transgenic animals relatively
inefficient.

o With greater understanding of the complexity of the interactions between feed raw materials,
feed enzymes may themselves become complex mixtures. As a result the number of genes that
may need expression within the pancreas could be quite large and impose a metabolic cost on
the animal if the substrates were not present in the ration for the reason listed above.

While transgenic animals will undoubtedly surface in the near future, the introduction of
exogenous enzymes into the genome of pigs and chickens will probably make a later rather
than earlier appearance.

Conclusions

Nutrient supply has been improved through better estimates of nutrient requirements and
availability of synthetic amino acids and vitamins to meet them. Feed processing has advanced
and more energy intensive processing conditions disrupt cell walls and gelatinize starch
(Peisker, 1992), enabling the animal to utilize a higher percentage of the nutrients in the ration.
Some negative effects such as increased feed viscosity (Nissinen, 1994) and possible vitamin
destruction need to be addressed (Peisker, 1992; Pickford, 1992; Coeiho, 1994) to maximize the
potential of such processes. However, such advances may not keep pace with the genetic
potential of the animals concerned with the result that the cost of providing them with nutrients
for maximum growth and efficiency of growth will become prohibitive. Thus a compromise
will be reached whereby acceptable growth rates are achieved at a far lesser cost. Enzyme
application will aid in bridging the gap between potential and actual performance of the animal,
whether the target is most rapid or most cost effective or resource efficient growth. Regardless
of the goal of animal production, enzymes will aid performance through removal of ANF,
breaking open cell walls, releasing phytate phosphorus, improving protein digestibility and
provision of substrates for béneficial microflora. It is likely that most global monogastric feed
will be enzyme treated by the year 2000, with some enzymes being introduced at the point of
feed manufacture, and some being used in the process of production of some raw materials, e.g.
oilseed meals.
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