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With the noticed steady increase of global demand for animal proteins coupled with
the current farming practices falling short in fulfilling the requested quantities, more
attention is being paid for means and methods intended to maximize every available
agricultural-resource in a highly sustainable fashion to address the above growing gap
between production and consumers’ demand. Within this regard, considerable efforts
are being invested either in identifying new animal feed ingredients or maximizing the
utilization of already established ones. The public preference and awareness of the
importance of using waste products generated by fruit-dependent industries (juice, jams,
spirits, etc.) has improved substantially in recent years where a genuine interest of using
the above waste(s) in meaningful applications is solidifying and optimization-efforts are
being pursued diligently. While many of the earlier reported usages of fruit pomaces
as feedstuffs suggested the possibility of using minimally processed raw materials
alone, the availability of exogenous digestive and bio-conversion enzymes is promising
to take such applications to new un-matched levels. This review will discuss some
efforts and practices using exogenous enzymes to enhance fruit pomaces quality
as feed components as well as their nutrients’ accessibility for poultry and swine
production purposes. The review will also highlight efforts deployed to adopt numerous
naturally derived and environmentally friendly catalytic agents for sustainable future feed
applications and animal farming-practices.

Keywords: fruit pomaces, exogenous enzymes, fermentation, digestion, microbiota

INTRODUCTION

Plant-based feed additives are becoming popular in livestock and poultry production chains. Thus,
the use of fruit-processing by-products such as pomaces, generated by the industry in millions of
tons annually around the globe, could form an integral part of evolving, sustainable, and circular
agricultural economies. The use of such pomaces could also be part of the efforts aiming at
addressing many of the rising challenges facing modern human societies due to climate-associated
changes including the worrying diminish of natural resources. Apart from the historically witnessed
trend of promoting the use of such by-products in animal feeding (in order to reduce the
environmental burdens resulting from large-scale waste accumulation), a growing interest in
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creating value-added products/applications is beginning to be
materialized. The principle here is to use such fiber/polyphenols-
rich raw products in combination with enzymes (in targeted
digestions and fermentations) in order to generate value-added
end commodities. The two factors that control the outcomes
of the above goal(s) are: (1) the chemical composition of
the starting materials/substrate(s) and (2) the digestion and
fermentation processes themselves with their varying parameters
(including the enzymes being used, nature and source of pomaces
and their endogenous microbiota, pH, presence or absence of
oxygen, etc...).

The use of enzymes is not a completely novel idea
as intact microbial products (yeast and bacteria containing
active wild-type enzymes) have been conventionally used by
many industries in the past (and are still today) to enhance
food and feed products. The same trend prevails today but
with a slight advantageous skew toward using purified or
recombinant enzymatic preparations due to numerous empirical
considerations that will be discussed in the following sections.

In recent years, there has been increased research efforts
aiming to incorporate many abundantly-available fruit pomaces
in animal feed (Das et al, 2020). As it shall be seen
in subsequent sections, these pomaces have been shown to
possess many important bioactives at varying concentration
ranges and functionalities including antimicrobial activities
against foodborne pathogens such as Salmonella enterica for
example (Das et al., 2019). More novel applications are being
explored currently through enzymatic or microbial interventions
where the final products of interest are not limited to the
active polyphenolic-rich fraction but also other nutritional and
industrial factors. A very good example of these later interests,
is the most recent study that explored using red grape pomace
as a fermentation medium in combination with Lactobacillus
plantarum subsp. plantarum (ATCC #14917) and Bacillus subtilis
subsp. subtilis (ATCC #6051) cultures to aid in chitin and
chitosan extraction, both used as feed supplements (Hirano
et al, 1990; Hossain and Blair, 2007; Nuengjamnong and
Angkanaporn, 2018; Reddy et al.,, 2018) from shrimp wastes in a
replacement of earlier traditional chemical extraction approaches
(Tan et al., 2020). In the above model, red grape pomace replaced
glucose (to support the bacterial growth) resulting in recovery
levels of chitin and chitosan that were comparable (or surpass)
other commercial chitin preparation protocols.

In general, the emerging trend of enhancing pomace usage
through enzymatic treatments indicates the possibility of
developing many future opportunities that will be discussed
in later sections of this review. Furthermore, and while the
authors agree that other physical means to enhance pomaces
and/or the recovery of bioactive compounds from fruit pomaces
{such as the supercritical CO, extraction of active ingredient/oils
(Squillace et al., 2020) as well as freeze-drying approaches
coupled with double-emulsions (water-in-oil-in-water) loading
of pomace extracts (Eisinaite et al., 2020)} do exist, enzymatic
approaches seem to offer a green sustainable strategy. Hence
the current review will focus on such bioconversion procedures
for value-added feed applications of pomaces in mainly poultry
and swine.

ADVANTAGES AND DISADVANTAGES OF
ENZYME-ASSISTED BIOCONVERSIONS
OF POMACES

The possibility to produce high-quality exogenous enzymes is
among the top technologies that positively impacted the animal
feed industry in the past four decades. The incorporation of
commercial enzymatic preparations in animal feed is now widely
acceptable by farmers as well as end-users alike. No one would
imagine the global animal feed industry operating nowadays
without the powerful capabilities of fiber-degrading enzymes or
without the phytases and amylases that are used routinely (Kiarie
etal., 2016a, 2019; Alagawany et al., 2018).

The biggest advantage of feed enzymes is their specificity.
Enzymes are not like any other physical or chemical treatments
(i.e., heating and acidification for example) that target feed
nutrients and compounds in a universal non-discriminatory
fashion. Enzymes are rather very specific in their nature and
only target certain chemical groups and bonds without affecting
other components within the feed-matrix. This increases their
efficiency from one side while decreasing any negative off-target
effects (if any) when used with animal feed (Bhatia et al., 2020;
Jatuwong et al., 2020).

The second appealing factor of using enzymes in the feed
industry is their high acceptance rates by average consumers.
These catalytic molecules are perceived as part of refined
green-technologies and if the source organism was a GRAS
(Generally Recognized As Safe), then the approval process by
both regulatory agencies and end-consumers could be generally
less complicated, in comparison to enzymes that are obtained
by other approaches (such as synthetic biology approaches).
The importance of having both consumer-acceptance and
the regulatory agencies approval concomitantly cannot be
overemphasized for any genuine applications (DeRuiter and
Dwyer, 2002).

Among the critical issues related to enzyme usages are
the technical difficulties. In fact, the preparation of enzymes
with an acceptable purity, stability and sufficient catalytic
power are challenging. In the past, suppliers had to start
with kilograms (or tons in some cases) of raw materials
before delivering milligrams of ready-to-use enzymes. Thus,
the utilization of enzymatic-preparations was very expensive
and extremely unpredictable with susceptibility to purification-
dependent variations in performance from batch to batch.
Indeed, the cost of such preparations was among the biggest
concerns of farmers toward enzymes-usage as it added up
to the total costs of feeding. When the difference between
profitability and non-profitability melts down to few cents or
pennies per ton of used feed, any extra cost(s) need to be carefully
considered and planned ahead of time. With the introduction
and refinement of exogenous-enzymes biotechnologies using
optimized host microorganisms (bacteria, yeasts or fungi), the
process is becoming increasingly manageable and robust. While
the cost of discovering novel functional enzymes (the research
and development phase more precisely) is still considerably high
and requires collaborative efforts of many specialized experts
(Howard et al., 2003; Monciardini et al., 2014), the actual costs
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involved in producing stable enzymatic-preparations (the large-
scale production phase) are becoming very reasonable nowadays.
Furthermore, the encapsulation and lyophilization of enzymes
as well as solid-matrix immobilization techniques reached a
pinnacle stage in performance aiding in achieving stable and
potent enzymatic preparations continuously (Gifre et al., 2017;
Ibrahim et al., 2019).

Most commonly and when purified enzymes are inaccessible
or are very expensive to use, fermentation-protocols can be
implemented to enhance pomace attributes for animal feed
application. The fermentation process is looked at here as a way
of harnessing the power of endogenous fungal- or bacterial-
enzymes to: (1) naturally degrade the fibrous contents of
pomace and release its active polyphenol compounds, (2) convert
or transform some compounds to their more active forms,
and finally, (3) make use of the involved microbial inoculum
(either bacterial, fungal, or yeast) metabolites in combination
with the targeted polyphenolics to enhance animal feeding
outcomes (performance).

The presence of certain enzymatic co-factors such as reduced
nicotinamide adenine dinucleotide (NADH) and nicotinamide
adenine dinucleotide phosphate (NADPH) as well as, adenosine
triphosphate (ATP) and pyrroloquinoline quinone (PQQ) within
the intact microbial hosts (Cutlan et al., 2020) is another
advantage for microbial fermentations over purified enzymatic
preparations. The host-organism is capable in this case of
replenishing such co-factors cheaply and compared to using
purified enzymatic preparations where the cofactor(s) need to
be constantly supplied, the in-host conversions are more cost-
efficient.

The recalcitrance of certain plant contents in pomaces to
natural degradation makes them more appealing targets for
microbial bioconversions than enzymatic treatments (Troncozo
et al., 2019). Raw pomaces (grape pomace for example which
results from juice and spirits industries) have significant negative
environmental impacts due to their water-retention capacity
and their high content of lignins which breakdown to generate
hydroxylated and methoxylated monoaromatic compounds
associated with strong phytotoxic activities (Troncozo et al.,
2019). To reduce the environmental concerns connected to the
above compounds, many treatments have been suggested in the
past including drying or using them as an extraction source of
beneficial compounds such as y-linolenic acid and carotenoids
(Dulf et al., 2019) among many other treatments. Thus subjecting
pomaces to microbial fermentations looks the most feasible
approach when it comes to processing the large amounts of
pomaces generated annually.

The ability of using enzymes with pomaces faces another
hurdle that emerges from the unique ability of pomace bioactives
[including polyphenols and tannins (Hemingway and Laks,
2012)] at certain concentration to influence (or even inactivate)
the functionality of used enzymatic preparations either through
specific or non-specific interactions (Martinez-Gonzalez et al.,
2017; Yildirim-Elikoglu and Vural, 2019). Many reports showed
the ability of certain polyphenolics to negatively influence the
functions of natural or industrial enzymes in a similar fashion to
their ability to negatively impact microbial growths (Gongalves

and Romano, 2017; Ramos-Pineda et al., 2019). For example,
pectinases involved in the enhancement (aroma and color)
or clarification of many beverages and juices are reported to
be inhibited by apple flesh or pomace (Negoro, 1972). An
insoluble complex compound of pectinase and inhibitors is
formed to influence the enzyme’s activity. The recent further
characterizations of such a inhibitory activity highlighted tannic
acid and (its derivatives) as a possible cause of the above insoluble
complex formation (Negoro, 1972). Similarly, the inhibitory
effect of polyphenolic compounds from purple and red potato
cultivars on activities of a-amylase, a-glucosidase, and aldose
reductase are well-established (Kalita et al., 2018). Anthocyanins
were recently categorized as non-competitive inhibitors of such
enzymes. In contrast, phenolic acids behaved as non-competitive
inhibitors of aldose reductase and as mixed inhibitors of a-
amylase and a-glucosidase, respectively (Kalita et al., 2018).

Last but not the least, animal feeds preparation encompasses
most often a pelleting step (heating, mechanical mixing and
shearing, drying...) which together can adversely affect the
involved enzymes and reduce their detectable activity. Such
influential factors need to be considered carefully before
incorporating any digestive enzymes that are not heat-resistant in
the processing of animal feed (Kiarie and Mills, 2019). The same
observation concerns the used enzyme’s ability to withstand and
function under the low pH values of animal digestive systems. In
such cases, an encapsulation step might be beneficial.

The above mentioned issues open the door for a variety
of optimization studies (Figurel) that need to carefully
consider the composition of used pomaces, their polyphenolic
content, enzyme(s) being utilized, and finally the precise
usage condition(s) for each unique feeding application to
obtain optimum activities while minimizing the chances of
unintended inhibition(s). Some of the above issues can also be
addressed though protein engineering (Kuddus, 2018; Gonzalez-
Dominguez et al, 2019; Sharma et al, 2019). In fact, and
referring to the pectinases example stated above, the industrial
enhancement and optimization of such enzymes led to the
selection of numerous pectinases with broad activity ranges that
can function even at high polyphenol concentrations, diverse
pH-values and/or processing temperatures with some being
currently commercialized. The same approach is true in regard
to engineering feed enzymes to render them more heat resistant
or pH stable (Rigoldi et al., 2018). As shown on Figure 2, the
Aspergillus fumigatus phytase (Xiang et al., 2004) was engineered
through a single mutation of lysine to alanine at position 68
(K68A) leading to a noticeable decrease in its pH optima (with
phytic acid as substrate) by 0.5 to 1.0 units with no change or
even a slight increase in enzyme’s maximum specificity (Tomschy
et al., 2002).

THE FATE OF FRUIT POMACE BIOACTIVES
WITHIN THE ANIMALS’ DIGESTIVE
SYSTEMS

In order to use exogenous enzymes to treat pomaces, it
is important to understand what happens to pomaces and
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FIGURE 1 | Optimization studies are critically needed when using enzymes and fruit pomaces as animal feed additives. Multiple overlapping factors (pomace
composition, its polyphenolic content, enzyme mixes being implemented....) affect the performance of pomaces polyphenols and must be carefully considered for
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FIGURE 2 | Amino acids sequence (442 residues) and the three-dimensional
structure of Aspergillus Fumigatus phytase (accession #1QWO_A) identified an
important lysine residue (dark blue) in comparison to all other available lysines
(magenta) (A). Mutation of this residue (lysine “K” 68 to alanine “A’) (B), leads
to a noticeable decrease of pH optima by at least 0.5 to 1.0 units.

their final enzymatic digestion products within the animal’s
digestive systems.

Pomace has been defined as the by-products of fruits after
pressing for juice generated by processing industries. It includes

the flesh, peels, stems (or parts of stems), and seeds (Ross et al.,
2017; Waldbauer et al., 2017). The chemical characterization
demonstrates the presence of over 4,000 metabolites and
bioactive compounds in many plants and their fruit pomaces. In
the following sections, we will discuss a few selected ones that are
commonly encountered in animal feeding applications.

Cranberry and Blueberry Pomace

The characterization of pomaces from American cranberry
(Vaccinium macrocarpon) and wild blueberry (Vaccinium
angustifolium) by Ross et al. (2017) revealed a wide range
of minerals, phenolics, carbohydrate, lipids, and proteins. The
detected minerals in these two berries’ fruit pomaces included
calcium, potassium, iron, copper, zinc, magnesium, manganese,
and phosphorus among others, while their specific enriched
phenols included tannins, anthocyanins, tartaric esters, and
flavanols (Ross et al., 2017), whose amount is mainly abundant
in the fruit’s peel.

Despite some anti-nutritive properties of tannins in terms
of reducing iron absorption, protein digestibility hence growth
performance, various studies demonstrated their potential
as anti-carcinogen, antibacterial, antioxidant and immune-
modulator agents among others (Chung et al., 1998; Kumar
Ashok and Upadhyaya, 2012). Ethanolic extracts of above
mentioned cranberry and wild blueberry pomaces were enriched
in phenolics, tartaric esters, and antioxidant activities compared
to original pomaces (Ross et al., 2017). Feeding broiler chicken
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with cranberry and blueberry pomaces and their extractives,
induced metabolic changes in the bird’s blood including a
significant increase in the levels of plasma quinic-acid suggesting
that these products can reduce oxidative stresses and improve
metabolic functions against reactive oxygen species’ and their
associated-damages in chickens (Das et al., 2020).

Apple Pomace

The characterization of apple pomace revealed that it contains
about 43.6% dietary fibers (Sato et al., 2010), mono and di-
saccharides such as sucrose, arabinose, galactose and fructose
(Gabriel et al., 2013), triterpenoids (Almeida-Trasvifa et al.,
2014), polyphenolic compounds (Vrhovsek et al., 2004), volatile
compounds such as glycerol esters and aldehydes (Madrera
and Valles, 2011), non-volatile acids such as malic, citric
and quinic acids (Chapman and Horvat, 1989), proteins
(7.1%), in addition to minerals such as sodium, potassium,
calcium, phosphorus, magnesium, iron, manganese, zinc, and
copper (Pieszka et al., 2015). Polyphenols in apple are
predominantly found in the peel fraction, where they are
bound to pectin and other cell-wall structures. This was
demonstrated through measuring the quantity of polyphenols
including catechins, proanthocyanidins, hydroxycinnamates,
flavonols, dihydrochalcones, and anthocyanins in the juice and
in the pomace, with the pomace showing higher polyphenolic
concentrations (Vrhovsek et al., 2004; Marag et al, 2015).
The biological activities and benefits associated with apple
pomace consumption (and its derivative compounds) have been
documented (Sato et al., 2010; Gabriel et al., 2013; Almeida-
Trasvina et al,, 2014). Apple pomace fibers were reported to
improve the digestion and metabolism in animals through
their prebiotic actions and the promotion of the growth of
beneficial bacteria in the gut. This in turn enhances the peristaltic
movements of the bowel, mediation of homeostasis of cholesterol
and triglycerides, which then improves the cardiovascular health
together with triterpenoids which enhance the bioactivity of the
nitric oxide synthase enzyme (Beermann et al., 2018). Moreover,
plasma from lambs fed a fattening diet containing ~10% apple
pomace, demonstrated a higher antioxidant activity (Rodriguez-
Muela et al., 2015). Wistar rats fed native apple pomace, showed
an increased superoxide dismutase (SOD) activity in their red
blood cells, demonstrating further the potential of apple’s pomace
bioactives in mitigating oxidative stresses (Juskiewicz et al.,
2011). In broiler chickens, Colombino et al. (2020) elucidated
the importance of apple polyphenols in improving the gut
microbiota composition of birds, specifically increasing the a-
diversity as compared to blackcurrant and strawberry diets that
were also used in these experiments. Moreover, the authors did
hypothesize that since the broilers’ histomorphometric indices
were not negatively affected by the fruit pomaces, then the
latter do not hamper gut development and nutrient absorption.
Another study in turkey poults by Juskiewicz et al. (2016) utilized
apple, blackcurrant and strawberry pomaces at 5% inclusion
levels to show a significant decrease in sucrose and maltase
mucosal activity in the small intestine of birds fed blackcurrant
and strawberry, but not in the apple group. This could be partially

due to the varying levels of fibers content in these three pomaces
that could influence enzymes activities.

Grape Pomace

Grape pomace has been suggested also as an animal feed additive
to take advantage of its proteins, lipids, non-digestible fibers
and minerals, in addition to its non-phenolic vitamins such
as pB-carotenoids and tocopherols that are known to exhibit
antioxidant properties (Silva Soares et al., 2018). Despite its rich
content in potential nutritionally-important phytochemicals,
it is only in the present times that the necessity of fully
characterizing of grape-pomace compounds and their nutritional
influence has been realized (Makris and Kefalas, 2013). Earlier
characterizations demonstrated a wide array of polyphenolic
compounds such as catechins, stilbenes, saponins, flavanols,
anthocyanins, phenylpropanoids and derivatives of p-coumaric
and benzoic acids (Makris and Kefalas, 2013). Further studies
showed the anthelmintic, ovicidal and antilarval activities and
the stimulatory potential of grape saponins and tannins (up
to a certain level, beyond which the tannins would have anti-
nutritive effects due to their strong binding to proteins and
macromolecules and complex formation) (Silva Soares et al.,
2018). The above phytochemicals reflected grapes’ pomace
potential to inhibit the hatching, growth and movement of free-
living Haemonchus contortus worms. In a more recent study
(Chedea et al,, 2018), extracts from grape were used in pre-
weaned piglets that are usually susceptible to physico-chemical
damages to their enteric systems associated with the weaning-
process stress. Polyphenols derived from grape extracts showed
an anti-inflammatory effect within the small intestines of these
piglets hence minimizing villus erosion and atrophy. Moreover,
the antioxidant potential of grapes significantly increased the
levels of glutathione peroxidase and SOD activities in the
duodenum and colon sections of the digestive system. The
authors suggested possible relationships between the above
positive effects with grape pomace polyphenolics including
gallic acid, hydroxycinnamic acid, anthocyanins, catechins, and
epicatechins (Chedea et al., 2018). In chicken, studies by Goni
et al. (2007) explored the use of grape pomace at 5, 15, and 30
g/kg inclusion levels with vitamin E [a-tocopheryl acetate (200
mg/kg)] in a corn-soybean basal diet. They reported that grape
pomace was able to increase the anti-oxidative capacity of the
administered diets, birds” excreta, and meat during storage, with
the latter having a higher oxidative stability at the highest pomace
inclusion level. Additionally, these authors (Goni et al., 2007)
found that liver vitamin E concentrations were significantly high
to warrant the consideration of alternatively using grape pomace
flavonoids to increase vitamin E in chicken which could reduce
costs associated with this vitamin in diet.

POLYPHENOLS ABSORPTION,
TRANSPORT, AND BIOAVAILABILITY

While absorption and transport of Polyphenols in gut is a
controversial topic, recent studies conducted in human subjects
have shown that once ingested into the gut, about 5 to 10 per
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cent of the monomeric and dimeric polyphenols are absorbed
by passive diffusion into the enterocytes (Corréa et al., 2019).
Upon this absorption, the aglycones are bio-transformed in the
enterocytes and also in the liver hepatocytes with the resultant
metabolites distributed to various organs in the body before
excretion in the urine. The more complex and larger polyphenols
(oligomeric and polymeric such as tannins) reach the large
intestine where they are degraded by some microbes resulting
in generation of less complex compounds. The gut microbial
transformation of these polymeric structures include C-ring
cleavage, demethylation, decarboxylation, and dihydroxylation
(Corréa et al., 2019). Whilst still in the gut, the above bioactive
or bio-transformed compounds exert their effects based on many
factors where bioavailability and absorbability stand on the top
of such factors. This bioavailability of polyphenols is influenced
by many physicochemical factors such as polarity, molecular
mass, type of polyphenols present and their digestibility by
the gut enzymes and in turn their absorption (Ozdal et al,
2016). Bio-accessible nutrients are defined as the fraction that is
released from the food matrix into the bloodstream. According
to Parada and Aguilera (2007) this part of the nutrients reaching
the bloodstream is more important than the total amount
of nutrients excreted. Furthermore, many beneficial bioactive
compounds are present in biological forms that are usually not
fully available hence a disruption of the food matrix (and the
structures holding such food/feed components) to make them
more accessible is a must.

The role of enzymes in enhancing nutrient’s bio-accessibility
becomes a critical aspect during the in vivo digestion and
plays a key role in the bioavailability of numerous pomace
bioactives. As the major bioactive compounds found in pomaces
(such as those of cranberry, blueberry, apple and grape) are
polyphenols described as large heterogeneous molecules with
a distinguishing hydroxylated phenyl moiety (Ozdal et al,
2016); this review will focus briefly on their digestion and
absorption. Scalbert and Williamson (2000) reported that many
polyphenols pass through the gastrointestinal system without
being absorbed to end up in the hindgut to be bio-transformed by
colonic microbiota into different metabolites. These metabolites
engineer a symbiotic relationship within the gut leading to the
inhibition of pathogenic microbial populations while supporting
beneficial bacterial proliferation and ameliorating the host's
health. The microflora living in this symbiotic relationship with
the polyphenols are mainly bacteria, archaea and eukaryotes
(Williamson and Clifford, 2010). Researchers postulated that the
three main genera of bacteria that form about 90% of the gut
bacterial microflora of chicken are Bacteroides, Clostridium and
Eubacterium while genera of Fusobacterium, Peptostreptococcus,
and Bifidobacterium being fewer but of significant importance
(Igbal et al., 2020).

Many of the functional and antimicrobial compounds
identified in pomaces (such as resveratrol for example) were
subjected to stability studies in the past and their fate was
tracked during numerous processing steps (Bertelli et al., 1998).
As mentioned above, about 5 to 10% of polyphenols are
absorbed in the small intestine (Manach et al., 2005; Faria et al.,
2014).

In terms of their nature and structures, polyphenols can
be categorized into two groups: flavonoids and non-flavonoids
phenolics. The structure of flavonoids consists of two benzene
rings (A and B), linked together by a heterogeneous pyrone C ring
(Figure 3). This group contains compounds such as flavonols,
flavones, flavanones, flavone C-glycosides, isoflavones, flavanols,
and anthocyanins. These phenolics have very varied structural
differences, which influence their metabolism, interaction with
gut microbiota, absorption, and assimilation (Silva Soares et al.,
2018). In comparison, the non-flavonoid phenolics are more
heterogeneous in nature and extend in structure from the simple
benzoic acid to more complex compounds such as tannins and
lignans (Wu et al., 2009; Ozdal et al., 2016). The latter group
encompasses compounds such as phenolic acids, stilbenes, and
lignans, which are reported in abundance in cranberries and
grapes pomaces. Resveratrol is an example of a stilbenoid that is
of great importance in gut health, as it is bio-transformed by gut
microbiota to dihydroresveratrol, 3,4'-dihydroxy-trans-stilbene,
and 3,4’-dihydroxybibenzyl (lunularin) (Bode et al., 2013).

In the hindgut the majority of biotransformation
products from polyphenolics include: benzoic acids (Ce-
C1), protocatechuic acid, phenylacetic acids (C6-C2), and
3-(3’-hydroxyphenyl)-propionic acid; which are easily absorbed
into blood, taken to tissues, and thereafter excreted via the
kidneys (Williamson and Clifford, 2010). Table 1 shows various
bio-transformed metabolites of some of the most common
flavonoids and non-flavonoid-type phenolics found in pomaces.

The catabolism of pomace bioactives is dependent on
the host’s enzymatic systems and colonic microflora. Bound
polyphenols are usually released from the food/feed matrixes.
After absorption and uptake in the liver, aglycones and glucosides
become conjugated through glucuronidation and sulphation
processes and part is returned to the small intestine (Chen et al.,
2018). The portion of the polyphenols reaching the colon will
be de-conjugated by microbial enzymes such as glucuronidases
and sulphatases. This enables the re-uptake or catabolism
of the aglycones and glucosides into simple compounds
such as hydroxyphenylacetic acids (flavonols), hydroxyphenyl-
propionic acids (flavones and flavanones), phenylvalerolactones,
and hydroxyphenylpropionic acids (flavanols) (Ozdal et al.,
2016). Figure4 shows the fate of two flavonoids: flavone
C-monoglucosides and flavone C-multiglycosides, where the
former is de-glycosylated into smaller metabolites and then
excreted via the colon, while the latter is absorbed in
the small intestine and either re-circulated via the liver
or excreted via the kidneys. Other processes in which
polyphenols are bio-transformed by gut microflora include
deglycosylations, esterifications, methylations, hydrolysis and
hydroxylation reactions (Chedea et al., 2018).

CURRENT /N VITRO POMACE
ENHANCEMENT APPROACHES

Enzymatic digestions and/or microbial fermentations introduce
fundamental changes in pomace chemical composition, physical
structure, or both. Many recent studies have investigated such
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FIGURE 3 | The diverse structure and classification of major plant flavonoids:
(A) flavan nucleus; (B) 4-oxo-flavonoid nucleus; (C) anthocyanidins; (D)
flavones; (E) flavonols; (F) flavanones; and (G) isoflavones. The presented
polyphenols within the mentioned figure are simplified, but show the
complexity and diversity of major plant flavonoids. More in-depth depiction of
polyphenols was published most recently (Hassan et al., 2019).

changes trying to evaluate the final products and tracking specific
compounds throughout the entire valorization process. Various
factors (including the fruit variety, vintage, and processing
techniques) influence the enzyme- and fermentation-induced
changes and the overlap between these factors is substantial.

Apple Pomace

The high carbohydrates contents of certain pomaces (such
as apple pomace) aids in incorporating them as fermentation
substrates in multiple microbial processes for the production
of useful bio-compounds such as organic acids, enzymes,
ethanol, pigments, and single-cell proteins. Recently, the biomass
degradation efficiency of an enzymes-mix targeting apple pomace
was demonstrated at 20-30% solid loading with desirable
digestion and fermentation end-products of glucose, fructose,
and ethanol; respectively (Magyar et al., 2016). Similarly,
another study compared the effects of acetic acid and pectinase
pre-treatments with cellulase prior to apple pomace at 10%
hydrolysis resulted in the highest pectin and fermentable sugar
yields (Luo and Xu, 2020). Another study reported that the
enzymatic hydrolysis of apple pomace can be optimized at

room temperature using un-buffered systems with maximum
production of galacturonic acid, glucose, arabinose and galactose
achieved through treating apple pomace with Novozyme,
Viscozyme and Celluclast (Gama et al., 2015).

In a recent study, pectin extraction from apple pomace
with endo-xylanase and endo-cellulase enzymes resulted in
19.8 and 15% extraction efficiency, respectively, when enzymes
were used individually whereas the utilization of both enzymes
simultaneously led to lower pectin mass and extraction
efficiencies. The study also reported that the pectin extracted with
different enzymes have varying mass and chemical composition
(Wikiera et al, 2016). Finally, apple pomace was used as
a substrate for the production of multiple carbohydrases by
utilizing the brown rot fungus Rhizopus delemar F2 in solid-state
fermentations (SSF). Higher yields of cellulose (18.20U g—1),
xylanase (158.30 U g—1), pectinase (61.50 U g—1), and amylase
(21.03U g—1) were achieved when a microwave pre-treatment
was coupled with SSF of apple pomace (Pathania et al., 2018).

Grape Pomace

One recent study reported the fate of polyphenolics in
grape skins and seeds after a fermentative maceration step
(Guaita and Bosso, 2019). Polyphenolics composition of skins,
seeds and pomaces from four fresh grapes varieties namely
Albarossa, Barbera, Nebbiolo, and Uvalino were investigated
after the fermentative maceration. Despite a varietal dependent
polyphenolics composition, the differences between cultivars
in the polyphenolic profile disappeared after the fermentative
maceration (Guaita and Bosso, 2019). Grape pomace was used
recently as a fermentation and growth substrate in the cultivation
of two Pleurotus ostreatus and P. pulmonarius to study the
influence of different fermentation modes on the consumption
of phenolic compounds, the production of mycelial mass and
enzymes. Maximum biomass values (~0.5 g/g) were obtained
within the submerged cultures while laccase (a polyphenol
oxidase belonging to the blue oxidase family and one of the
important lignocellulolytic enzyme) production was induced in
solid-state fermentations (26.247 U/g). Both P. ostreatus and P.
pulmonarius strains were able to degrade up to 79% of the total
phenolic content, regardless the fermentation/culture conditions
(Papadaki et al., 2019). From the three enzymes used in the
above study, Novoferm was reported to induce the strongest
effect on phenolics release from grape waste, followed by Pectinex
Ultra and Celluclast. Similarly, both cellulase and gluco-amylase
were used to extract polyphenols from grape pomace. The
addition of cellulase increased the total polyphenolic contents
to 41.05 £ 1.07mg ChAE/g, with the optimal concentration
being around 0.25 mg/mL, whereas the addition of gluco-
amylase exhibited little effect (Kabir et al, 2015). A water-
soluble extract containing high polyphenol contents (12%),
peptides, carbohydrates, and lipids was obtained from grape
pomace using an endo-protease mixture at 20% solid loading.
This extract exhibited anti-inflammatory properties in vitro as
it decreased pro-inflammatory factors and inhibited excessive
microglial activation (Rodriguez-Morgado et al, 2015). In a
recent study, the ultra sonication with 0.5M KOH combined
with a mixed enzymes treatment provided the highest lignin
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TABLE 1 | A shortlist of the most encountered pomace active compounds and their fate within the digestive system.

Flavonoids Compound Metabolites References
Flavonols Quercetin 2-(3,4-dihydroxyphenyl)acetic acid, 2-(3-hydroxyphenyl)acetic Rechner et al., 2004
Phloroglucinol acid, and 3,4-dihydroxybenzoic acid

Flavones and
Flavanones

Flavone C-
Glycoside

Flavanols

Anthocyanins

Lignans

Stilbenes
Phenolic acids

Myricetin trinydroxylation

Rutinosides
(6-O-a-I-rhamnosyl-d-glucosides)
Neohesperidosides
(2-O-a-I-rhamnosyl-d-glucosides)
Orientin

Catechin and epicatechin

Cyanidin

Delphinidin

Pinoresinol
Secoisolariciresinol
trans-Resveratrol
Hydroxycinnamate ferulic acid

3-(3,4-dihydroxyphenyl)propionic acid, and
3-(3-hydroxyphenyl)propionic acid
2-(3,5-dihydroxyphenyl)acetic acid, 2-(3-hydroxyphenyl)acetic
acid, and 2-(3,4,5-trinydroxyphenyl)acetic acid

3-(3,4-dihydroxyphenyl)propionic acid
3-(3,4-dihydroxyphenyl)propionic acid

Phloroglucinol

5-(3',4’-dihydroxyphenyl)-y-valerolactone,
3-(3-hydroxyphenyl)propionic acid, and

3-hydroxyhippuric acid, 5-(3'-hydroxyphenyl)-y-valerolactone
Protocatechuic acid

Gallic acid

Enterolactone and enterodiol

Dihydroresveratrol, 3,4’ -dihydroxy-trans-stilbene
3-(3'-hydroxyphenyl)propionic acid

Rechner et al., 2004

Zhang et al., 2007

Déprez et al., 2000; Rios
etal., 2003

Williamson and Clifford,
2010

Bowey et al., 2003

Folmer et al., 2014
Andreasen et al., 2001

degradation activity with a yield of 13% along with the release
of many commercially-important polyphenols in substantial
amounts (Karpe et al., 2017). Similarly, polyphenolic compounds
of wet and dried red grape pomace (Vitis vinifera L.) were
extracted utilizing refined enzymatic digestions with a celluclast
enzyme providing the highest yield of extracted polyphenols
(Ferri et al., 2016).

The solid-state fermentation (SSF) seems to be preferred
because of the high concentration and stability of the obtained
products, its low operational costs, and the low catabolic
repression of involved microbes (Holker and Lenz, 2005). An
extraction of grape pomace, where the commercial enzymes
Cellubrix, Neutrase, and Viscozyme were used in combination,
resulted in a 20-45% increase in the yields of soluble solids
and 25-65% increase in phenols. Maximum phenolic yields were
achieved by treating distilled Cabernet Sauvignon pomace with
30 g/kg of the enzyme mixture (Costoya et al., 2010). A different
study investigated the production of hydrolytic enzymes through
SSF by a mutant strain Aspergillus niger 3T5B8 using grape
pomace and wheat bran combinations or solely wheat bran. The
addition of grape pomace resulted in more diverse fermentation
compounds with a higher proanthocyanidins content and higher
antioxidant potential (Teles et al., 2019).

Berry Pomace

An aqueous enzyme-assisted (carbohydrases and proteases)
extraction procedure to recover lipophilic compounds
(essential fatty acids, tocols, phytosterols, and ellagitannins)
and polyphenols from raspberry (Rubus idaeus L.) was developed
(Ferri et al,, 2016). Under the reported optimized conditions
[1.2 units of thermostable alkaline protease, pH 9, 60°C, and 2h

hydrolysis], more than 38% of the total lipophilic content was
recovered within the aqueous phase. The recovery of polyphenols
and antioxidant activity was 48 and 25%, respectively, and higher
than the ones obtained through extractions with a methanol-
acetone-water mixture (Saad et al., 2019). The outcomes of the
above experiments showed the possibility of using enzymes to
overcome the drawbacks of organic solvent use for bioactive
polyphenols recovery and the ability of developing eco-friendly
and cost-effective alternatives to recover such compounds (Saad
et al,, 2019). Furthermore, using enzymes presents an economic
feasibility compared to more safe extraction procedures such
as supercritical carbon dioxide. Studies compared the use of
pressurized liquid extractions with supercritical carbon dioxide
to enzymatic assisted extractions from solid state fermentation in
recovering bio-functional compounds from blackberry pomace
(Kitryte et al., 2020). The consecutively applied treatments at
optimized parameters yielded lipophilic fractions containing
polyunsaturated fatty acids (linoleic 64.1%, a-linolenic 12.9%)
while recovering up to 29.1mg gallic acid and 168.7 mg
Trolox equivalents from pomace antioxidants. This study also
demonstrated that enzyme-assisted extractions (a commercial
multi-enzymes complex, Viscozyme L, with a strong pectolytic
activity and a wide range of carbohydrases, including arabanase,
cellulase, B-glucanase, hemicellulase, and xylanase) could recover
more valuable pomace constituents compared to solvent-based
extractions as evidenced by a significantly lower quantities
(0.5-0.7 mg/g) of anthocyanins obtained in the solvent-based
extraction systems (Kitryte et al., 2020). Moreover, as pomace
particle size decreases from 500 to 1,000 um to <125 pm, the
yield of phenolic compounds increased by 1.6 to 5 times (Landbo
and Meyer, 2001).
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FIGURE 4 | Biotransformation of flavone C-monoglucosides and flavone
C-multiglycosides into different flavonoid aglycones, monomers and dimers in
various organs and tissues, and their subsequent excretion. The depicted
pathway though simpilified, does not reflect the complexity of polyphenols
absorption, transport, and bioavailability.

Orange and Tomato Pomace

The production of pectinases by Aspergillus niger was facilitated
by SSF with orange pomace substrate. The maximum activity
of pectinases produced occurred at 45-55°C and the maximum
enzyme productivity occurred at 70% moisture content and
a C/N ratio of 10 (Mahmoodi et al., 2017). The production
of laccase, xylanase and protease were achieved through SSF
on tomato pomace with white-rot fungi P. ostreatus and
Trametes versicolor. Significant laccase and protease activities
were detected: up to 36 U g—1 and 34,000U g/1 dry matter,
respectively (Iandolo et al., 2011). Using orange pomace as
substrate in the process of SSE Paecilomyces variotii was able to
produce tannase and phytase simultaneously. High tannase and
phytase activities being 5,000 U/gds after 96h and 350 U/gds
after 72 h, respectively were obtained. In addition, the antioxidant
capacity of orange pomace increased around ten-fold as a result
of SSF (Madeira et al., 2012).

In essence, laboratory experiments definitely show promising
outcomes and strong justification for using enzymes and/or
fermentation to enhance the extraction efficiency of polyphenols
from pomace. More examples are listed in Table 2; Figure 5
(Sunna and Antranikian, 1997) as reviewed in below sections
dealing with the in vivo models of pomace usage in combination
with enzyme(s) supplementation for animal feeding applications.

Finally, the use of enzymes should be evaluated individually
and case by case based on the desired final product(s) as well
as the surrounding factors of the treatment (such as berry
composition for example). In a separate study, the effect of
enzyme-treatments before juice pressing on the anthocyanin
composition of Aronia melanocarpa (black chokeberry) pomace
was evaluated. Cold maceration of frozen berries with no enzyme
showed the highest concentrations of anthocyanin in pomace
(Vagiri and Jensen, 2017). Similarly, no effect was observed
with direct enzyme addition to anaerobic digestion of olive
pomace in order to enhance methane production; however,
methane production increased 71% compared to the control
after a pre-treatment of enzymatic maceration (Donoso-Bravo
et al.,, 2016). Later and after optimization, using immobilized
laccase on porous nanocomposite of Fe304@SiO2@KIT-6 for
delignification and phenol extraction generated a degradation
rate of lignin and phenol of 77.3 and 76.5%, respectively (Amin
etal., 2018).

THE IN VIVO UTILIZATION OF
ENZYMATIC-ENHANCEMENT SYSTEMS

Enzymes are ubiquitous catalysts of biochemical reactions and
pathways (Bourlieu et al., 2020). The exogenous enzymes used
in the animal industry are biotechnological products derived
from microorganisms such as bacteria and fungi; together with
the endogenous microbial enzymes they degrade the cell walls
of ingested feed to release nutrients/bioactives (Bedford and
Schulze, 1998; Slominski, 2011; Kiarie et al., 2013). Apart from
their help in enzymatic degradation of feed, the hindgut microbes
are also an important source of vitamins as well as acting as a
biological deterrent to the growth and colonization of the gut by
pathogenic bacteria (Coates, 1987).

Poultry Production

Enzymes in poultry diet have been used to increase nutrients
utilization and improve digestibility (Kiarie et al., 2014, 2015a,
2017; Gallardo et al, 2017; Sanchez et al, 2019). They
influence the absorption of nutrients and produce nutrients for
specific bacterial populations through their actions (Bedford and
Cowieson, 2012; Kiarie et al., 2013, 2019). The classes of enzymes
commonly used in poultry include phytase, carbohydrases
(xylanase, cellulase, a-galactosidase, B-mannanase, a-amylase,
and pectinase), and proteases (Kiarie et al., 2013). It has been
reported that enzymes such as xylanase which is well-accepted
in poultry diets, especially those containing wheat, can reduce
digesta viscosity, increase nutrient digestion and passage rate,
and modify gut microbiota in broilers (Nian et al, 2011;
Kiarie et al., 2014, 2017; Munyaka et al., 2016). As shown in
Figure 5, a heteroxylan polysaccharide would not have all its
various xylosidic or side-chain substrates’ linkages accessible to
the xylan degradaing enzymes. Thus, specific xylanase enzyme
such as xylosidase, glucoronidase, endoxylanase, acetyl xylan
esterase and arabinofuranosidase are required. Moreover, these
enzymes work in a synergistic way allowing the hydrolytic
action of Acetyl xylan esterase in the same heteroxylan to
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TABLE 2 | Examples of exogenous enzymes used to enhance fruit s pomaces’ quality as animal feed additives.

Enzyme Class Pomace Activity/ Suggested Host Outcomes References
Target(s) concentration
Viscozyme® L Hydrolase  Grape (Vitis Valorize grape 100 g/kg of Aspergillus sp. Ameliorated anti-nutritional Kumanda et al.,
(cellulolyticmixture) vinifera var. pomace pomace; 1 g/kg effects of tannins and fiber 2019
Shiraz) of enzyme
pomace
Avizyme® 1,505 Hydrolase  Grape (Vitis Hydrolyze the 5% of pomace; Xylanase: Trichoderma Reduced the digestibility of ~ Lima et al., 2014
(enzyme complex) vinifera var. polymeric 500 ppm of reesei ATCC 5588 subtilisin:  total polyphenols and
and tannin acyl Cencibel) structures enzyme Bacillus subtilis ATCC 2107 protein; promoted a lower
hydrolase pomace into smaller amylase: B. digestibility of the
catechins amyloliquefaciens ATCC monomeric and dimeric
3978. catechins
Avizyme® 1,505 Hydrolase  Grape (Vitis Improve the 5% of pomace; xylanase: Trichoderma Increased the amount of Chamorro et al.,
(enzyme complex) vinifera var. extraction of 500 mg/kg of reesei ATCC 5588 subtilisin:  total polyphenol released in -~ 2015
and tannin acyl Cencibel) phenols enzyme complex,  B. subtilis ATCC 2107 intestine; did not improve
hydrolase pomace 500 mg/kg of amylase: B. the stability to meat lipid
tannase amyloliquefaciens ATCC oxidation
3978
Avizyme® 1,502 Hydrolase  Dried tomato  Increase 309 of pomace; Reduced the loss of dry Mansoori et al.,
pomace digestibility of ~ 20mg of enzyme matter, nitrogen and energy 2008
pomace from broiler cockerels;

improved the coefficient of
total tract apparent
digestibility of dry matter,
nitrogen and metabolizable
energy values of dried
tomato pomace

release of acetic acid, which in turn improves the accessibility
of the xylan polysaccharide to endoxylanase (Wong et al., 1988;
Sunna and Antranikian, 1997). Proteases release amino acids
while improving gut development of broilers, increase their
bodyweight and improve feed efficiency (Wang et al., 2016).
These authors also reported that broilers fed carbohydrases
showed a decreased ileal C. perfringens of 15-day-old broilers,
higher levels of plasma zeaxanthin at d 22 and higher levels of
plasma lutein at d 15 and 22 (Wang et al., 2016).

Slominski (2011) suggested that the main action of enzymes,
specifically carbohydrases, is breaking down of high molecular
weight polysaccharides into monosaccharides, oligosaccharides
and low molecular weight polysaccharides. Exogenous enzymes
such as phytases (Bedford and Cowieson, 2012) and proteases
(Cowieson and Roos, 2016) have been shown to have beneficial
effects on the integrity of the gastro-intestinal system by
improving the integrity of intestinal mucin and enterocyte tight
junctions integrity as well as by reducing inflammatory activities
in the gut, and undigested substrates that could in turn become
substrates for pathogenic bacteria and thus improving the general
and gut health of the bird. Microbial enzymes have similar
beneficial effects of synthesis of short chain fatty acids for energy
utilization, protein breakdown and immune support (Bedford
and Cowieson, 2012; Kiarie et al., 2013). However, the challenge
with microbes is in maintaining a balance between beneficial
and pathogenic microflora populations. Thus, this balance could
be achieved by the use of exogenous enzymes for in vivo
uniform movement of substrate(s) from the fore gut to the hind

gut (Kiarie et al, 2013; Cowieson and Kluenter, 2019). The
modalities in which exogenous enzymes have an effect in vivo
on digestive health, immunological health, physiological health
and microbiological health has been well-described. In terms of
digestive health, Cowieson and Kluenter (2019) indicated that
it is not important to use exogenous enzymes in very young
broiler chicks as a way to improve nutrient utilization because
their intestine accounts for a bigger proportion of their body
mass and their body mass is not too demanding physiologically-
speaking from the intestine; but this changes after day 14 when
the birds are growing bigger and the intestine and pancreatic
tissue diminish in proportion to the metabolic weight. When it
comes to physiological health, Cowieson and Kluenter (2019)
highlighted the importance of the physical well-being of the
intestine, with regard to the integrity of the enterocytes, villi
length and brush border integrity, mucin production and also
microbial stability. Cowieson et al. (2004) demonstrated that
phytase in the diet reduced the loss of sialic acid, a mucoprotein
component, that is exacerbated by ingestion of feed rich in
phytic acid, and thus phytase degraded the phytate and prevent
this loss. Further research by Fernandez et al. (2000) showed
that the addition of xylanase to wheat based diets of broilers
also increased the production of sulfates mucins, reduced the
numbers of Campylobacter jejuni in the ceca while increasing
the digestibility of ingested nutrients along with reducing the
loss of proteins by interfering with the endogenous protein flow.
Table 3 lists examples of well-established usages of natural and
recombinant enzymes in the feed industry.
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FIGURE 5 | Degradation of xylan polyssacharide and xylooligosaccharide to
produce a-arabinofuranose, a-glucuronic acids among other acetyl groups
(Wong et al., 1988): (A) Xylan degradation by xylanolitic enzymes to produce
a-arabinofuranose and a-glucuronic acid, (B) B-xylosidase enzyme
hydrolytically degrading a xylooligosaccharide.

Exogenous enzymes in broiler diets can induce shift of the site
of digestion from the posterior to more proximal sections of the
gut (Bedford and Cowieson, 2012), resulting in what is termed as
the “starvation of the hind gut microbes” from getting important
substrates. With reduced substrates for beneficial microbes to
metabolize, their proliferation and population reduces, and this
puts the colon and large intestine at the risk of proliferation of
pathogenic microflora. Addition of xylanase to wheat and maize
based broiler diets leads to production of xylo-oligomers, which
are more readily fermentable in the posterior gut (Kiarie et al.,
2009a, 2014, 2017; Singh et al., 2012). These xylo-oligomers are
thought to influence the release of the hormone peptide YY,
which is involved in bowel movement and increase the residence
time of ingesta to be acted upon by microflora. Moreover, and in
addition to the above activities, enzymes such as lysozymes cleave
the bond between N-acetylglucosamine and N-acetylmuramic
acid of the peptidoglycan in the bacterial cell wall, leading to
bacterial death (Cowieson and Kluenter, 2019). Lysosomes are
thought to be important host’s antibacterial defense factors.

Lastly, with regard to the immunological considerations,
enzymes alter the microbiome which in turn influences the
host immunity, intestinal integrity and development (Bedford

and Cowieson, 2012). For example, xylanase was shown to
have a substantial effect in mucin production, increasing the
density of goblet cells, and phytase aided reduction of sialic
acid loss. Non-starch polysaccharide (NSP) degrading enzymes
(NSPases) have been shown to increase mucin production in
poultry (Fernandez et al., 2000). Products that elicit enzymatic
activities, such as mannan-oligosaccharide derived from yeast cell
walls, have been shown to directly influence the immune systems
of production birds by activating mononuclear cells (such as
macrophages). Dietary mannan-oligosaccharides was reported to
increase the humoral response in poultry, following vaccination
against Newcastle disease virus and Gumboro (Oliveira et al.,
2009).

Swine Production

Generally, the benefits of using exogenous feed enzymes have
not been profound in swine compared to poultry due to various
differences between these two species. These differences include
gastrointestinal anatomy, characteristics of digesta, the digestive
capacity, the chemical environment of the gut, and transit time
in the gut (Ravindran and Son, 2011; Owusu-Asiedu et al., 2012;
Kiarie et al., 2013, 2016a; Ndou et al., 2015; Walsh et al., 2016;
Rho et al., 2018).

With pigs having a longer intestinal length, the ingesta have
a longer mean retention time (MRT) of 4-6 h and the nutrients
are better extracted. This differs with poultry, which have shorter
gut, and hence have shorter MRT of about 30 min to an hour
in the gizzard and small intestine, respectively (Ravindran and
Son, 2011). Additionally, pigs consume lots of water during
feeding improving thus, the viscosity of the digesta, especially
from NSP diets like wheat, barley and rye. In contrast, poultry,
whether, broilers, layers or turkeys, have a crop where-in the
exogenous enzyme will become activated before it reaches the
more acidic sections of the gut (Dierick, 1994). The exogenous
enzyme’s optimal pH value determines whether the enzyme can
work in less acidic conditions like the crop or more acidic
conditions in the proventriculus and further down the gut. The
longer MRT in pigs and their large colon and caecum provide
for a higher proliferation of bacteria in these gut regions and
translates to better opportunities for microbial fermentation of
fibers to produce volatile fatty acids than in poultry. Nonetheless,
at the foregut, the proliferation of pathogenic bacteria may cause
disturbances in the animal and potentially a state of disease. This
large proliferation of gut microbiota is sometimes touted as a
reason for lesser exogenous enzyme action in swine, compared to
poultry. Nonetheless, the use of exogenous enzymes have shown
better performance results in young pigs with various studies
(Sudendey and Kamphues, 1995; Kiarie, 2008; Kiarie et al., 2008a,
2009a,b, 2015b; Agyekum et al., 2015) showing the effects of the
enzymes in reducing the negative effects of viscosity in wheat and
barley based diets. Xylanases are the predominant enzymes used
in these diets due to the fact that the main NSPs found in wheat
and barley are the arabinoxylans.

Mechanisms behind the efficacy of exogenous enzymes used
in swine is complex and need to be established. Several factors
related to these complexities include the potential of enzymes
to change gut microflora, enzyme combinations and sources of
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TABLE 3 | Examples of well-established natural and recombinant enzymes used in the feed industry.

Enzyme' Activity/Target(s) Suggested Host Target Outcomes References
concentration animal
Xylanase 50,316 Hydrolyze the glycosidic linkages 2,000 Pseudomonas Swine, Increase nutrient digestibility Van Dorn et al.,
(VR0O7) of xylans in feed mg/kg/day fluorescens Broiler 2018
BD50316
Phytase 50,104 Hydrolyze phytic acid to release 2,000 P, fluorescens Swine, Increase digestibility of phytate Krygier et al.,
(VR0OO03) phosphate mg/kg/day Broiler 2014
Xylanase Hydrolyze the glycosidic linkages 10 1U/g B. subtilis Swine, Enhance liberation of reducing Alokika and
of xylans in feed subsp.subtilis Broiler sugars Singh, 2018
JJBS250
Xylanase Release xylooligosaccharides from 1,200 IU/kg Hericium Swine, Reduce pathogenic infection of Zhang et al.,
xylan caputmedusae Broiler broilers 2018
Ronozyme WX Degrade arabinoxylans 200 FXU/kg Aspergillus Swine Increase sow feed intake and Zhou et al., 2018
(xylanase) oryzae nutrient digestibility
Endofeed W Reduce non-starch saccharides 500 mg/kg Aspergillus niger  Broiler Increased the efficiency of energy ~ Nourmohammadi
(xylanase) (NSPs) utilization for protein et al., 2018
B-glucanase; Degrade B-glucans 0.1 g/kg Trichoderma Swine No effect on digestive health and Clarke et al.,
B-xylanase reesel animal performance 2018
6-phytase Hydrolyze phytic acid to release 4,000 U’kg Aspergillus Broiler Improve P digestibility and Pekel et al.,
phosphate oryzae retention of low P diets 2016
endo-1,4-B- Degrade soluble and insoluble 800 U/kg Broiler No effect on growth performance;
xylanase xylans increased ileal digestible energy,
Ca and P retention
endo-1,4-- Hydrolyze non-starch saccharides 1,875, —5625 Trichoderma Broiler Decreased ileal digesta viscosity, Liu and Kim,
xylanase (NSPs) and influence intestinal XU/kg citrinoviride improved apparent ileal 2017

microbial composition

digestibility of nutrients and
microflora balance; reduced odor

1Al listed enzymes belong to the hydrolase class.

feed. It is also very critical to understand the role of enzymes in
gut physiology and its influence on the chemical and hormonal
aspects of the gut (Dierick and Decuypere, 1996; Kiarie et al.,
2013, 2016a; Agyekum et al., 2016).

THE PHYSIOLOGICAL CAPACITY OF
POMACES-DEGRADING ENZYMES TO
SUPPORT ANIMAL PRODUCTION

Characterization of fruit pomaces that are destined for
animal feeding applications is important due to the varying
compositions of such additives. For example, characterized
cranberry and blueberry pomaces are usually reported with
total carbohydrate contents of 88.78 and 84.91%, respectively
(Ross et al., 2017). Similarly, apple pomaces have carbohydrate
contents of 84.7%, of which 5.6% is starch on average (Perussello
et al, 2017) and encompassing dietary fibers, hemicellulose
and pectins.

Complex polysaccharides within the pomace need to be
solubilized in the hindgut for proper fermentation, which results
in the production of short chain fatty acids that increase energy
utilization in the animal. Breaking down carbohydrate-protein
bonds in pomaces is also vital to improve amino acid availability
for absorption/utilization by the animal. Furthermore, when the
NSP are enzymatically hydrolyzed in the hindgut, it results in

prebiotic products that ameliorate gut health in chickens and
pigs (Kiarie and Nyachoti, 2008; Kiarie et al., 2008b, 2009b,
2010; Slominski, 2011). Some feed components such as pectins,
heteropolysaccharides that are composed of galacturonic acid
and methoxyl esters, does also interact and bind some of the
polyphenols that are found in apple pomace.

Poultry
In formulating pomace-based poultry diets, the pomace
ingredients would be formulated together with other ingredients
such as corn, soybean meal and wheat that could result
in an increase in the NSPs. In the grains, the main NSPs
are cellulose and non-cellulosic polysaccharides. In corn,
the NSPs are comprised of non-cellulosic polysaccharides
such as arabinoxylans and B-glucans; in soybean it consists
of arabinans, arabinogalactans, galactans, galactomannans,
mannans, and pectic polysaccharides and in wheat the non-
cellulosic polysaccharides are more water soluble and viscous
B-glucans and arabinoxylans that are notorious for making
ingesta doughy and for interfering with digesta movement
(Slominski, 2011). This creates problems of sticky fecal
droppings in poultry housings and also the impeded digesta does
have an effect in reducing the performance and health of the
birds (Graham and Aman, 1991).

Therefore, this necessitates the use of NSP degrading-enzymes
such as p-glucanases and xylanases, which would aid in better
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energy and protein utilization of the birds. Due to the complexity
of the different NSPs in the diet derived from the varied
feed ingredients including pomace, the best approach would
be to use a cocktail of multi-carbohydrase enzymes that would
induce a better cell-wall breakdown and hydrolysis of the NSPs.
The use of multi-carbohydrase enzymes with canola meal has
been shown to improve nutrient and energy utilization and
fiber (NSP) solubilization for effective hind gut fermentation
in broiler chicks (Gallardo et al., 2017). This breakdown is
associated with degradation of the anti-nutritive factors in feed
(Kiarie et al., 2016b) and according to Slominski (2011) it also
leads to the release of starch, fats, proteins and minerals hence
improves energy utilization. The use of a cock-tail of enzymes
instead of a single pure enzyme(s) is beneficial for pomaces
since pomaces are structurally complex and the nutrients and
bio-phenols in these pomaces may not exist in simple entities
but rather as complexes of proteins, fats, carbohydrates and
fibers (Ravindran, 2013). Various studies of using enzymes in
poultry feed (Karimi et al., 2013; Gallardo et al., 2017) showed
the beneficial effects of their use. Table4 shows the growth
performance of broiler chickens and turkeys that were fed corn-
soybean meal-based diets supplemented with different cocktail
of enzymes.

In broilers, studies in the past three decades showed
that this disruption of cell-wall matrix and release of
encapsulated nutrients greatly leads to the improvement of
growth performance of birds and some researchers including
Acamovic (2001) have suggested that NSPs from wheat could
act as a physical entrapment that prevent or slow down
the endogenous enzymes to reach their substrates. Other
experiments showed that the intact NSPs cell walls when
tracked microscopically encapsulated starch, and that the
use of NSP-depolymerizing enzymes released these nutrients

for absorption and utilization by birds (Bedford and Autio,
1996).

The efficacy of multiple multi-carbohydrase enzymes to
improve nutrient utilization and growth performance in broilers
was determined (Meng et al., 2005). Using wheat, soybean meal,
canola meal and peas as substrates, the authors showed that
the body weight gain of birds reared on enzyme-supplemented
diets was higher than in control diets. The combination of
enzymes C+P+XG+MC produced the highest improvement in
the broilers specific parameters: 4%, 9%, 144kcal/kg, 8%, and 8
units for starch and protein digestibility, apparent metabolizable
energy, weight gain, and feed-to-gain ratio, respectively (Meng
et al., 2005).

Swine

As is with the poultry diets, pigs are fed mainly grain-based
diets around the world making therefore, carbohydrase enzymes
pivotal in swine production. The viscosity of digesta again
comes up since these cereal-based diets contain high molecular
weight and soluble NSPs, which have a negative effect on
the digesta movement. It was demonstrated that digesta dry
matter flows of piglets and growers, from the fore stomachs
to the hind stomach were significantly increased in diets with
added exogenous enzymes amylase, § glucanase and xylanase,
due to a reduction of viscosity (Sudendey and Kamphues,
1995).

Exogenous enzymes have also been suggested to influence or
stimulate feed intake in piglets, which could contribute to higher
daily live weight gains than diets without enzymes (Haberer et al.,
1997).

It has been reported that exogenous xylanases break
down fermentable cecal substrates in the pigs hind
gut leading to products that influence enteroglucagon

TABLE 4 | Growth performance of broiler chickens and turkeys fed corn-soybean meal based diets with or without different cocktail of enzymes [adapted from Slominski

(2011)).
Enzyme preparations Trial length (days) Bodyweight gain (g/bird per day) Feed conversion ratio (g of References
feed/g of gain)
PC' NC2 NC + enzyme PC! NC? NC + enzyme

Broilers:

Xylanase—B-glucanase 1-42 791 79.2 79.1 1.602  1.65° 1.582 Cowieson et al., 2010

Xylanase—B-glucanase 1-42 58.6 58.2 58.1 1.87 1.87 1.88 West et al., 2007

Xylanase—amylase—protease 1-38 52.4 505 51.7 1.73 1.80 1.79 Yu et al., 2007

Xylanase-amylase—protease 1-21 329 314 33.6 1.38 1.48 1.40 Cowieson and
Ravindran, 2008

Turkeys:

Xylanase—amylase—protease 1-56 90.2 904 91.3 1.87 1.89 1.85 Troche et al., 2007

Improvement over NC (%) 2.1 2.1

Improvement over PC (%) 0.7 -0.6

ab \Means within the same row but with no common superscripts differ significantly (P < 0.05).

' Positive control (PC) diets.
2Negative control (NC) diets.
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levels, which in turn influence gastrointestinal motility
and emptying (Bedford and Schulze, 1998). This loop
creates a faster flow rate of digesta than in diets without
xylanase, which could be a reason for the increased
intake, and nutrient availability in the small intestine,
even though further studies are needed to ascertain this
physiologic capacity.

CONCERNS AND PERSPECTIVES

The antimicrobial benefits of fruit pomaces have been widely
researched. However, these products still need to be fully adopted
to exploit their promising bioactive molecules. Various products
of pomaces such as non-dialyzable extracts of cranberries have
been demonstrated, with yet to be determined mechanisms, to
have humoral immune response in poultry with phagocytic and
bactericidal effects on Staphylococcus aureus, whilst also having
antioxidant activity (Islam et al., 2017).

In humans, cranberry juice has been shown to reduce E.
coli bacterial adhesion to the urinary tract and Helicobacter to
the gastric mucosa, an occurrence that has not been replicated
in other pomaces such as blueberry, grape, apple and orange
(Johnson-White et al., 2006). On the other hand, grape pomace
has been touted for its antioxidant properties inhibiting the
lipid oxidation of fish, turkey meat (Pazos et al., 2005), and in
rats it has been shown to diminish lipid peroxidation of liver,
kidneys and lungs tissues. Despite the present evidence showing
that it had no impact on growth performances of chicken, it
has been demonstrated that grape pomace extracts interacted
with intestinal microflora to reduce the number of undesirable
bacteria such as Clostridia, while increasing the population
of positive ones such as Lactobacillus and Bifidobacterium
(Papadopoulou et al., 2005). The pleiotropic effects of pomace
seem to be linked to their numerous chemical contents many
of which still need to be identified and characterized in
future research.

However, with a limited number of studies showing a
depressed growth performance in birds fed with grape seed
extracts for instance, attributed probably to high tannin levels
(Hughes et al., 2005), a question on the optimization of these
products does linger in parallel to the side effects of the known
and unknown anti-nutritive factors that might be present in
fruit pomaces. Alienable literatures suggest that the beneficial
effects of pomaces to both animal- and human-nutrition are
forthcoming but are inconclusive awaiting more optimization
and standardization. As studies progress toward microbiota-
microbiome research, more focus needs to be applied on
identifying the relationships between beneficial and pathogenic
bacteria under -phytochemicals feeding, their synergy and/or
discordance in the gut function and immune status of the host.
Investigating the role of other factors such as genetic, epigenetic,
environmental, management, diet, etc. that could improve the
cost benefits of pomace will provide a broad and in-depth
understanding of future research directions as well as what type
of questions need to be addressed first.

CONCLUSIONS

Opverall, this review provides insights on the power of enzyme-
assisted fermentation-to enhance fruit pomaces bioactive and
nutrient contents for animal (specifically poultry and swine)
feeding applications. The growing number of purified fungal
and bacterial enzymes and theirs recombinant-products make
their usage more practical and economically appealing for
both farmers and producers alike. Certainly, there are many
technical issues that still exist and which need to be addressed.
Many research and development efforts are scrutinizing the
conditions surrounding the bioactive-compounds production
from pomaces, the chemical and structural targets of the
involved enzymes within the utilized pomaces, the molecular
targets of the released bioactives within the animal’s tissues and
organs, and finally animal-responses and the overall impacts of
such harnessed bioactives on animal health and performance.
However, it is a matter of time before pomaces (still viewed as
a burden within some industries) take their proper place within
the animal production chain and start to get funneled into more
sustainable green solutions within the circular economies. This
matter of time, so to say, shall give research and development
the space to continue working on fractions and sub-fractions of
pomace bioactives that will be more cellular level targeted in their
actions. With different pomaces producing varied bioactives,
research and development would enable to extract the beneficial
pomace components and possibly use them either singly or in
combination, as feed additives. Despite that most of previously
reported research efforts had focused merely on the industrial
usage of pomaces within the ethanol industry rather than
animal feed applications and while the ethanol production and
processing differs fundamentally from feed operations, lessons
learned from that industry (which rely heavily on the usage
of commercially available biomass/fiber-degrading enzymes) can
give many insights in regard to future usage of pomaces and
enzymes in the feed industry.
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