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Abstract. Probiotics and enzymes are important components of the global livestock feed supplement market, which is
expected to be approximately US$56 billion by 2027. They make essential contributions to animal health and
productivity and are very important for on-farm economics, as well as feed supplement and bulk feed businesses.
Despite the variety of on-market products, there remains a strong drive to develop new function or more effective
enzymes (e.g. more active or stable) and probiotics (e.g. for specific health or nutrition requirements) that can be
produced economically and commercialised to gain market share. Various large and established supplement
development, manufacture and supply companies with highly refined, efficient and vertically integrated processes
dominate the market. In contrast, many challenges exist for less established players, such as feed companies, large
farming corporations, start-up companies and the research community, to develop and commercialise improved feed
supplements. These less established players may have niche markets or needs or may have identified highly novel
candidate products through basic or collaborative academia-industry applied research. In these situations, the path from
discovery and development to a commercial product is unclear and likely to be very challenging. However, the risk of
not progressing is that the value of research investments is not realised, or the needs of specific niche markets are not
met. For these situations, new pathways to market based on rapid discovery, production (at various scales), and testing
feedback loops, along with appropriate intellectual property management and clear regulatory strategies need to be
established. To deliver these new pathways, it is essential to define key performance, production and economic criteria,
have a rapid route from laboratory to pilot-scale manufacture and livestock feeding trials, and include all the necessary
participants in the value chain from research development, manufacturing, distribution, and regulatory management to
the end user. These issues are discussed with reference to the current state-of-the-art and our development of new
pathways for a specific enzyme and probiotic based on efficient laboratory-to-market platforms. Although new
supplements have been brought closer to market, challenges remain regarding scaling to commercial manufacture for
new products without an established market.
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Introduction

Animal feed supplements deliver nutrition and health benefits
to livestock, leading to important productivity gains, and are an
essential part of the diet. They augment the energy and
nutrients already available in feedstuffs or provide specific
functions such as improved feed digestibility or protection
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from disease or toxins. A 2020 market report suggested that the
animal feed supplement business is a growth industry
(FiorMarkets 2020). The report divided supplements into
the following categories: antibiotics, minerals, binders,
vitamins, feed enzymes, feed acidifiers, antioxidants and
amino acids that are fed to aquatic animals, ruminants,
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poultry and pigs globally. The report suggested that this
market will ‘grow from US$35.01 billion in 2019 to US
$56.22 billion by 2027, at a compound annual growth rate
(CAGR) of 6.1%’ during this timeframe.

Reports for individual countries are also available and the
Australian market is predicted to grow at 4.3% CAGR over a
similar time period (MordorIntelligence 2020). Although the
market is quite segmented, eubiotic supplements were dominant
with a 20% market share by revenue.

The report defined eubiotics as probiotics, prebiotics and
organic acids, with probiotics being the most used of the three
followed by prebiotics. It is generally understood that eubiotics
are supplements that can modulate the composition,
distribution or activity of gastrointestinal microflora leading
to improved outcomes for livestock. Eubiotic supplements
have increased in importance during the search for
functional replacements for antibiotic growth promoters
(AGPs) that have been banned or restricted in various
jurisdictions  (Briissow 2017). A  meta-analysis  of
publications that compared poultry diets with and without
AGPs suggested that the economic benefit of using AGPs
(and therefore economic loss if they are not used) was
approximately US$0.03 per bird (Cardinal et al. 2019). This
potential loss equated to an estimated US$183 million loss in
Brazil on the basis on the annual slaughter of 5.84 billion
chickens in 2017. Australia processes a much lower number of
broilers annually (~665 million) and it would amount to a loss
approaching US$20 million. Inspection of the Food and
Agriculture Organisation of the United Nations data (http://
www.fao.org/faostat/en/#data/QL)  on  global  poultry
slaughtered in 2019 showed that just over 83 billion birds
were processed, with a potential global impact of not using
AGPs in the order of US$2.5 billion per year. As well as the
functional replacement of AGPs, the additional animal health
and productivity benefits of using eubiotics (such as reduced
gut inflammation or increased feed conversion efficiency) lead
to a significant economic opportunity for improved
supplements.

Likewise, enzymes have had a major impact on livestock
performance as they either improve nutrient digestibility or
degrade anti-nutritional factors present in the diet. In 2015,
livestock feed enzymes comprised ~20% of the approximate
USS$S5 billion global industrial enzyme market (Guerrand 2018).
The major enzymes added to animal feeds are phytases,
xylanases, cellulases, glucanases, other enzymes for the
hydrolysis of non-starch polysaccharides, and proteases.

Feed supplement development and manufacture is
performed by large international feed supplement
companies, as outlined in the next section. Despite the
dominance, expertise and efficiencies of these major market
players, this paper argues that other players, such as
universities and smaller companies in diverse geographical
areas, could and should play an important role in the
development of future feed supplements. There could be
specific niche applications, markets, customers and
geographies that are not well served by the major players.
The research community working in close collaboration with
small companies and producers has much to offer regarding
the innovation of new feed supplement products based on
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academic research or on-farm experience and geographically
specific market expertise. However, compared with the
established companies, there are major challenges for less
established, minor or nascent players to bring new
supplements to market. These other players will rely on
collaboration and a fragmented, and likely incomplete,
discovery to distribution pipeline. This fragmentation leads
to issues related to communication, intellectual property
management and ownership, value capture, leadership/
responsibility, and translation of the technologies among
multiple stakeholders across the value chain. This value
chain may include universities, government agencies and
research and development funders, investors, regulatory
consultants, manufacturers, feed supply companies, farming
companies and farmers. Although individual stakeholders may
hold specific expertise, this lack of cohesion compared with
major players often leads to roadblocks that can slow down or
prevent the realisation of the technology.

A particular key issue for smaller players and consortia is
the lack of access to suitable manufacturing expertise and
facilities at the required scales. A successful pipeline requires
multiple production scales from small scale for development,
pilot scale for process validation, livestock feeding trial supply
and seeding the market, and large scale for full
commercialisation. The established companies typically
have laboratory to commercial-scale manufacturing and
multiple products, leading to full manufacturing plant
equipment utilisation across the year, and therefore
significant economies of scale that are not available to other
smaller players and companies with new-to-market products.

Focusing on enzyme and probiotic discovery, production
and initial animal product testing, this paper outlines a model
for non-established and non-vertically integrated players and
consortia to more efficiently develop and commercialise
livestock feed supplements through a rapid and iterative
‘laboratory-to-market’ pipeline (Fig. 1). The pipeline
consists of a series of integrated platforms that take a new
or novel product through the stages of discovery, laboratory
and animal testing, and scaling up of manufacturing for
commercialisation. Such a pipeline was proposed, built and
tested through a recently completed Advanced Queensland
government-funded project involving two universities and
three companies. This paper will outline the outcomes of
that project and suggest areas for further improvement and
refinement.

Feed enzymes and probiotics

In describing the development of platforms that make-up a
pipeline for feed supplement discovery and production, we
have used feed enzymes and probiotics as examples of how
such a pipeline may be utilised. Before describing the platforms,
a brief overview of feed enzymes and probiotics is given, along
with the major suppliers and markets for these feed supplements.

Probiotics

Probiotics are live microbial cells that are fed to livestock.
Recent reviews have described the diversity of microbial
species currently used in livestock and various studies on
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Fig. 1. A laboratory-to-market commercialisation strategy for new feed supplements such as
enzymes and probiotics. A rapid and iterative process from discovery and development to production
scale-up and livestock evaluation and back to discovery and development, using clearly defined
selection criteria, should be followed. This strategy reduces development times and identifies when

new products can move towards commercialisation.

their health benefits (Bajagai ef al. 2016, Markowiak and
Slizewska 2018; Shini and Bryden 2021). The reviews
demonstrate the complexities of probiotic selection and
analysis that tend to hinder a consolidated verification of
efficacy or unified understanding of mechanism of action.
Unless studies use a commercial probiotic, trials on the
same microbial species cannot be directly compared due to
interspecies  variation and  manufacturing/formulation
differences. Further, livestock trial designs are highly
variable, with different probiotic inclusion rates, diets,
animal age, analysis methods and disease challenges
compounding the variability already encountered in
different global locations, climates, husbandry practices and
livestock sources. These challenges and the complexities of
probiotics containing multiple species are reviewed by Shini
and Bryden (2021), highlighting a need for standardisation as
well as very clearly defined selection criteria for new

probiotics, as discussed in the feed supplement discovery
section herein.

Feed enzymes

Enzymes have had a major impact on livestock performance,
with their commercial use beginning some 30 years ago
(Campbell and Bedford 1992). The dominant feed enzyme
is phytase with up to 40% market share, with the other major
enzymes being xylanases, cellulases, glucanases and
proteases. These enzymes are generally supplemented to aid
feed digestion and to remove anti-nutritional compounds
(Ravindran 2013). The use of phytase allows livestock such
as poultry and pigs to obtain phosphate from the diet, thereby
reducing or eliminating the need for dietary inclusion of
inorganic phosphate and pollution through phosphorus
excretion in manure (Ravindran et al. 1995; Li et al. 2016).
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Phytate is also an anti-nutritional factor (Bryden et al. 2007)
that binds proteins and metal ion minerals, leading to increased
gut viscosity and nutrient depletion; so, its removal has
multiple benefits (Selle et al. 2000; Selle and Ravindran
2007, 2008; Samtiya et al. 2020). The use of non-starch
polysaccharide degrading enzymes alone or as part of an
enzyme cocktail in a variety of diets may enhance
breakdown of fibre to metabolisable sugars and reduce gut
viscosity to improve feed conversion efficiency (Aftab and
Bedford 2018; Bedford 2018).

Desirable enzyme supplement improvements include
increased thermal stability for survival during feed pellet
formation, while maintaining high activity at gut
temperatures, new substrate specificities, higher production
levels in the microbial production strain, and higher specific
enzyme activities (which also reduces production costs;
Rebello et al. 2017). As with probiotics, clear and well
defined performance criteria need to be defined to
successfully develop new enzymes as discussed below.

Feed supplement companies

Given the large market size and penetration of livestock feed
enzymes, there are several established multinational
companies successfully developing, manufacturing and
selling a range of different products. Such companies
include BASF, AB Vista, Novozymes (with feed enzymes
marketed through DSM), Adisseo and Dupont. The market is
dominated by large companies, with Novozymes/DSM, AB
Vista and Dupont collectively having ~80% market share
(Guerrand 2018). Although probiotics are more nascent than
enzymes, their increasing market penetration, especially in
poultry, has led to major companies also being at the forefront
of product development and commercialisation. Examples of
these major players include the following: Danisco Animal
Nutrition (part of DuPont Industrial Biosciences) and their
product Enviva PRO; Evonik who sell Ecobiol (which was
previously owned by the Spanish company Norel) and
GutCare; Chr. Hansen who manufacture a range of
probiotic species that are then sold through global
distributors, with brands such as GalliPro and BioPlus; and
Kemin who sell CLOSTAT for protection of poultry against
Clostridium perfringens, the causative agent of necrotic
enteritis. Novozymes and DSM, who are traditionally more
known for enzyme production, have entered the market with
the product Balancius for the improved digestion of bacterial
cell wall debris for improved feed efficiency and nutrient
absorption. Novozymes has also collaborated with Adisseo
to make Alterion, with claims around improved gut health as
an alternative to AGPs. Several of these companies have
commenced marketing combinations of feed supplements,
especially probiotics in combination with feed enzymes.
These large companies have long histories of livestock
feed supplement development and established pipelines for
discovery, manufacture, testing, product registration,
marketing and distribution. In many cases, these companies
are vertically integrated across the entire pipeline (discovery to
distribution), bringing efficiencies and reliability to the
delivery of new supplements. There is very little
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information in the public domain about the specific
processes and systems that these companies use to
efficiently develop new feed supplements.

Feed supplement discovery

It is apparent from the discussion above that the commercial
supply of feed supplements is a very competitive global
industry. It is therefore essential for those wishing to enter
the industry that they have a defined market niche and defined
performance criteria for the new product. A further
complication is that probiotics often contain multiple
species or are combined with other supplements such as
feed enzymes. The challenges presented by this diversity
suggest a need for standardisation as well as very clearly
defined selection criteria for new feed supplements.

The need to define commercial benefit or required function

To embark on the discovery and development of a new
probiotic or enzyme supplement, it is important to be very
clear on the reason why one would wish to expend the
significant time, resources and funds in doing so
(Table 1). The reasons may be commercial or scientific.
They may be regionally specific or address some unmet
need in a particular livestock species, or enable the use of a
specific bulk feed commodity that has nutritional or
digestibility challenges. To be commercially successful, the
resulting supplement should have some proven unique or
improved performance features, function, and advantages or
a lower cost/price that would allow it to obtain market share.
Often the claims are around improving feed conversion
efficiency and therefore improving on-farm economics.
Given that feed is ‘generally accepted’ to be between 65%
and 70% of the cost of producing broilers and pigs, increasing
feed conversion efficiency, even if only marginally, will have
significant economic benefits. However, feed conversion
efficiency on a specific diet is only the observable
manifestation of underlying factors that contribute to it
(such as livestock genetics, gut (and microbiota) health,
pathogen load, and environmental stress). While not always
the case, it can be advantageous to target discovery by using
hypotheses based on these underlying factors. For example,
Bacillus subtilis PB6 (marketed as CLOSTAT by Kemin) was
isolated from healthy chickens on the basis of its ability to
inhibit Clostridium perfringens (Teo and Tan 2005) and was
shown to improve gut health in birds with induced necrotic
enteritis, thus restoring feed conversion efficiency (Jayaraman
et al. 2013). The ability of many probiotics to maintain gut
barrier integrity facilitates digestion and absorption as well
as improving feed conversion efficiency (Shini et al. 2020;
Shini ez al. 2021). The keratinase produced by Bacillus
lzchenzformzs strain PWD (marketed as Versazyme and
Valkerase by BioResource International and distributed
globally by Novus International as Cibenza DP100") is a
protease that was isolated from poultry and feather wastes
and has the ability improve the digestibility of all dietary
proteins, in particular feather meal.

In general, the reason to develop new enzymes has been to
maximise activity in the gut, while minimising the actual mass
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of enzyme needed, thereby lowering manufacturing costs.
Maximising delivered activity can be achieved with
enzymes of higher specific activity and/or stability.
Increased stability decreases enzyme degradation and
activity loss during storage and the high temperatures
experienced during steam pelleting of feed (Inborr and
Bedford 1994; Homan et al. 2019).

The need to define selection and assessment criteria

To avoid unfocussed and inefficient enzyme or probiotic
discovery, it is crucial to carefully define assessment
criteria for laboratory-based discovery and evaluation that
anticipate performance and regulatory requirements when
the supplement is commercialised (Table 1). These criteria
also define when candidates are suitable to move from the
laboratory to production development and initial animal
evaluation. If criteria are not defined, then the discovery and
development phase may be unnecessarily extended while
optimising non-critical parameters or trying to improve beyond
what is actually required. Worse, the supplements could be
developed in a way that they fail in efficacy trials, are unsafe
to the animal, or fail regulatory approval.

As might be expected, human probiotics are more widely
researched than are livestock probiotics (over 19 000 articles
on PubMed versus 371 for ‘livestock probiotic’ and 1200 for
‘poultry probiotic’ in May 2021) and there are many papers
addressing probiotic selection criteria that are also relevant to
livestock probiotic selection. A recent review categorised the
criteria according to WHO and FAO Guidelines into Stress
Tolerance (survivability and viability in vivo, e.g. towards
digestive enzymes or low pH in the stomach), Adhesion
Ability, Antipathogenic Activity, Safety and Clinical Trials
(to prove safety and efficacy; de Melo Pereira et al. 2018). The
authors also proposed additional criteria based on functional
properties related to benefit to the host (e.g. cholesterol
reduction or the secretion of functional molecules),
industrial requirements (e.g. cell viability after food
processing or storage), and the availability of detailed
molecular characterisations (e.g. full genome sequences or
proteomic profiles). Many of these criteria also apply to
livestock, with another recent review on the role of
probiotics in animal nutrition categorising criteria into
Safety (e.g. precise species identification, absence of mobile
antibiotic resistance encoding genes), Functionality (including
antipathogenic activity and strain survivability/viability
in vivo) and Technological Usability (e.g. facile biomass
production  for ~manufacturing, stability during feed
formulation and storage; Markowiak and Slizewska 2018).
Several commercial livestock probiotics are based on Bacillus
species and another recent review further refined livestock
probiotic selection criteria as well as the process for selection
and testing for these species (Mingmongkolchai and
Panbangred 2018).

Enzyme selection criteria should be based on the catalytic
activity of the enzyme (high specific activity towards the
required substrate(s)), enzyme stability (during steam
pelleting and storage, and in the animal digestive tract) and
ease/economics of manufacturing. Enzymes must be powerful
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catalysts towards the feed component substrate (e.g. phytate),
retain high levels of activity to the site of action in the animal,
and be able to be synthesised in high volumetric productivities
in (usually) recombinant microbial fermentation systems. All
these factors contribute directly to the economics of enzyme
use, with the cost of the enzyme and its benefit to livestock
(e.g. increased feed conversion efficiency or the reduced need
for inorganic phosphate in feed in the case of phytase) needing
to overall deliver increased on-farm profits. A clear economic
understanding therefore should drive defined numerical
selection criteria around the number of units of enzyme
activity (in physiological conditions) per gram of enzyme
protein (the catalytic efficiency) and per litre of
fermentation culture per day in manufacturing (the
volumetric productivity), as well as the degree of storage
and thermal stability (e.g. % loss per minute at
temperatures experienced during pelleting).

On the basis of the literature and our own experience, we
observed that it is essential to consider both performance
criteria and manufacturability/regulatory criteria from the
start. For non-established players wishing to enter the
market or attract partnerships with established companies, it
is necessary to focus on performance criteria that are novel or
where performance could significantly exceed what is
currently on the market.

The need for a discovery and development strategy

Although there are many similarities in the way that both
probiotics and enzymes are selected and assessed, the
differences make it important that discovery and development
strategies be developed for each new product.

Probiotics

While it has been common to try to isolate potential probiotics
from the microbiomes of healthy or high-performing livestock,
it has been somewhat imprecise, necessitating significant
candidate screening. Only recently, with the establishment
of protocols and reduced sequencing cost of high-
throughput and high-accuracy metagenomics (Parks et al.
2017), has determining a more accurate a priori association
between specific microbial species and livestock performance
become a possibility. In the future, it may be possible to link
phenotypic (diet, health, growth performance, biomarkers,
environment) studies on thousands of livestock with
microbiome analyses to identify effective probiotics, with
such approaches now emerging in human studies (Veiga
et al. 2020; Almeida et al. 2021; Parks et al. 2021). These
advanced sequencing techniques may identify novel probiotics
but many microorganisms remain unculturable and therefore
unable to meet the manufacturing selection criteria; only 30%
of the species in the human gut microbiome have cultured
equivalents (Almeida et al. 2021). Although research towards
culturing these ‘unculturable’ microorganisms is making
progress (Browne et al. 2016), there remains a significant
opportunity to tap into more of nature’s vast microbial
diversity for probiotics.

While targeting the gut of healthy or high-performing
livestock has advantages from a safety perspective, this
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Table 1. Definition of desired properties and key benefits and selection/assessment criteria for probiotics and enzymes is essential for focused
and efficient discovery and development

Ttem Defined commercial benefit

Selection and assessment criteria

General  Increased feed conversion efficiency
Lower supplement production costs
Appropriate for new livestock markets

Probiotics Activity towards pathogens

Improved gut health

Protection from environmental stress

Enzymes Higher activity or stability
New activity (e.g. towards digestion of lower-cost
feed components or mycotoxin degradation)

Economic production yields
Performance in laboratory-scale in vitro assays linked to in vivo livestock trials

Manufacturability
Rapid growth and high cell biomass in fermentations
Spore forming
Growth on low-cost media
Stable during formulation and storage
Performance
Digestive enzyme production
Antipathogenic properties
Anaerobic growth/proliferation in the digestive tract
Survivability in vivo
Safety
No resistance towards human therapeutic antibiotics
No toxin production
Generally regarded as safe
Specific activity above required defined value
High activity towards defined substrate(s)
High production levels per microbial host cell and in fermentations
Minimal activity loss in downstream processing and feed formulation

approach is somewhat limited in scope and there may be
microbes in other environments that could provide a step-
change in performance or functional novelty. For example, to
find potential probiotics that would synergise and enhance
lower-value high-fibre feeds based on sugarcane bagasse, we
analysed and characterised the microbial community within a
bagasse pile that had been undisturbed for an extended period
of time (Gebbie ef al. 2020). Our hypothesis was that microbes
degrading and growing on the fibre in the pile should produce
relevant non-starch polysaccharide-degrading enzymes and
might therefore be probiotic candidates. Following
metagenomic analyses, the development strategy involved
culture and analysis of the microbes for their enzyme
potential as well as testing towards the probiotic selection
criteria described above, as well as full genome sequencing,
fermentation production at laboratory and 800 L scale, and
feed testing in poultry and pigs (unpubl. data).

Sometimes probiotics are also serendipitously discovered. A
strain of Bacillus amyloliquefaciens (H57) was initially
developed as an additive for hay to prevent mould and
spoilage (Brown and Dart 2005); due to the production of
antibiotic lipopeptides (Schofield et al. 2016). Initial safety
trials showed increased animal performance (Norton et al.
2008) and so probiotic development was initiated with
encouraging results in calves and sheep (Le et al. 20174,
2017b), and with specific effects towards necrotic enteritis in
poultry (Shini et al. 2020).

Enzymes

Phytases and NSP-degrading classes of enzymes have
established in-feed applications, especially for poultry and

pigs (Bedford and Partridge 2010; Nunes and Kumar 2018).
Enzymes in these classes have been derived from microorganisms,
for example, the phytase found in the well studied organism
Escherichia coli (Greiner et al. 1993) that is now the basis of
several commercial products (Table 2). In general, the discovery
of new and improved feed enzymes has focused on generating
variants of existing natural enzymes (e.g. phytase) with
improved properties, rather than the discovery of new
functionalities. However, one notable exception is the
discovery and development of new enzyme functions for
mycotoxin degradation (Loi et al. 2017; Moll 2019).

The discovery and development strategies to generate
improved variant enzymes such as phytases rely on modern
biotechnological approaches and engineering of the protein
sequence (Speight 2016).

With the vast numbers of sequences in genetic databases,
there is ample scope for identifying new phytases. However,
having access to large numbers of uncharacterised sequences
does not provide a strategy for identifying those that would
generate improved feed enzymes. The challenge remains to
computationally predict those that address the selection criteria
(improved activity and/or stability) and to narrow down the
numbers of sequences to those that can be practically and
economically tested in the laboratory (Speight 2016). The first
step in the development strategy is to synthesise the relevant
genes, with the cost of a typical phytase-encoding gene (of
around 1000 base pairs) now less than US$100. The second
step is to produce the enzyme for testing, and this can still be
laborious, although systems involving cell-free protein
synthesis have emerged that are rapid and amenable to
miniaturisation and robotic liquid handling (Gagoski et al.
2017).
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Table 2. Examples of commercial phytase products (Speight 2016)
The donor organism refers to the organism from which the gene encoding the phytase was derived

Company Trade name Donor organism Production organism Reference

BASF Natuphos Aspergillus niger Aspergillus niger EFSA (2006a)

DSM Nutritional Products RONOZYME P, NP Peniophora lycii Aspergillus oryzae EFSA (2010)

DSM Nutritional Products RONOZYME HiPhos Citrobacter braakii Aspergillus oryzae Guggenbuhl et al. (2012)
Adisseo Rovabio PHY Penicillium funiculosum Penicillium funiculosum EFSA (2007)

Danisco Animal Nutrition Phyzyme XP Escherichia coli Schizosaccharomyces pombe EFSA (2006b); EUROPA (2007)
Huvepharma OptiPhos Escherichia coli Pichia pastoris™ EFSA (2011)

AB Enzymes Quantum Escherichia coli Pichia pastorisA EFSA (2008)

AB Vista Quantum Blue Escherichia coli Trichoderma reesei EFSA (2013)

ANow renamed as Komagaetella phaffii.

Regardless of the availability of natural enzyme diversity,
most commercial phytase development has relied on rational
protein engineering and directed evolution techniques
(Shivange and Schwaneberg 2017). Mutagenesis of all
amino acids in the E. coli phytase sequence was used to
identify a variant that, when beneficial mutations were
combined, increased the enzyme melting (enzyme unfolding
and deactivation) temperature by 12°C, to 75.7°C, with a 3.5-
fold increase in stability in simulated gastric fluid (Garrett
et al. 2004; Short et al. 2008). This improved protein variant
became the successful commercial phytase product Quantum
(EFSA 2008).

Another protein-engineering  strategy to improve
thermostability is the incorporation of additional disulfide
bonds to provide additional intramolecular covalent bonds
within the protein structure and therefore resistance to
unfolding (Sanchez-Romero et al. 2013). The E. coli
phytase had three additional disulfide bonds added to the
four native ones and this increased the melting temperature
by 8.5°C and shifted the optimal temperature for activity to
70-75°C from ~50°C (De Maria et al. 2013). However, this
thermostability was coupled to a significant reduction in
activity at 30-40°C, which is the temperature at which
activity is required in the animal. Overall, these changes
mean that more units of enzyme activity will survive
storage and steam pelleting, but per mass of enzyme there
would be less activity in the animal; a higher dietary enzyme
loading (by mass and therefore cost) would therefore be
required. With collaborators, we developed and investigated
a thermostable E. coli phytase variant with a single additional
disulfide bond (Navone et al. 20215). In contrast to the study
above, despite increasing thermostability and survivability
considerably at 85°C, we found the temperature and pH
activity profiles to be near identical to the native enzyme,
with very similar enzyme kinetic values at 37°C. However, the
production yields of the thermostable phytase variant in
engineered yeast cultures were very low compared with the
native enzyme, and impossible to scale-up. Through yeast
strain engineering to co-express the enzyme protein
disulfide isomerase to aid correct disulfide bond formation
and avoid mis-folding and phytase degradation, it was possible
to increase production levels to close to those of the native
enzyme, thus meeting the selection criteria and allowing
progression to scale-up studies.

Overall, while there is the ever-increasing capacity to
identify and develop new probiotics and enzymes through
advanced genomics and protein engineering coupled to
higher throughput laboratory-scale production and screening
systems, it remains critical to precisely define assessment
criteria to target novel commercially relevant attributes and
provide clear stop/go decision points for progressing lead
candidates into production development.

Feed supplement production

Once a potential supplement product has been identified, being
able to produce the enzyme or probiotic in a sufficient quantity
is essential at all stages of the development and
commercialisation pipeline. Discovery and testing towards
the selection criteria described above relies on the ability to
produce the enzyme or probiotic in laboratory conditions that
are usually very different from the conditions of larger-scale
production (e.g. culture in microtitre plates (<0.2 mL), culture
tubes (<50 mL) or shake flasks (<500 mL) rather than
fermentation bioreactors (500 mL up to tens or hundreds of
thousand litres).

Although the main aim of laboratory-scale production is to
generate sufficient material for criteria testing, with important
selection criteria also around manufacturability, it is important
that the small-scale production systems anticipate what might be
appropriate at larger scales (e.g. affordable media components
and fast-growing microbial strains). Once lead candidate
supplements are identified in the laboratory, the next stage is
to produce sufficient volumes for livestock evaluation. Although
the required amounts of material vary significantly (e.g. between
poultry bioassays to cattle trials), each will require production in
fermentation bioreactors of various sizes. Given the importance
of manufacturing economics for ultimate commercial success, it
is important to perform production process development and
modelling in fermenters before and in parallel with the
production of material for feeding trials (Fig. 2). It is also
important to acknowledge the significant process differences
between the different scales of operation from the laboratory to
full commercial scale, due to factors such as mixing/stirring and
heat and gas transfer. Again, for established players with
vertically integrated development platforms, there will be a
lot of experience regarding how processes transfer between
the various scale-up stages. New or emerging players are less
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Strain development and lab testing:
Examines only a limited range of conditions
e.g., batch growth with no pH or dissolved
oxygen control. Need to examine developed
strain response to fermentation conditions
for industrial relevance.

Technoeconomic/process modelling
Assesses production costs & compare
process options. The fermentation model
data may be incorporated into the
technoeconomic software and utilised to
rapidly compare process options (e.g.,
downstream processing costs; aeration costs
etc.) and perform sensitivity analyses.

l

“ data e.g., select preferred batch length,
specific growth rate; substrate feed rates
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Fermentation testing:

Examine heat & oxygen transfer limitations;
pH; stirring; dissolved oxygen; define
relationship between specific growth rate
and product formation; examine batch/fed-
batch/continuous operation modes.

L]

Fermentation modelling to optimise
volumetric productivity:
Model fermentation based on fermentation

batch/fed-batch/continuous mode.
Confirm system performance in lab
bioreactor experiments.

Fig. 2. Stages of fermentation process development and key considerations.
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Fig. 3. Schematic of a generic probiotic production process involving the following steps: preparation of shake flask laboratory starter
cultures; media preparation for the 1000 L seed fermentation; 1000 L fermentation, 10 000 L production fermentation; cell concentration by
centrifugation (or membrane/ultrafiltration); cell storage; spray drying; solids mixing; and packaging.

likely to have this knowledge or experience, and this can lead to
significant unanticipated manufacturing issues during scale-up.

There are many similarities in submerged fermentation
processes to produce probiotics (such as Bacillus species for
livestock applications) and feed enzymes (Fasim et al. 2021).
Both products require growth of a microbial strain that is either
the product itself in the case of probiotics or is the agent that
synthesises the product in the case of enzymes. Both processes
require seed cultures of increasing sizes before the production
fermenter, with the associated sterilisation and media
preparation as well as steps to remove the cells from the
media (e.g. by centrifugation; Fig. 3).

Although both processes require the separation of cells
from the growth media, the probiotic is the actual cells
whereas the enzyme is generally secreted by the
production cells into the media and so is a soluble fraction

of the liquid component. For probiotics, the cell paste from
centrifugation is generally dried to a powdered product
directly. Enzymes need to be precipitated from the media
or concentrated using chromatography or membrane systems
and either used as a stabilised liquid or dried to a powder
(Patel et al. 2017).

The production processes described above are all based on
submerged fermentations. Probiotics and enzymes can also be
produced using solid state fermentations where the cells are
grown on a solid substrate (Vandenberghe et al. 2020). Although
less established than submerged fermentations, solid-state
processes can have process advantages and be useful when
the solid substrate (fibre such as sugarcane bagasse, rice
husks, or wheat bran) is also beneficially modified (pre-
treated to be more digestible) for inclusion in the final
livestock feed (Amini et al. 2021).
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Technoeconomic models and evaluation

The engineering design of the manufacturing process is
described in a model that captures both technical and
economic aspects and estimates capital and operational
expenditure. These technoeconomic models include
equipment details, process and material flows, energy use, and
other factors important to the economics such as personnel time,
equipment usage and depreciation.

Computer simulations to model and predict costs of
production have been used for many industrial processes at
different stages of development from idea generation through
to technology transfer, introduction of new technologies and
process optimisation (Archacka et al. 2020; Czinkdczky and
Németh 2020). In the initial process-development phase of a
project, it is valuable to model a reliable base-case scenario to
pinpoint the cost-sensitive areas of a complex process. The
model can be used to estimate of the effect of increasing costs
of raw materials or utilities, variations in material composition,
as well as changes in the process configuration and the
incorporation of new technologies. This information can be
used for the identification and optimisation of key process
steps which have high capital or operating costs or low yield
and production throughput. The ability to perform virtual
experiments and process analyses in silico reduces the
amount of costly and time-consuming laboratory and pilot
plant experiments by focusing research and development on
potential process improvements that are likely to have the
greatest overall economic impact.

After a process model has been developed, software such as
SuperPro Designer may be used to ask and answer ‘what if?’
questions and conduct sensitivity analysis with respect to key
design variables. The objective of these studies is to evaluate the
impact of critical parameters on various key performance
criteria, such as production cost, cycle times and plant
throughput. This information may be incorporated into the
base case model to improve process performance and reduce
constraints of the current process design. Some of the design
improvement options to improve performance include
increasing the batch size to increase production throughput,
improved economies of scale for fermenter equipment and
increased utilisation of downstream processing equipment;
and adding more fermenters so that production can be
staggered to be more efficient with respect to set-up and
cleaning time, and to up- and downstream processes.
Typically, external economic factors such as the selling price
generally have a strong effect on overall economics, whereas raw
material costs have a relatively low impact, given the relatively
low cost of materials compared with other costs. Usually, one of
the most important parameters is the volumetric productivity of
the process, represented by the number of grams of enzyme
produced per litre of fermentation volume per day, or by the mass
or number of spores/cells of probiotic per litre per day. This
volumetric productivity parameter is usually the focus of initial
laboratory- and pilot-scale process-optimisation experiments.

Process optimisation

For enzyme production in engineered microorganisms, the
volumetric productivity is determined by both the cell
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biomass growth/productivity and the amount of enzyme
each cell can produce. Efficient enzyme production
fermentation processes are therefore optimised for high cell
density using highly productive strains. Such processes
typically involve a cell growth-batch phase to achieve high
cell densities before the induction of enzyme synthesis in a
fed-batch phase (Liu et al. 2019).

A variety of strain engineering strategies can be used to
increase enzyme yield per cell. Such strategies include
encoding gene sequence codon optimisation, gene copy
number modulation (in plasmid-based systems or when
chromosomally integrated), promoter selection and
induction strategy, and the co-expression of helper proteins
such as folding catalysts. In parallel with the phytase disulfide
bond engineering described in the previous section, we used
yeast strain engineering approaches to improve the production
of the E. coli phytase in Pichia pastoris by 2.9-fold compared
with the standard established system (Navone et al. 2021a).
This improvement was achieved through exploring synergistic
optimisation of bidirectional genetic promoters to co-express
phytase with disulfide bond isomerases, trafficking proteins,
and a cytosolic redox metabolism protein. This near three-fold
improvement had a strong effect on the modelled
manufacturing economics. For example, three-fold fewer
runs would need to be performed or manufacturing facilities
could be three-times smaller.

For both enzyme and probiotic production, development of
the overall fermentation process is used to optimise volumetric
productivities, with the main parameters being the components
of the growth media and the process operational design
(including temperature, stirring/mixing, aeration, pH, and
feeding strategy in fed-batch mode). While the media
components may not be a dominant cost in themselves, they
often have a strong bearing on the volumetric productivity of
the system, with different carbon sources (e.g. specific sugars),
nitrogen sources, vitamins and mineral salts being specifically
optimal for different microorganisms.

As well as the fermentation volumetric productivity,
downstream processing can have a major impact on final
yields of active enzyme or viable probiotic and therefore
process costs. Enzymes and probiotics are both sensitive to
heat and other stressors that can be experienced during drying
and formulation, and so these processes should also be
optimised (Chavez and Ledeboer 2007; Huang et al. 2017).
The inherent robustness of the probiotic strain or enzyme,
operating parameters of the dryer (e.g. spray dryer or fluidised
bed dryer) such as flow rate or temperature and chosen carrier
or protective agents (such as maltodextrin, milk powder,
starch, or calcium carbonate) can all influence survivability,
as well as the ongoing stability of the product. In the case of
probiotics, it can be advantageous to induce sporulation during
production as spores are inherently more robust than
vegetative cells, with the Bacillus species forming many
commercial livestock probiotic products being particularly
amenable to spore formation (Cutting 2011; Elisashvili
et al. 2019). In the case of enzymes, the drying and
formulation method can be used to generate either powders
or granules that may enhance enzyme survival during
subsequent steam pelleting of feed or in the low stomach
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pH of livestock. However, granules may be slower to dissolve
and solubilise than powders, thereby limiting their availability
in the animal. In some cases, the product can also be
formulated as a concentrated liquid to avoid the drying
step, provided the product is stable in this form.

The challenges of enzyme and probiotic manufacturing
development

As can be seen above, the development, optimisation and
scale-up of enzyme and probiotic production processes are
complex and require significant experience, infrastructure and
skills, all of which vary considerably among research/
laboratory, pilot and manufacturing scales. For the non-
established players and consortia, efficiently moving
through manufacturing scales to a profitable commercial
process is challenging. Often, consortia of academic groups
and livestock feed companies who develop a new enzyme or
probiotic may lack the infrastructure and expertise to
manufacture beyond laboratory scale and are unable to
effectively perform manufacturing process development or
produce the required material for livestock evaluation in
house. Established players also have an advantage at
commercial scale compared with new players. They
typically have access to larger fermentation vessels and can
achieve higher levels of equipment utilisation by efficient
scheduling and by using multiple vessels to make a range
of products.

To address some of these challenges, some government
initiatives, research organisations and universities seek to
bridge the gap between research and commercialisation
through the establishment of pilot-scale fermentation
facilities. The need for such facilities has been reviewed in
the UK (https://bbsrc.ukri.org/documents/1503-ib-process-
plant-report/) and select facilities that focus on fermentation
and industrial bioproducts are highlighted in Table 3. The
European Union has developed an asset register to
pilot facilities relevant to the bioeconomy (https://
biopilots4u.eu/). The major European pilot facilities have
also come together in the SmartPilots scheme to optimise
and enable access to facilities and to reduce the barriers to
scale up for new projects and thereby increase the likelihood of

environments/facilities/biorefining-

research-facility
www.nrel.gov/bioenergy/ibrf.html

facilities/recombinant-protein-facility

process-piloting-and-scale
www.csiro.au/en/work-with-us/use-our-labs-

www.uk-cpi.com/capabilities/biotechnology
www.ccur.iastate.edu/fermentationfacility

www.qut.edu.au/institute-for-future-
www.vttresearch.com/en/ourservices/

www.bbeu.org/pilotplant/

Website

Fermentation scale
Up to 10000 L
Up to 15000 L
Up to 1200 L

Up to 10000 L
Up to 9000 L

Up to 500 L

Examples of research and pilot-scale fermentation facilities

fermentation, product recovery and purification

Fermentation and downstream processing
fermentation, downstream processing

processing, and equipment design
Optimisation, scale-up, production and purification of

Process design and modelling
Process development, scale-up, biomass processing,

separation and recovery
Hydrolysis and fermentation, gas fermentation, downstream  Up to 1200 L

recombinant proteins

Pilot and demonstration fermentation and downstream
processing

Biomass pre-treatment, laboratory- and pilot-scale
Pretreatment, enzyme hydrolysis, fermentation, product

Key capabilities

Table 3.
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supplement might perform in vivo, the complexity of animal
systems and the very different environment in an animal
compared with a laboratory means that feeding trials are
required. There are several books that detail the design and
conduct of animal experimentation to test or evaluate diets,
feedstuffs and feed supplements for both ruminants and non-
ruminants (Schneider and Flatt 1975; McLean and Tobin 1987;
Wiseman and Cole 1990; Whittemore 1990; Fuller 1991;
D’Mello 2000; Lewis and Southern 2001; McNab and
Boorman 2002; Bedford et al 2016; Moughan and
Hendriks 2018).

Trials with animals should be conducted as early as
possible, once candidate supplements meet the laboratory
criteria. The trials should also be designed to test
hypotheses on the basis of the development criteria. For
example, if a probiotic candidate was developed to address
C. perfringens infections, then it should be tested in a disease
challenge model (Jayaraman et al. 2013). If probiotic selection
criteria were focused on the production of fibre-degrading
enzymes, then it should be tested using high-fibre diets that
would otherwise be a challenge to the animal. If a phytase was
developed to meet improved thermostability criteria, then it
should be formulated using high-temperature steam pelleting
before feeding. The first livestock trials following laboratory
development should be as rapid and small scale as possible.
Smaller trials will be cheaper, allow more candidate
supplements to be tested in more treatment conditions, and
will screen out under-performing candidates early, while
informing revisions of specific development criteria in
laboratory discovery and development. In initial trials, it is
also an advantage to require only small amounts of candidate
supplement that can be readily and cheaply produced in a
laboratory-scale fermentation and downstream formulation.
These smaller amounts of material can also be produced
before the production processes have been optimised,
meaning that the trials can happen earlier in the overall
development timeline.

Rapid poultry bioassays focused on specific criteria, such as
apparent metabolisable energy (Mollah et al. 1983) or amino
acid availability estimated as digestibility (Ravindran et al.
2005), are established. As important commercial feed
parameters, the use of these techniques has been extensively
reviewed for their application to poultry and pigs (Sibbald
1982, 1987; Farrell 1999; Ravindran and Bryden 1999; Stein
2017). Where digestibility measurements are made, it is
critical that an appropriate inert digestibility marker, both
for the diet and the species being fed, is included in the
diet (Kotb and Luckey 1972; Faichney 1975; Warner 1981).
Digestibility bioassays may be conducted only for a short
period (e.g. 1 week) with a small number of birds or even
individual birds to further limit the volume of candidate
supplement required and reduce costs, while increasing the
number of candidates and treatment conditions that can be
tested. The discussion so far has concentrated on digestibility
assays that provide important feedback for product
development. Growth bioassays where rapidly growing
broilers are fed the new supplement for periods ranging
from 7 days to 5 weeks can provide valuable information
on product safety and bird performance, especially growth,
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feed utilisation and bioavailability. Growth bioassays were
perfected by the late David Baker and his group at the
University of Illinois (Robbins et al. 1977; Anderson et al.
1978; Robbins et al. 1979; Baker 1984, 1986). With careful
planning, growth and digestibility assays can be run
sequentially and, in some instances, it may be appropriate
to use in vitro methods (Fuller 1991; Moughan 1999). Poultry
are often used in initial testing due to the economic importance
of the poultry market, low cost of birds, short growth period,
and low dietary intake limiting the amount of supplement
required.

Other species such as cattle, pigs and sheep are more
costly to test and require more feed and feed supplements. In
these cases, development teams may choose to perform a
simulated in vitro trial using gut contents in laboratory
reactors (Ellis et al. 2016; Lu et al. 2021) or in situ
methods when cannulated cattle, sheep or pigs are
available (White and Ashes 1999; Hristov et al. 2019).
These studies can be faster and cheaper than live in vivo
animal studies and can be used to further refine the candidate
supplements for in vivo testing. However, such systems are
only a model for performance in the animal, so feeding trials
are still required (Hogan and Flinn 1999). In the case of larger
livestock such as cattle and pigs, initial trials can still be
designed for low numbers of animals and over short
timeframes, to reduce costs and provide rapid results to
inform further supplement development.

Once initial small-scale trials have demonstrated safety and
efficacy of a lead candidate supplement, production can be
scaled up (e.g. to pilot scale at several hundred litre
fermentations) to produce material for more extensive trials
with more animals, that will deliver data required for
regulatory approval and business case development.

Future challenges and opportunities

For new players and industry—academia projects to develop
enzyme and probiotic feed supplements efficiently needs
extensive and effective collaboration with all the required
skills, infrastructure and equipment, and the right partners
across the value chain from discovery to commercialisation. It
is essential that clear commercial targets, desired product
characteristics, and activities are set from the start so that
discovery and development is targeted towards products that
can make an impact and gain market share. Once a desired
product is defined, it is then vital that selection criteria are
articulated that include both performance and manufacturing,
so that discovery and development are focused and efficient.
It will then be clear when criteria are met, and potential
products can move into pilot-scale manufacture and the
production of material for livestock feeding trials. The
pilot-scale manufacture should inform detailed techno-
economic models and assessments for establishing practical
and economic viability as well as providing material for trials
that is representative of how a future commercial product
might be formulated. The livestock evaluation trials should
be rapid and low-cost in the first instance, and be designed in
line with the desired product characteristics and the selection
criteria used in discovery and development.
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A potential  challenge = when  up-scaling for
commercialisation is the supply and cost of ingredients for
fermentation and product formulation. Depending on the
location of intended production, it can also be advantageous
to consider local supply (e.g. sucrose in sugarcane growing
regions, or hydrolysed wheat starch or corn steep liquor in
other areas). Waste or co-product streams from local
agricultural and livestock processing industries can also be
considered for the production of feeds and feed supplements
(Ramirez et al. 2021), along with human food waste (Torok
et al. 2021). Such approaches are often driven by the
generators of the material as they seek to reduce waste
disposal costs, reduce environmental footprint and
regulatory constraints, and move towards more circular
business models. With many media component parameters
to optimise, many of which will interact with each other, the
most efficient approach is often to use design of experiments
where multiple factors can be efficiently and simultaneously
evaluated using a statistical approach (Mandenius and Brundin
2008).

Systems and protocols need to be developed so that all these
steps occur as rapidly as possible. In so doing, both pilot
manufacture and feeding trial data inform iterative rounds of
product discovery and development. Employing selection
criteria and a rapid laboratory-to-testing platform also
allows potential products to ‘fail fast’ if they are destined
to fail, rather than being researched in the laboratory for
extended periods only to fail manufacturing and
performance targets after years of research effort.

To address the significant opportunity as well as the
challenges, we sought to enhance enzyme and probiotic
discovery and pilot-scale manufacture by closely integrating
people and infrastructure among laboratory-scale enzyme and
microbial strain engineering and fermentation, downstream
processing (e.g. centrifugation and spray drying) and product
formulation at laboratory and pilot scales. This integration
involved parallel use of both university and company
laboratories, as well as pilot-scale and production-scale
facilities. Both the earlier-stage research and later-stage
larger pilot studies were performed between industry and
academia rather than there being a point of project transfer
and lack of integration. Overall, this integration of teams and
facilities was the key part of achieving the development and
production platform that was able to deliver a new
thermostable phytase and a Bacillus probiotic in sufficient
quantities and quality to enable a variety of livestock feeding
trials. Further, embedding technoeconomic analyses at each
stage of fermentation and downstream processing
development focused the research towards areas of largest
economic impact, leading to processes that are modelled to be
economically viable at a commercial scale. The developed
platforms are also amenable to other feed additives and
products. In this regard, the platforms have been
instrumental in developing a molasses lick block for
delivering enzymes to grazing livestock (Ainscough et al.
2019) and an enzyme product for removing dags from
cattle before slaughter (Navone and Speight 2019).

Despite the pilot scale manufacture (e.g. up to 1000 L
fermentation for the probiotic) being sufficient for several
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large-scale feeding trials, and, potentially, even early-stage
commercialisation, the lack of full vertical integration from
research to commercial-scale manufacturing presents
challenges for the next stage. Production of the new phytase
inengineered yeast strains also requires specialised fermentation
facilities with appropriate and certified containment to prevent
unintentional release of the production organism. While local
(Australian) manufacturing options can be explored (e.g.
investment in modifying existing or building new
manufacturing facilities), the current lack of full vertical
integration means the manufacturing associated economic
returns from the initial investments by government and the
partners may be overseas. Manufacture overseas can also
lead to communication/technical transfer and logistics
issues. It is evident that where established development and
manufacturing ecosystems exist that have a critical mass of
research and fermentation facilities along with the companies
that will drive commercialisation, the economic benefits are
more likely to accrue locally. Regions wishing to realise
economic benefits need to establish the same ecosystems
for research and manufacturing through appropriate policies,
incentives and investments. In the absence of these
ecosystems, new players and consortia rely on government
project funding to decrease the risk and enable product
commercialisation, with governments supplying this funding
to stimulate local manufacturing along with potential future
local employment and economic activity.

There are many future opportunities as extensive
microbiome and genome sequencing is accelerating the
discovery of potential probiotics and feed enzymes and
providing a wealth of new targets. At the same time,
advances in synthetic biology and the engineering of
biology are providing ever-increasing capacity for
developing new enzymes and moving beyond probiotics to
live microbial therapeutics (O’ Toole ef al. 2017; Charbonneau
et al. 2020). With these enhanced opportunities for the
discovery of improved enzymes and probiotics, it will be
even more important to bring together excellent collaborative
teams with rapid laboratory-to-market platforms to realise
these opportunities through on-market products.
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