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Abstract

Phytic acidmyac-inositol hexakisphosphate, Ing#s the major storage form of phosphate in
seeds and grains that constitueemajor part of the diets of monogastric animals such as
swine and poultry. Monogastrics lack enough enzymes in the rigititgh the gut to digest
dietary phytate. Consequently, phytases, a group of enzymes capable of releasing inorganic
phosphate from phytate, are added to commercial poultry and swine diets. These adjunct
phytases are a major sector of the global enzymekmtawith an estimated value of $5 billion

in 2015. There is continued commercial interest in the discovery and development of more

effective and coseffective enzymes.

The soil environment is microbially diverse and therefore offers significant poténttitiie
isolation of novel phytases. In this thesis, | have developed new methods for the eulture
dependent isolation of phytases from different soil environments by first analysing phytase
activity of the soil microbiome using HPLC. The isolation oflggahelinositol polyphosphate
phosphatase, MINPP, froAcinetobacteisp. represents one of the first phytases of its kind

to be isolated from the soil environment. This study provides a robust characterisation of
the protein, identifying an outstandinggrterm stability at room temperature and activity
from376MmamMPo: 2SN Tpp RIEéead ¢KS SELINBaairzy
galactosidase and gPCR assafpich showed that while expression was enhanced in the
LINBASYyOS 27 A Y-daetdddase it dvas IsignBicardlye repressed in the gPCR
experiment. Additionally, a longgrm phytase isolation experiment was performed using
well-characterised Rothamsted soilef the sixtysix isolates that were rstreaked from
mixed plates, seventeen stved a diverse array of phytase degradation profiteghlighting

the diversity of phytase activity in the soil environment. | have also undertaken metagenomic
analysis to examine the diversity of phytases in environmental and enteric environments.
This highlighted the dominance of MINPP genes in entenidr@mments aboveall other
known classes of phytases. In soil auglaticmetagenomes, theelative abundances were
significantly less than in enteric environments and here thdtidle Inositol Polyphosphate
Phosphatase (MINPBENne was not the overwhelmg majority, instead the &a-Propeller
Phytase (BPPhy)Hstidine Acid Phytase (HAPhyand Rotein Tyrosine Phosphataskke
Phytase (PTPhyyere equal to or even higher in abundances. Additionally, in this analysis |
also examined the prospect of horizah gene transfer in the MINPP dataset using the
program TFrex. Here | identified multiple HGT events occurring between both enteric and

environmental bacteria, with one transfer occurring between environments.
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Chapter 1.Introduction

1.1. Phosphorus and Phosphate
1.1.1. A BriefHistory of Phosphorus

The element phosphorus is required by all life on Eé§fthemadet al., 2009) It is however
unusualwhen compared with the other fundamental elements for life suchcarbon,
nitrogen andoxygen in that it is not found as a free element by it¢Bsmidtet al., 2015)

Instead, it is commonly found in the form of phosphate.

Phosphorusvas first discovered by the Germaltlaemist Hennig Brandt who managed to

isolateit F NRY dzNAYS GKAES &SI NOKAYy3I TFShaipleleka§ f SISy |
2018) becoming the first element discovered using modern scientific technjqo@sgly

because it is so reactive in elemental fothat it never occurs freely in naturé&olloning

this, inthe 17" and 18" century, phophorouswas unsuccessfully usefdr a variety of
questionablemedicinal purposegAshleyet al., 2011) In 1771,a more suitable method for
obtainingphosphorousvas discoveredscheele and Gahtwo Swedish scientistsundthat
bonescontaired a more abundant source ophosphorus in the forntalciumphosphate

which is still used today in the form of bone meal for organic fertili§ierrou, 1976)

It was notuntil the mid19" century when significant evidence towards the roles of
phosphatein the environmentwasdiscoveredLiebig, recognised by many as the father of
agricultural chemistryalongside the work of his colleague Sprengggntified the critical

roles that nitrogen, phosphodu 'y R L2 Gl daAdzy LJX I & Thgoryalf | yi 31
Mineral Nutritioré (van der Ploe@t al, 1999) TKA & NBLJX I OSR GKS aGxA Gl f A
which had previously been suggested, where plants feed on decaying plants and animals as

part of an organic cycl@Nath, 1940)

Soon afterl.awes, an English entrepreneagperimentedon theeffects of various manures

on the growth ofplants, and in 1842 he patenteah artificial fertiliseformed by treating
crushed bones, rich in calcium phosphatéth sulfuric acid. In the succeeding ysdre
enlisted the services @ilbert who worked uder Liebigand together founded Rothamsted
Research, to undertake lorigrm trails of the effectiveness of mineral and organic fertilisers
on crop yieldglvell, 2012)In 1906 researchers Harden andilliam John Young discovered
that salts oforthophosphoric acid stimulatalcoholicfermentation of sugar in yeagEolmi,
1996) They were able to devagb an apparatus for collecting and measuring gases evolved

during fermentation leading to the discovery of fructes@&-diphosphate. The first chemical
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intermediate discovered in fermentatiofHardenet al,, 1911;Harden and Young, 1913)
further demonstrating the important role phosphorus plays in the lifecycle of plants and

eukaryotes

The boom of phosphate, howevatid not occur untilpostWorld War 1) where the use of

mineral phosphate sources grew expotially. Rich and accessible sources of phosphate
werefound in phosphate rogkused to refer to apatite mineralsvhich can contain as much

as 1020%phosphate on the basis of weigfi€ooperet al., 2011) Phosphate rock mining

was significantly increadeto keep up with thenitrogen fertiliser demand caused by the

inventon of the HarberBoschProcess This led to a sextuple increase in fertiliagse

between 1950 and 200Ashleyet al., 2011; Smil, 2000y KA & WD NI Ssaw theS @2 f dzi A
feeding of billions globallgCullather, 2004)Shce then, phosphate has been recognised as

one of the key substrates in energy metabolism, biosynthesis of nucleic acids and
membranes(Komaba and Fukagawa, 201 also plays a very important role in cell

signalling, respiration and photosynthe@igerridge and Irvine, 1989)
The importance of phosmiuscannot be understated. As was once quoted by Issac Asimov.

a[ A TS Ounfil alviketplibdphdius gone, and then there is an inexorable halt which
nothing can prevent. We may be able to substitute nuclear power for coal, and plastics for
wood, ard yeast for meat, and friendliness for isolatiphut for phosphorus there is neither
ddzoaGAGdziS y2NI NBLX I OSYSy (¢ o

1.1.2, Phosphate Cycling in the Environment

Despite being the T1most abundant element on the plangphosplorusis considered to

be one of the @éast abundant plant nutriestin the soil(Macia, 2005; Pereira and Castro,
2014) with approximately 5.7 billion hectares of land worldwide deficient for optimal plant
growth (Raghothama and Karthikeyan, 2008)is issue is péicularly common in Africa,
where the production of crops without fertiliser results in continuous removal of nutrients

in the soil without replacemen(iSanchez, 2002)

Oneof the reasons for this jslespite he presence of phosphate in these sails, it occurs in
organic and inorganic forms which are unavailable for root up{&kearmeet al., 2013) with

as little as 0.1% of the total phosphate available to plants for uptistala et al., 1984; Zou

et al., 1992) Inorganic phosphate is adsorbed by a rang&@f andaluminium containing
compounds such asgoethite/boehmite, fixing the phosphaten the solid soil phase

(McLaughliret al., 1981) It can also bind organic compounds such as soil colloids which can
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be made up of humuand clayJiacet al., 2007) In addition to soil environments, phosphate
plays a key role in marine environments. In neadyraldern aquatic systemgrowth and

the primary production of organic matter is thought to be limited by either phosphorus
nitrogen (Howarth, 1988; Planavsket al., 2010) Whilst nitrogen is obtained through
nitrogen fixation from the abundant gases in the environment, phosphorus does not have a
gaseous cycle and therefore its global cycle is remarkably differefactinnlike theother
fundamental elements forife on earth,hydrogen, carbon, nitrogen, oxygen and sulfur,

phosphorus cannot be found in any significant gaseous ¢fatienke, 1992)

Without a gaseouphase, the global ph@horuscycle occurshroughthe land and water.
Themain source of phosphorus fromthe weathering of continental materia{&06llmi, 1996;
Planavskyet al., 2010) The cycle can be described in 4 major points. (i) Tectonic uplift,
causing the eposure of phosphateontaining rocks to weathering, (ii) physical and chemical
weathering of rocks, producing soils and dissolveagpiorusnto waterways, (iiijransport

of phosphorus along rivers and into lakes and oceans and (iv) the sedimentation of
phosphorus associated with minerals and organic matter. The cycle begins again with the
uplift of sediments to weatherinfRuttenberg, 2003; SiNR000) This cycleompletion takes
place over long, geologic timescgles)-10° years (Ruttenberg, 2003) therefore the
phosphorus cycle is often regarded as the slowest biogeochemical (Yaleeshgaet al.,

2018)

However, there are manynsaller, more localised cycles of phosphate in both marine and
terrestrial environments. This involvéke life cycle of living organisms such as bacteria,
phytoplankton, and plants. A large share of the nutrients that have been taken up are
returned back ¢ their environments through the death and decay of these organisms
(Vadstein, 2000)This, however, does csa@l issues with farming as the phosphotaisen up

by the growing crops armot returned to their local environment, causing a break in the
phosphorus cyclelnterestingly, the deposition of phosphatmntaining dust has been
investigated as another methanf phosphorus cyclingzor many years now, the presence of
African dust in the Amazon has been obser{aarst al., 2011) Recently, with the help of
NASA and satellite surveillance, they managed to track the -##aatic journey of
phosphatecontaining dust travelling from ancient lake beds in Africa to the Amazon

rainforest(H. Ywet al., 2015)

Altogether, there are many issues involving the global cycling of phosphasustated

previouslysoils worldwide are deficient in phosphai@aghothama and Karthikeyan, 2005)
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and thereforefor farming purposesave been intensively supplemesttwith fertilisers over

the last hundred years.

1.1.3. Phosphate Rock: Uses, Future Issues, and Environalent

Consequences

Originally organic sources of phosphorus were used such as crushed ,bguaso and
animal manure however, the necessary amounts required to provided sufficient phosphorus
meant that their application was economically unfeasifhienet al., 2011) Therefore,

phosphate rock is commonly used in favour of organic alternatives.

Phosphate rock is an apatite mineral that contains as much -20%phosphatéy weight.

Commonly found in sedimentary and ignealeposits(Walanet al., 2014) phosphate rock

is a nonrrenewable resources that has taken tens of millions of years to {@andell and

White, 2014) Thereforeijt isin asimilarsituationtooilg K2 &S & RS i K éraldedd T NS |j d;
in the media(Becken, 2014; Curtis, 200Phosphorus depletion howev&® 2 Say Qi NI OSA @
much public attentionLikeoil, the distribution othesephosphorugeservessonly localised

to a handful ofiocations known as phosphorite giante leader in whicks the country of
Moroccowhich contains the bulk of the reservesith nearly 77% of globaupply(Cooper

et al., 2011) Hgure 11.

60000

40000

20000+

AR e e e e o e [

Phosphate Rock Reserves (1000Mt of Rock)

0-
(o] 2 X 2 D 2 . o o
O S & N &
& W S o P
o < v .V Ll ) 3
S & & ¥ .\eab' &
2 O O L
% ) ) o\,?e;

Figure 11 ¢ The distribution ofworld phosphaterock reserves Drawn from data published by the Unit

State Geological Survé8tephen Jasinski, 2021)
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According to the United States Geological Survey (USGS)f 2021, the current global
phosphate rock reserves stand at 71,000 Mt witimed phosphate rock for the year standing
at 223 Mt The potentialdepletion of phosphate rock has been a hotly debated topic
amongst the scientific communityith an array 6 different predictionsof peak phosphate

the hypothetical point in time in which the global phosphate production reaches its
maximum rate, after which production will gradually declipeedicted anywhere from
20302136 (Cordell and White, 2011; Walan al., 2014) It should be noted that for papers
before 2010, predictions will be considerably lower M®roccan estimated reserves
increased from 5700 Mt t&1,000 Mt. The International Fertilizer Development Centre
predictsthat full depletion of phosphate rock calbe between3-400 yeargCordell and
White, 2014) While there is much debate to be had on the lifetime of phosphate rock
reservesthere are several clear issudshas been accepted that phosphate rock reserves
are decreasing in grade (%) (Cordellet al., 2011; Schriédest al., 2011; Van Vuureet al.,
2010) higherin contaminants such as Pb and(Ma andRao, 1997; Sabih#aviedet al.,
2009)and more difficult to access and extrg€ordellet al., 2009) making the continued

future of phosphate rockinsustainable.
This is however, ignoring the issues ofagd

Of the phosphate rock minednly one fifth of it makes from mine to humanconsumption,

with significant loss of phosphorus at each step, from mining, extraction, application
harvest, livestock rearing and finally onto the pld€ordellet al., 2012) As describedn
Section 1.1.2mostof the inorganic phosphati the soil is bound in inacssible forms for
plant uptake.This is also the case when phosphorus is added in the forms of fertilisers
(Bhattacharyyat al., 2015) The added phosphorus is readily adsorbeith as much as 80%

of the applied phosphorus becoming unavailatoleuptakeshortly after applicatiorfZhuet

al., 2018) Inorder to provide enough phosphorus for optin@abp growth, this had led to

the over supplementation of phosphate fertilisgfisi et al., 2011; Wocet al., 2012) This,
however, has led to serious environmental ramificatiofifie excessive application of
nutrients causes surfacen-off and leaching that cacontaminate ground or surface waters
(Paik, 2001flowing into freshwater lakesral rivers This stimulates the rapid growth of
algae and water plantsyhichhave disastrous effects to the local environment. Many algae
blooms can produce bioactive compounds, including potent toxins that can tisastock

and wildlife death(TrevineGarrisonet al., 2015) Additionally, nortoxic algae blooms,
although not producing any dangerous toxins can still have a significant effect. These become

so densely congdrated that they create anoxic conditions resulting in the death of any fish
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or underwater creaturegHallegraeff, 1992)The death and decay of these bloomgacts

water quality, restricting use for fisheries, recreation, industry and drinKiKigan and
Mohammad, 2014) These are not however, isolated to freshwater Eventually, the
LIK2 A8 LIK2NHzA NBIF OKSa GKS O2l1adGrf YINRYS SO2aea
populationwithin 100 km of the coastline and providing more than $10 trillion in annual
resources these blooms are contributing to significant hypoxic zones across the gy

economic consequencg®Vallaceet al., 2014)
1.1.4. Overcoming phosphorus pollution

Ninety percentof total phasphorusconsumption isused in both crop farming and animal
husbandry(Neset and Cordell, 2012; Schetal., 2013) Most of it,however,isnot absorbed

by either. This has led to the over supplementation of phosphorus in both fertilisers and
animal feeds(Bhattacharyyaet al, 2015; Kebreabet al, 2008) causing significant
environmental damageAttaining sustainable supply/reuse of phosphorus has neeenb

Y2 NB ONMR (A QdzlfJéd canigfidt 20085 Whe® rock phosphate prices spiked
dramatically(Cordell and White, 2015, 2013yith the price goingrom $262 to $1218 per
tonne. This price risvas driven by a combination of factoes imbalance between supply
and rapidly increasing demand, piarilarly in China and India. Increased biofuels production
in the U.Sand Europe as well as increased livestock production, thereby requiring more grain
and thus more fertiliser. Economicalthe price was also affected by the imposition of high
tariffso & / KAyl 2y TFTSNIAfA&ASNI SELRNIAaA® ¢KAa SYLK
to even minor disruptionfCordell and White, 2015, 2014)d the importance of developing

sustainable approaches that can minimise the use of rock phosphate

One such approach, involves the abundant organic phosphate molecule phytate (Inositol

hexakisphosphate, InsAR).
1.2. The Inositol Phosphates
1.2.1. Myo-Inositol Hexakisphosphate

Theinositol phosphatesire a class of organic phosphate compounds that are widely found
in nature, including inanimals.These are derived froman inositol ringwhere the alcohol
groups are replaced with phosphate. Theaage from inositol monophosphate taasitol

hexakisphosphate.
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OH P,
HO _OH P, _—Py

Figure 1.2¢ The structures ofmyo-inositol and myo-inositol hexakisphosphateWhere each P represents

ester bonded orthophosphate;OPQ?. Figures were drawn in Chemdraw.

There are nindifferent stereoisomeric formgmyo-, neo, scylle, d-chiro, L-chiro, epi,
muco, alloor cisInsR) that differ in their axial or equatorial conformation of phosphaté&s.
these, only four has been confirmed in nature, these @@, neo, scylle and d-chiro.,
Figure 1.3Gileset al., 2011)

P,
Ps P2 Ps
P, Ps P, Ps
Ps Py

myo - InsPg scyllo - InsPg
P
Ps
P, P4
P3
neo - InsPg Ps D-chiro - InsPg

Figure 1.3 The four naturally occurring inositol hexakisphosphatesyo-inositol hexakisphosphate contain
five equatorial phosphates in the, 13-, 4-, 5, 6- positions with one phosphate in the axiap®sition,scylle

InsR the phosphates are all ifhé equatorial positionpeo-Insk has four equatorial phosphate groups in the
enantiomeric positions, 1/3 and 4/6 with two axial groups in thgs2position.D-chiroalso has four equatorie

phosphates at the 2 3-, 4 and 5positions and two axial grgs at the > and 6positions.

Of the four naturally occurring inositol hexakisphosphateyo-InsR garners the most
attention as it is the primary storage form of phosphate in plants, seeds and gkainsar

et al., 2010; Raboy and Dickinson, 1998)counting for as much as5% of dry weight and
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up t060-82% total phosphatéRavindraret al., 1994; Reddy and Sathe, 200h)developing
seeds, more phosphorus is accumulatedrtliequired for cellular functionn higher plants
this excess phosphorusiigorporatedinto InsR and deposited as mixed salts referred to as
phytin (Raboy, 2009)

1.2.2, Synthesis of Inositol hexakisphosphate

Thereare twobiosyntheticpathwaysfor the synthesis ahositol hexakisphosphai@illaspy,
2013) The first pathway is called the lipittpendent pathwaythat is present in all
eukaryotic organismgn this pathwayphosphatidylinositolgPtdins), a family of lipids with
an inosiol headgroup(Freedet al., 2020)specificallyphosphatidylinositol 4,%isphosphate,
PIR, is acted upon by the enzyme phospholipase C (Ploducing Ins(1,4,5)%PThs isthen
acted upon byspecificinositol kinaseswhichcatalyse thestepwisephosphorylation ofree
hydroxyls onthe inositol ring. For example, inArabidopsis Inositol polyphosphate
multikinase, IPK2¢atalysesthe conversionins(1,4,5)R to Ins(1,3,4,5,6)% after which
Inositol Pentakisphosphat®-kinase, IPK1 generates the InsPmolecule (Cridland and
Gillaspy, 2020 heir importance was confirmed bpdcking outboth IPKland IPK2A single
IPK1 knockousaw a 83% reduction afeed phytate levels which increast >95% when
also knocking out IPKStevensorPauliket al., 2005) Similarprocesses have been observed
in flies, human and rat homologslonserrate and York, 2013dditionally there isanother
family of enzymes that are involved in the phosphorylation of the Ins&sely Inositol
trisphosphateKinases, ITPKA), whichcan catalyse the conversion of In$®InsR and Insk?

to InsR (Monserrate and York, 2010)

Thealternaive pathway is the lipidndependent pathwayThis pathway can initially proceed
via two different enzymedn the first path,inositolis first acted uporby the enzymanyo-
inositol kinase(MIK) which converts the inositol ténositol (14,5)-phosphate The next
pathway converts gicose 6phosphate to inositol (3}phosphate using the enzymmayo-
Inositol (3)phosphatesynthase(MIPS)(Shiet al., 2005) which can be converted tonyo-
inositol by myo-inositol monophosphatase(IMP) or phosphorylated tomyo-inositol
bisphosphateMutants in both the maiz&1IKand maize and barleMiIPSgenes exhibited a
50% and 360% reduction in seed Inskevels respectivelyDorschet al., 2003; Shét al.,
2005) The conversion of Ingfo InsB and InsB has not been completely deciphered yet.

The ITPKs have been showrhave a high catalytic flexibility and therefore may be involved
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in this procesglLahaet al., 2019) however this is not confirmed and still debatédgeneral

schematioof both pathwaysds displayed below iRigure 1.4.
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Figurel.4 ¢ A schematic detailing the lipid dependent and lipiddependent pathways for InsfPsynthesis.
The lipiddependent pathway proceeds through breakdowrpbbsphatidylinosito(PIR) by phospholipase C
(PLG. It is then acted upon by thieositol phosphate kinasefK3$which sequentially phosphorylate todR.
The lipidindependent pathway can occur through the phosphorylatiomgb-inositol bymyo-inositol kinase
(MIK) to Ins3P or by conversion of G6P to Ins3P. The next steps have yet ty/ledutilated lut may occur
through Inositol trisphosphate kimses(ITPKys These can phosphorylate the InsP molecule similarity to the

IPKs.
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1.2.3. The Other Inositol Phosphates

The InsR pathway is fundamentally important to a variety of biological processes. The
structure of the sixmembered cyclohexane ring with the potential of varying levels of
phosphorylation, 64 unique phosphorylation molecu{¥srk, 2006)allows a divers range

of compounds to be produced and used in a variety of different biological processes, the
diversity can be further increased by thattachment of lipid groups forming
phosphoinositides or the addition of phosphates to existing phosphateoestersorming
inositol pyrophosphatednsP and Insk (Livermoreet al., 2016)

The best characterised inositol phosphatéer then Inskis the calcium signalling molecule
Ins(1,4,5)R (InsP3). InsP; binds to IR-dependent calcium channels causing the release of
calcium from intracellular stores. This signalling molecule plays pariemt role in may
biological processes)cluding cell proliferationapoptosis and muscle contractigBerridge,
2008; Hansp et al., 2004; Taylor and Thorn, 200Qpncentrated at the cytosolic surface of
membranes, phosphoinositideshave key roles in signal transduction, regulation of
membrane traffic and the permeability and transport functions of membrgie$aolo and

De Camilli, 2006)nositol pyrophosphateare smallenergyrich moleculeghat have ben
ubiquitously found in all eukaryote¥hese are involved in a wide range of cellular functions,
including DNA repair, osmoregulation, immune signally and ribosome syn{figsita and
Bhandari, 2015; Wilsoet al., 2013)

1.2.4. The Issues Concernimgyo-Insk

Asshownin Figure 1.4thelnsR pathway and the family of inositol phosphates are involved

in a variety of biologically important processésR is abundantly found in animal celbs,
concentrationganging from 1660 uM. Plants, seeds, and graiasethe major storage form

of phosptate. Likewise, inositol phosphatese abundant in theoilenvironment forming a

large part of the organic soil phosphate pool, being anywhere fror80B@ of the total
organic phosphatéGileset al., 2011)

InsR is an immense reservoir of phosphate.the year 2000 it was estimated that as much

as 51 million tonnes of phytate can be found every year in commercially produced fruits and
crop seedgLott et al., 2000; Gerke, 2015)vhich according to the USGS is equivalent to as
much as 37% of the phosphate rock mined that year. Therefore, the importance einnsP

the global P cycle canhbe understated.
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Thus, wehave an organic phosphate molecule that is found throughout nature. It can be
found in the cells of eukaryotes as part of an important family of signalling moledtiles,
highly abundant in growing plantseedsand grains as the major storage formpbfosphate,

and it can form a significant part of the organic soil phosph&eswhat ishe problem?

InsR is avery highly chargednolecule with a negative charge thatrcaange from @12
depending on the pH. At a neutral pHgbkharge can be as high a8§Turneret al., 2002)

This high charge causes it to form very stable complexes with mineral ions, as well clays and
calcite(Creaet al., 2008; Mamedoet al., 2016)which rendesit inaccessible to be absorbed

as nutrients. Additionally, with a stronger adsorption capacity then phosphate, phytate binds
more tightly © soil particlesTherefore even further reducing the accessibility of phosphate

in the soil.This bindingloes notjust affectinsk in the soil, but it can also negatively affect
the abundance of mineral ions in animals. Monogastric orgasi@msh as hmans, swine

and poultrylack the sufficienactivity of InsR-degrading enzymes in their digestive traot
properly break down the IngRGuptaet al., 2015) It has been reported that Ingfhhibits

the absorptionof calcium, iron, magesium, manganese, and zinc ions, reducing their
bioavailability(Nissaret al., 2017) although the extent to which absorption is hindered is
debated. InsPcan also form complexes wiimino acids angbroteins, having an adverse
effect on protein utilisatiorand digestibility(Kieset al., 2006; Sellet al., 2000) This has

significant effects in the swine and poultry industry.

In 2014 there were 21 billion chickens and 798 million pigs worldwidibese are all fed a
diet that is largely cereahnd/or grainbased meaning that the dominant form of phosphate

in these feeds are InsRAt approximately 10 g Kifeed (Selleet al., 2009) Theanimal then

does not absorb sufficient phosphate to help it growdmvelop in addition to the anti
nutritional properties described above. These insoluble nutrients and proteins are unable to
be absorted and are subsequentlyexcreted as waste (Phillippy, 2006) Additional
phosphorus can be supplemented in the form of phosphadek, but this can further
exacerbatethe overuse of phosphorus and environmental issu@nilar to phosphate,
phytate can be adsorbed onto thelgd soil phase where it can accumulate in the soil.
Adsorbed phytatecan be subjected to weathering, or enzymatic degradation which further

increases the amount of phosphate roff and leaching.

Therefore from an environmental and economic outladkere must be a way in which InsP
can be degradedeleasing the inorganic phosphate and other mineral ions for absorption

by the animalas well as diminishing the amount of exogenous phosphate that needs to be
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1.3. Overview of Phytases

Phytases are enzymes thatalyse the sequential dephosphorylationio$R into the lower
inositol phosphatesvith the release of inorganic phosphatet each hydrolysis steprhe
Enzyme Nomenclature Committee currently recognises three types of phytases babed on
positionat which the first phosphate isleavedfrom the myac-inositol ring. These are the-D
3-phytase (EC 3.1.3.8\vhich can also be referred to as aliphytase, B4-Phytase (EC
3.1.3.26), which can also be referred to as@Gghytase, and fphytase (EC 3.1.3.72). There

is also the addition of a multiple inositol polyposphatase phosphatase (EC62)1véhich

can remove the first phosphate from multiple positions. These enzymes have been found in
plants, bacteria, fungi and animals. Phytases have been detected in calves, birds and reptiles
as well as rice and wheat plants, alongside many other spéEiaefneret al., 2005)
Phytaseshave been found to be extracellular asdcreted into the surroundings or remain

intracellularly(Azekeet al., 2011; Olstorpet al., 2009; Ullah and Gibson, 1987)
1.3.1. The History of Phytases

The first mention ophytasein scientific literature was in the early 2@entury (Suzukand

Yoshimura, 1907; Dox and Golden, 198l)zukietal, SEI YAY SR G KS Of S| @I 3§
into inosite and phosphoric acioy suspeding rice bran in water for several daydpon

returning, they discovered that phosphoric acid was formed at the expense of the organic
phosphaus compound to such an extent, that an enzyme might be responsible for this
reaction. This wasonfirmed by precipitating the enzyme in alcohol and testing in witith

a phytin solution Later on,Dox and Golden examined the production of phytaséumgi,

particularlyAspergillus niger

Over the next 50 yearmost of the research into phytases/iblved the discovery of phytases

in a variety of differenspeciessuch agplants, vertebrates such d@gs, snakes and certain

species of birds and fistiRapoport, Levaand Guest, 194]1)as well as mammal®ileggi,

1959) But as noted by Peers in the eavlyp p the&y Bad not been as intensively studied as

many of the other phosphatase®eers, 1953)L G 6| &y Q0  dagvievef, thati KS mdc
interestin isolating, characterising and commercialising phytate degrading organisms and

their enzynes started to grow(Hill and Richardson, 200A)ith the International Minerals

and Chemical€orporation(IMC) now known as IMC Globah 1962 making efforts to
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develop a commercial enzyme, foreseeing a potential market in a phytase that would break
down InsR in plant meals. Despite being discontinued in 1968, it did provide a valuable
isolate for the futurefrom AspergillugLeiet al., 2013) It was the last couple of decades
where phytase research truly grew exponetii. Phytases were identified with differing

catalytic mechanism®r InsR degradation(Mullaney and Ullah, 2007; Vincegital., 1992)

Phytases arecommonlysplit into four broad classeshe most common and widely studied
is the Histidine Acid Phytases (HAPhys)pther three are the -propeller phytase (BPPhys,
also known as an alkaé phytase), the Purple Acid Phytases (PAPhys; lnetalymes) and
the Protein Tyrosine Phosphatakke phytase (PTPhys)

1.3.2. Histidine Acid Phytases

The histidine acid phytasg$iAPhy)are the most widely studied of the four classes
phytases, with most bacterial, fungal and plant phytases belonging to thigKlassret al.,

2012) This class of enzymeglbngs in the superfamily of histidine acid phosphatase
diverse group of functional proteins who shares a conserved catalytic core centred on a
histidine residuewhich is phosphorylated during the reactiofRigden, 2008) This
superfamily is comprisedf two branchesBranch 1 consists of proteins which function in
metabolic regulation and developmental processvhilst the smaller branch 2 consists of
phosphatases and phytas€€okeret al, 2013) Phytases from this branch have a low
sequence homology however each member posseasonserved/b and a more variable

a-domain(Rigden, 2008Hgure 1.5.
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Figure 1.5¢ A cartoon representation of theEscherichia colbhytase,PDB 1DKR.imet al., 2000) that has
been rendered inPyMOL All histidine phytases possess a varidbldomain, pink, and aanserveda/b

domain, green. The interface between the two provides the catalytic site, in which, in this structure, t%
analogue of InsAs bound.

In-between these two domains are the twimportant catalytic motifs, that are found in all
HARys. The first ishe active siteheptapeptide sequence motiRHGxRxRvith the RHG
(aRginine, Histidine and Glycirming very highly conservecdhile the xRxP is more variable
The second is the protodonor motif, HO{Histidine and Aspartic AciBigure1.6.

Gilliamella.apicola QYQLDKVVILS RHGIRTR. é------------ LLVGHDSTIAALLGAL
Pseudomonas.syringae ~ GLRLDKVVLVM RHGIRPA  £&------ KWLAYVELSNAQLRTLL
Lonsdalea.quercina PFTLENVVTLS RHGVRPD é RF-QA PLVMFVGDTNAQIQTML
Pantoea.deleyi TYQLEKVVELS RHGVRPP &------ RWFILVAHDTNIAMVRTLM
Zymomonas.mobilis RYMLEKVVELS RHGVRPP ¢é QA1 A GP P D WHAMWARRRVLA
Acidobacteriaceae GADLQMVVMLS RHGVRSP é | G N-P ®D/LLVGIDTNIVAVAGAL
Sphingomonas.sp PLQVDRVVLMM RHGIRPA  &------- KVALIAGHDTNVANLAGVL
Citrobacter.amalon. DMKLERVVIVERHGVRAP é K L-P-V SLLFIAGHDTNLANLSGVF
Edwardsiella.tarda GYRLDKVVIVS RHGVRAP é A-N-- RLLLLVGHDTNLANLSGLL
seokk o okkkek *ke o . .

Figure 1.6¢ Multisequence alignment ofnine diverse bacterialHAPhysusing MUSCLBWultiple Sequenc
Comparison by LeBxpectation, from EMBEBI. The heptapeptide sequence motif and proton donor moti

highlighted in red and blue respectively.

Theacidbase catalysis dhsR involvesa two-step reactionin which phosphates cleaved
from the InsB. As InsRis a highly negativelgharged molecule, théinding pocket must
reflect this, the two arginine, R, residues are positively charged which helps the bfhding

et al,, 2007) A schematic of the reactidor the fungal 3phytase fromAspergillus niggphyA
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is shownin Hgure 1.7. In this reaction, InsRenters the active site of the phytase, helped by
the attraction of the twopostively charged arginine residues A58 and Argh2, as well as
additional arginine residues that are not part of the active ditere it is acted upon by the
nucleophiliclone pair of electrons on the catalytic histidinesidue,His59, which attacks
one of the phosphate groups. This leads to the formation of a phosphohistidine
intermediate. Aspartic acid, As}89, donates a hydrogeanto form an alcohol group which
replaces the lost phosphate, forming the molecule n#fPthe next step of the reacn, the
negatively charged AsB39 residue attacks a water molecule which in turn attacks the
phosphohistidine intermediate, generating the free, inorganic phosphate and resetting the
catalytic systenfMullaney and Ullah, 2007; Oakley, 2010)

Figure 1.7¢ The catalytic mechanism of the Histidine Acid Phytase fréspergillus nigerPDB3K4Q(Oakley
2010) Residues are numbered asAspergillus nigerl. Nucleophilic attack and phosphorylation of the cata
histidine residues, and relsa of InsP 2. Protein donation by the HD motif, and breakdown of
phosphohistidine intermediate. 3. Release of inorganic phosphis mechanism was produced usiPgMOI

and Chemdraw.

The InsP can reenter the active site tobe degraded furtherinto the lower inositol
phosphatesin many caseghe full conversion of inositol hexakisphosphateniyo-inositol
however, does not occurln fact, only two known phytase that are found in fungi,
Debarpmyces castelliand Schwanniomyces occidentali$®, have shown to be capable of

degradngthe axial 2inositol monophosphatéSegueilhat al., 1992; Bozet al.,, 2011)

bSFNIe& Iff 2 FstrangstBredspedifisitg twardsittie pasition of attack on the
InsR molecule(Balabaret al., 2018) For example, thé&dAPhyfrom Aspergillusiiger shows
predominant dephosphorylatio from the D3-position, whereas in Escherichia coli
degradation initially begins at thB6-position (Grdner et al.,, 2009, 2000)A sub-branch of

the histidine acid phytasdsowever,showsless selectivitand these are the Multiple Inositol
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Polyphosphate Phosphatase®liNPB. These phytases werfirst described in 199%nd
characterised in 1997Craxton, Ali and Shears, 1995; Craxéoral, 1997) The first was
isolated from the liver of a ratlt was immediately noted that tk phytase catalyse
hydrolysis ofnsR without specificity towards any particular phosphate group, thgagition
beingthe exception.The MINPR were found throughout mammals such as humans and
birds before being isolateith plants(Chiet al., 1999; Chet al., 2006; Dionisiet al., 2007)
The profile of intermediates generated from Ins®y different MINPPsare variable

(Acquistaceet al., 2020)

The MINPPs were previously considered to only functisidéanimal cells and plants as a
means of regulating IngRnd Insklevels(Chiet al., 2000; Romanet al., 1998) however, it
gl ayQia dzydaAft H N kacteriab MISMRBYas efddted ffoi NB&adderoides
thetaiotaomicron(Stentzet al., 2014)

Despite these enzymes sharing a low sequence homology, and functional diversity to the
other members of the histidine acid phytases, they still possessdhserveda/b and more
variablea-domain. They also contain theeptapeptide sequence mofiRHGxRxP, but they
differ in their proton donor motif. Instead of the usual bipeptide motif, HD, these enzymes

contain a tripeptide motif such as HA&entzet al., 2014)
1.3.3. i -propeller Phytases

Thei -propeller phytase¢BPPhyjare widely distributed in nature playing a key role in the
cycling of Insfin both soil and aquatic microbial communiti@&&P Pl being the only class of
phytase that is commonly found in aquatic systeansl the most common in sdiHuanget
al., 2009b; Limet al., 2007a; Neakt al, 2017) These phytasesunlike the othersare
structurally unique, exhibiting no homology to any known phosphatasel therefore
showing no dephosphorylatioactivity for anyphosphatecontaining compound other then
InsR (Shinet al., 2001) They are aptly named, containing a ring of isigheets that is
reminiscent of a sibladed propeller Theactivity of BPPhys are métian-dependent as they
require calcium for activity and stabilifs. Fuet al., 2008)which can be examined in the

crystal structuresHgure 1.8 Most of the BPPhy described come from the geBasillus
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Figure 1.8¢ A cartoon representation of the -propeller phytase fromBacillusamyloliquefaciens PDB 1H¢
(Shinet al,, 2001)that has been rendered iRyMOId ¢ KS & (i NHzO & dzNIR SR2 NINR LIS fi d
sheets highlighted in red, blue, pink, orange, grey and cy#re crystal structure of BPPhy contains mul

calcium binding sites, green, and two phosphate binding groups, red/orange.

These enzymesave shown to have a high thermostability with an optimal pH of around 7
8, thereforethey arecommonly known as aalkaline phytase. This is different from the
HAPhys which typically show optimal activity at a more apidiTanget al., 2006) Analysis

of crystal structures and the amino acid sequences revealed a negathalged active site
with multiple calcium binding sites allowing the favourable bindin@a&f-phytate (Kumar

et al., 2017) Ohet al (2001)reports that in the absence of calcium ions, plsgtactivity
ceasesindicating the importatirole that calcium playgOhet al., 2001) All of the structures

of the BPPhy have shown six calcium binding sites, adfiiglity triad important for enzyme
stability and a lowaffinity triad that forns the catalytic centreln Figure 1.8however, a

seventh calcium was located.

Thesepositively chargedtalcium ions facilitate the binding of the substrate by creating a
favourable environmentfor the negatively charged phosphate molecules on dn3Re
positively charged substrate, @asR, favours he negatively charged electrostatic
environment of the active sitéHaet al,, 2000) This is presentinthefgr 2 F | & Ol 3S¢

aspartate and glutamate residu@sumaret al., 2017).
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Thesecalcium binding sites layn dtopé of the propeller Figure 1.8The mechanism of I1i%
dephosphorylatiorin Bacillus amyloliquefaciens believed to occur through the formation
of a bidentateligand between two oxyanionsof two adjacent phosphate groups of the
phytate and calciunm{P-C&*-P) These phosphates binith two pockets, thecleavage and
affinity site. This initiates dephosphorylation beginning at theo3itionwith the 4-position

in the affinity site The calcium ions in the active site form a bridging activated water
moleculethat cleavesthe phosphate bongdthe role of thegeneral acid (B:Hican be served
by adjacent lysine residueshis is followed bgegradation of thel:2 positionand then 5:4.
This continues until inosittliphosphate where degradation is considerably slowed/stopped
as there is no longer an adjacepihosphate(Kimet al., 2010; Orfet al.,, 2006; Shiret al.,
2001) A proposed schematic ghown inFigurel.9.

.
L.Ca”
- A)

P2 '

P

Cleavage Site Affinity Site Cleavage Site Affinity Site

Figure 1.9c A proposed mechanism for the degradation of InsBy i -propeller phytases.1. Binding of tw:
adjacent phosphates of IngB the cleavage and affinity pockets within the protein. 2. Nucleophilic attack

bridging water moleculéo cleave the phosphate bon8. Phosphate release.

Sequence alignments of tiePPhy$ave identifiedwo common motifghat are ubiquitous
amongst the BPPhys, these are MAADPAIW and NNVD motiEsgure 1.1@Kumaret al.,
2017)

Thioploca.ingrica VVATVETKPVSVDG DAADDSAIWHPQDPA ¢IMNNVILRYHFPL
Marine.bacterium.AO1 -C VLADMETEPVNSAD DAADDPAVWH P K K&RGNNVIVRYGFLL
Paenibacillus.jamilae VLPSVETEAVEDGE DAADDPAIW N P V DEKENVILRYGFTL
Bacillus.amyloliquefaciens VNAAAETEPVDTAG DAADDPAIW D P K T éKOQNNVDRYDFPL
Bacillus.licheniformis ~ VTADAETEPVDTPD DAADDPAIW H P K QéKENNVILRYNFPL
Caulobacter.mirabilis VTATVETQPVEGGERAADDPAIW H P T DéRBIMNVILRDGFKL
Sphingopyxis.flava ARPTVETVPVETGG DAADDPAIW N P A DERMEIVILRSGFRL

** % *kkkk keke Kk ckkkkek k Kk

Figure 1.10 The Multisequence alignmentfesevendiverse BPPhys using MUSCMEiltiple Sequence Comparis
by LogExpectation, from EMBEBI.
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1.3.4. Protein-Tyrosine Phytases

Ruminants, unlike monogastric organismsyda particularly metabolically active gut
microbiota that is capable oflegrading dietary phytate. Consequentiyminants are able

to access the phosphateontent of phytate for nutrition.(Yankeet al., 1999) Among the
cohort of enzymes possesséy the ruminant gut microflora are a group of phytasese t
protein-tyrosine phytases, otherwise kmm as the cysteine phytaseshat were first
identified in the anaerobic ruminant bacteligpeciesSeenomonas ruminantium This
enzyme has no homology to the other classes of phytase, instead it bears the characteristic
protein tyrosine phosphatase (PTRytive site sequence motif, HCxxGXGRT. The PTP
superfamilyis commonly associated with controlling the levels of cellular protein tyrosine
phosphorylation andis known to play a significant role in initiating, sustaining and
terminating cellular signallsn(Anderseret al., 2001) They can be split into three classes, (i)
the classical PTPs, (ii) tbealspecificity PTPs and (iii) lewolecularweight phosphatases.
These enzymes act through the formation of a cystegigdsphateintermediate. Their
structure, Figure 1.11contains two domainsa large domain, consisting of &4 NJ y:R S R
aKSSi 6 KAOK A &heétsioy hoih sid@E&HSvA ingréen), the smaller domain
consists of a stranded -sheet(shown inmagentg. At the interface of these two domains
residesthe phytatebinding pocketTwo loop structures lie at the bottom tie pocket. The
P-loop which containsactivesite sequence motiHCxxGxGRTed, and the WPBoop,
orange, which contains the donor Aspl2, blue, and Cys241, yellow, serves as the
nucleophileand general acidespectively to catalyse the hydrolysis of the phosphate bond

of phytate, green,Hgure 1.11
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Figure 1.11¢ The cartoon representation of the protein tyrosine phosphatatike phytase (PTPhy) fro
Selenomonas ruminantiunPDB 1U2@Chuet al., 2004) rendered usind’yMOLThe structure is made up ofo

domains, a4 (i NI yRSRS G ¢ KA OK A-ghedislorybiath sid€gfte®rithe anallel domain consis
ofa54 (i NJ y:dRé&Rmagenta The Ploop contains theactive-site sequence motif HCxxGxGRT, red, an
WPDloop, orange, which contains ¢hdonor Asg212, blue, and Cy841, yellow, serves as the nucleophile

general acid respectively to catalyse the hydrolysis of the phosphate bond of phytate, green

The mechanism of action is believed to ocfitstly through the binding of phytateotthe

active site pocket which is facilitated by interactions between the basic charges in the pocket
and the negatively charged phytate molecule.isTts then orientated through hydrogen
bonds, such as those from A247 which help stabilise the moleculEhe thiolate anion of
Cys241 then attacks the phytateinitially at the 5position, creating a phosphocysteine
intermediate. Asg212 acts as a general acid by donating a hydrdagerand breaking the
phosphate bond. For the second step, &4[® acts as general base by taking a proton from

a bound water molecule which in turn attacks the phosfysteine intermediate, removing

the phosphate and resetting the catalytic systé@huet al., 2004) The schematic diagram

is detiled inFigure 1.12.
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Figure 1.1Z; A proposed mechanism for the dephosphorylation of phytate by a protein tyrosine phosphe

like phytase (PTPLP) I8elenomonas ruminantiuml. Nucleophilic attack by a catalytic cysteine residue
release oflnsR. 2. Proton donation by a catalytic aspartic acid residue and release of the phosphoc

intermediate. 3. Release of phosphate

1.3.5. Purple Acid Phytases

The purple acid phytases (PAPlyg part of the metallophosphoesterase superfamily
(MPE).Thissuperfamily catalysephosphate ester hydrolysiwith the aid ofa binuclear
metallic centre. In animals this centre is typically two irons, whilst in plants the second iron
can be replaced by either a zinc or manganese(lariet al, 2007) The first reported
discovery of a PAP that was capable of degradings IwsiB in 2001and isolated from
germinating soyabeans(Hegeman and Grabau, 200IJheir names are given to them
because they exhibit a purple colour in their inactive oxidised form, and a pink colour in their
active reduced formThis colour change is due to the oxidation of the hetatent binuclear

iron corewhich occurs through a charge transfer transition with a highly conserved tyrosine

residue(Matangeet ald = H n vepal, 2606) G A O

The purple acid phytases are commonly referred to as plant phytassthey had only been
found in plants such as wheat, barley, maize and(fgenisiocet al., 2011) In 2018 however,

a potential PAPhy was isolated from an earthworm cast bacte(Nasrabadet al., 2018)
Furthermore, metagenomic studies identified phytase activity from purple acid

phosphatases from nonvegetal origif\dllamizar, Nacke, Boehnirgf,al., 2019)

Members of the MPE superfamily have a diverse array of functions such as nucleases
phosphoprotein phosphatases, pyrophosphatases phdspholipaseshowever, they still
share the core MPE fold and conserved active sites and n{M#ésangeet al, 2015) In
general, the PAPs from both plant and animals appear to occur in at least two forms which
can be distinguished by themolecular weightsa smaller 35 kDa and larger-66 kDa form.

The smaller form is typically a monomer, while the large forms a homodimemrever, this
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can range up to a hexameric stafglatangeet al., 2015; Schenkt al., 2013) The fold is

described as & h i tarchitecture, the heart of which harbours ia=sandwich which is
surrounded by -helicesp ¢ KS | OGA GBS aAdsS 27 (KiSsamwichQa A &
and consists of two metal ions. These ions are coordinated by seven conserved amino acids
which are cordined in five highly conserved sequence mofiisese are BxxY, red, GNHE,

magenta,GHxH, cyan,GDxG blue,and Vx¥, yellow, Figure 1.13.

Figure 1.1 The cartoon representation of the Purple Acid Phytase frdmiticum aestivumisoform B2 PDE
6GJA (Unpublished), rendered usiygMOLEach coloured segments represent one of the five highly cons
sequence motifsGDxxy (red), GNHE (mag@n GHxH (cyan), GDxG (blue) and VxxH (yellow).

In the mechanism of actiomesidues displayed are froifriticum aestivumthe InsR binds

to the divalent metal ions facilitated by the exchange of the bound water ligéhi step is
stabilised by the coordinated amino acid residues. The coordination of the subsrate
followed by nucleophilicattack of a metabound hydroxide which in turn causdbe
formation of an-OH groupon the InsBvia protonation by an active site amino acdd
release of the InsPmolecule leaving behind the bound phosphake the next stepsthe
regeneration of the enzyme and reset of the catalytic systar,the leas understood of

the mechanismlt is believed that the bound phosphate is displaced and at least two water
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molecules are used in this process. The proposed mechanism is ghéigore 1.146 a A G A O
et al., 2006; Schenét al., 2013, 2008)

Hgure 1.14¢ The proposed mechanism for théephosphorylation of InsPby the Purple Acid Phytasérom
Triticum aestivum 1. Inskbinds to the catalytic diiron centre. 2. Nucleophilic attack by bridging water mo
and release of InsP 3. Further nucleophilic attack by two water molecules, reforming the bridging °

molecule and releasing phosphate.

1.4. Phytases irthe Animal Feed Industry

Phytases are found throughout nature and have been shown to have catalytically diverse
ways of degradingnsR in awide range of environments, from Himalayan, volcanic soils to
the guts of fish and animals and even the oceanshef Antarctic(Huanget al., 2009b;

Jorquereaet al.,, 2008; Kumaet al., 2013; Nakashimet al., 2007; P. Yat al., 2015)

Phytaseare a taxonomicallwidespreadgroup of enzymes that adopt diverfad, catalytic
mechanismand displaygreat variation in specificity of attack on IpsRelative activity on
alternative substrategpH optima, protein stability and catalytic agty (turnover).Earlier in

this thesis there wasa discussion for theneed for InsPto be degraded in the guts of
monogastric organisms such as swine and potidtriynprove the nutrition of the animal, as

well as contribute to lesseninthe need for the ovesupplementation of fertilisers and
phosphate rock. Since 1991, phytases have been engineered and supplemented into animal

feeds. Since then, phytases have become a major sector of a global enzyme market of

34



estimated value $5 billiom 2015, with annual growth estimated at356 from 2016 to 2020
(Guerrand, 2018)

1.4.1. The History of Phytases in Industry

Despite the isolation efforts of the International Minerals and Chemicals (IMC) in 1962 failing
to find a suitable phytase for commercial usae of the isolates fronthe study, from the
fungal specied\spergillus mjer (ATCC 6687§)rovided the basis for the first commercial
phytase launched in 1991 under the name Natugh@BASF)a HAPhyOriginally, the
screening of novel phytases focused on the identification of microorganisms that exhibit high
phytase activityHowever, vith the development of recombinant DNA technology, the gene
from Aspergillus nigewas cloned, characterised and overexpres@ddllaneyet al., 1991;

van Hartingsveldet al., 1993) The overexpression of the phytase wam#icantly important

as this allowed the necessary production for commercial use. This subsequently led to a shift
in the search for novel phytases towards enzymatic properties. Phytases should exhibit a
high catalytic efficiengya wide pH profile thais capable of degrading phytase along the
animals gastrointestinal trackH 2.57 (Mabelebeleet al., 2013; Merchanet al., 2011a)a

high thermostability, that is necessary to remain active during the feed pelleting process
(Slominsket al.,, 2007)and resistance to proteolytic digestigBersjantLiet al., 2015) The

first generationof phytases were based on fungal HARhyigh many developed from the
phytase encodd by thegene originating fronA. nigetL & ¢+ ay Qi dzy iAfh (GKS S|
a bacterial candidate was discovered. Thscherichia cobenes appA and appA2were
identified to code formore effective phytasesshowing superior feed efficady.eiet al.,

2013; Rodrigueet al., 1999a, 1999h)

The phytase market developed slowly however, since the introduction of Nat@md991,

because there were no cost benefits to using phytase instead of supplementing with mined
phosphate rok. But this changed in 20€2008. A significant increase in the price of inorganic
phosphate, in addition to new environmental legislation made the use of phytase much more

cost effective ad led to a new drive in phytase researching resulting in the second
generation of phytases based on tke colappAphytase(Leiet al., 2013) and in 2007 the

9dzNR LISFY [/ 2YYA&aAzy || dzi K2 NK@$ERfor (1€ &s adged 2 F &
additive (Gabriele Aquilinagt al., 2012)

35



There are now many different phytases on the market that are derived from a number of
sourcesCurrently, all othe phytasesshown in Table 1 are from the class of histidine acid

phytases.

Table 11 cCommercial Phytases in use today

Trademark Supplier Organism Expression Host
Natuphos BASF Aspergillus niger Aspergillus niger
Quantum Blue AB Vista Escherichia coli Pichia pastoris
Phyzyme XP Danisco Escherichia coli Saccharomyces
pombe
Axtra PHY Danisco Buttiaxuellasp. Trichoderma reese
Ronozyme HiPhos DSM/Novozymes Citrobacter braakii Aspergillus oryzae
Ronozyme NP DSM/Novozymes Peniophora lycii Aspergillus oryzae
OptiPhos Huvepharma Escherichia coli Pichia pastoris

These phytases atgpically expressed in eukaryotic host systems rather than their original
host, with thesesystemsproviding numerous benefits that the original does néukaryotic
systems can provide positanslational modifications such as glycosylation, which have bee
shown to improve thermostabilityYaoet al, 2013)as well as generating highprotein
yields(Maet al., 2020)

1.4.2, The Economic and Environmental Benefit of Phytases

The advent and development of phytases for use in industries is regarded as one of the top
ten landmark discoveries in swine nutrition in the past ceni@yomwell, 2009alongside
their environmental benefits.The benefits of addition of phytase into the dietof
monogastricanimals ismultifaceted. As phytase breaks down the phytate that has been
consumed in the form of animdéed, the releasedinorganic phosphates available for
nutrition of the animal. This obviates the addition of inorganic phosphate to the diet (in place
of phytate), it ameliorates excretion gfhosphate as inositol phosphates, in animal manures
and obviates the antinutrient effects of phyate. These antinutrient effects extend to
interference with protein digestibility and mineral provisidm. the reports by Selleand
Ravindrar(SelleandRavindran, 2007; Selle and Ravindran, 2@@8) reviewed experiments
wherephytases weresupplenentationin poultryand swinediets. The resultshowedthat a

large amount of the phytat@hosphatewas made available to the anim#tading to an

increased weight gaidn addition to this, supplementation also improves the bioavailability
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of previouslybound minerals such as calcium, zinc and {&tahlet al., 1999) In conjunction
to the nutritional effect the supplementation of phytases has, there is alssignificant
environmental impactWith less autilised dietary phosphorus entering the environment,
there will also be a reduction in environmental pollution as there is lessphtoras ruroff

into lakes and rivers.
1.4.3. The Future of Phytases

Despite the new advances in the second generation of phytases #re still some issues

in their activity. Many of theHAPhys are strictlgositionalstereospecific, meaning that the

D6- and D3-phytases that are used commercially will have a preference for these positions,
with only small quantities of the other InsPa F 2 NI A yORD | (NESS NI yLAAtRE &
InsR and Insk but theselower inositol phosphates begin to accumulate and ttage of

hydrolysis significantly slowBalabaret al., 2018)

Therebre, the search and development farK 5 R &I f Q cohtlKu@di Thi 8an diverge
into two directions: Identifying novel phytases in nature or engineering desired

characteristics in known phytasesr a combination of both.

Strategies for identifying n@V phytases in the environment have included screering
media where phytate is the sole source of phosphdiiiswson and Davis, 1983; Kerowio
al., 1998; Kumaret al, 2013)and more recenif through prospecting environmental
metagenomes and the creation of genomic librarjf@anet al., 2014; Farias, Almeida and

Meneses, 2018; Villamizar, Funknetr al., 2019; Villamizar, Nacke, Boehniegal., 2019)

Phytases have also been developed using protein engineering. There are three broad

strategies, directed evolution, rational design and a combination of the two, as a semi
rational design. Directed evolon is an engineering method that mimics natural selection in
order to alter the structural and functional properties of an enzyme. Threag employ
techniques such as random mutagenesis which introduces random point mutations into the
gene of interest(Senet al., 2007) Another means of inducing variabilitg DNA shuffling,
whichinvolves the recombination dfomologousgenes which are randomly fragmentég
DNase 1 and amplified using P@QRern, 2003)These techniques are useful because they
can be performed without prior knowledge about the structure and mechanistic pathway of
the target enzyme. It does however requirestiise of a highthroughput assay to analyse

the mutant proteins generated. Both of these techniques were performed in the study by

Tanget al., (2018)generatingmutants of Aspergillus nigeN25 with higher thermostability
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and halflife (Tanget al, 2018) Rational design is the opposite of directed evolution,
requiring detailed knowledge of the sequencedastructure of the enzyme. Fakhravar and
Hesampour demonstrated this using the crystal structur¢ghefE. coliK12)appAphytase
bioinformatics and docking binding energy measurement. They produced a &39&#e to
Phenylalaninejnutant with a 25.6%mprovement in catalytic efficiency compared to the WT
(Fakhravar and Hesampour, 2018emirational design combines the rational element of
rational design with the randomness of direction evolution. In Lehmanial (2020) a
consensus phytase designed using a sequence alignment of 13 fungal phytases showed a 15

22°Cincrease in thermostability

The expression system alptays an important role in the production of new phytasésr
commercialuse, the cost of production is @ominant factor in the adoption of the new
enzyme As shown in Table 1.1, there are numerous expression hosts that have been used to
produce commercial phytases, typically eukaryotic systems, each host provides the
necessary machinetp properly fold andoosttranslationally modify such as disulfide bond
formation and glycosylatiofLeiset al., 2013) Suleimanovat al., (2021)examined theeffect

of expressing a histidine acid phytase fr&antoeasp. 3.5.1 in three different expression
systemsEscherichia cglPichia pastorisandYarrowia lipolyticdSuleimanovat al., 2021)
Despite all producing the identical protein, there were differences in the biochemical
characteristics, such as pH activity anaodity, as well as thermostabilityf:herefore,it is
important to develop an expression host that can produce large quantities of the protein at

a lower cost, as well as prowigj the best conditiongo enhance its stability and activity.

1.5. ProjectAims

The aims of this PhD project were to explore the diversity of phytases in soils hatimg
culture-dependent and culturéndependent methodsThe main objectives of this project

can be outlined in five points: (1) method development for phytase isolationth@
investigation of phytase activity and isolation of phytases from different environments, (3)
detailed characterisation of a novel soil MINPP, (4) environmental metagenomics to examine
the diversity of phytases in diverse environments, (5) examinirgcontrols of phytase

expression.
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Chapter 2 A Critical Analysis of the Phytase Isolation
Methods in the Literature and Development of New
Methods

The methods that are commonly used to isolate phytasegpically from the soll
envionment,A Yy @2t @Sa& Ay Odzol GAy 3 & 2-gécificinddial ISFREREY & 2
the phytate has precipitated forming a cloudy surf§BaranesBacharet al., 2018; Howson

and Davis, 1983)hebelieve ighat the presence of phytasproducing bactesa will lead to

the formation of clearing zones around the bacterial coloay the phytate is degradation

from the plate.

This chapter describes the many pitfalls associated thigymethod, alongside a literature

review to investigate how manynanuscrips, out of a sample of twentfive, have

considered these potential error§his led to thefurther developmentof i KS G LK@ G &S
& LIS OA T A © bete® Ridntifig phytase degraderwhilst avoiding the many pitfalls

associated with this methadThis was foldwed by thedevelopment of a new phytase

isolation method using Higkperformance liquid chromatography (HPLC) to track phytate
degradation in a soil slyr This led to the isolation of two distinct phytases from

environmental soil samples that was pubkshin Microbial BiotechnologiRixet al., 2020)

By taking the lessons learnt in the first part of this chapter, a-teng isolation study was
performed using soil from Rothamsted to isolate and investigativerse range of phytate
degradersusing HPLC to accurately determine whether the isolate is indeed a phytate

degrader, as well as identify the degradation pathway.
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2.1 Materials and Methods
2.1.1. HPLC analysis of inositol phosphates

Inositol phosphates were separated by anion exchange HPLC on a 3 mm x 250 mm CarboPac
PA200 column (Dionex, Sunnyvale, CA) fitted with a 3 mm x 50 mm guard column of the
same material, eluted with a gradient of methanesulfonic gWithitfield et al., 2018) The

injection volume was 2(L.Peak areas were integrated wi@hromNav (Jasco) software and
compared to that of standards of NénsR (Merck Milliporeq Calbiochem Cat: 40712%

MG Lot: 2663470). The Jasced0D0 HPLC system comprised: ar?AS5i autosampler, PU

2085i quaternary gradient pump, a FA085 pump fordelivery of ferric nitrate and a UV

2075 UWisible detector. The column and reaction coil were held in a thermostatted oven

at 35°C.Chromatography data was exported as x,y data and redrawn in GraphPad Prims
v8.0.

2.1.2. Media preparations

Phytase Specific Méa (PSMY, Comprised: 15 g agar, 10 g glucose, 2 g-Ca@QI NHNG;,
0.5 g KCI, 0.5 g Mgs@+0, 001 g FeS©O7H0, 0.01 MnSQ.H;0O L, autoclaved at 121 °C
for 20 minutes. After, 4 mL of filtesterilised(0.22 uM Pore PTFE syringe filtéfinesis, UK
1009 L phytate (Test sample provided by oimdustrial partner AB Vista)pH 7 to a final

concentration of 4 ¢

Phytase Isolation Minimal Medid* ¢ The base media modified fromNeal et al (2017)
comprisel: 18.7 mM NECI, 8.6 mM NaCl, 1 mM Mg&§@®.1 mM Cagl This was
supplemented with a filtesterilised mixed carbon sourcB0 pL per 10 mbf medium, pH
7, 200 mMsuccinic aciqSigma) 200 mM glucoséFormedium) 200 mM sucros€Sigma)
200 mM pyruic aid (Sigma)200 mM glycerolTenpL of vitamin solution (containing 10 mg
pyridoxineHCI, 5 mg thiamin¢élCl, 5 mg riboflavin, 5 mg paamino benzoic acid, 5 mg
nicotinic acid, 2 mg vitamin B12, 2 mg folic acit), and with micronutrients: 1L (2 g
nitriloacetic acid, 1 g MnS@HO0, 0.8 g Fe(NH#(SQ), 0.2 g CoebHO0, 0.2 g ZnSOHO,
20 mg CuGRH0, 20 mg NigbHO, NaMoQ@.2HO LY). For environmental samples, the
medium included 0.20.2 mg mt cycloheimide to inhibit fungal growttiNealet al., 2017)
This was supplemented with 1 mM phytate, pH 7 (AB Vista).

Lysogeny Broth and Agar Comprised: 10 g tptone (Formedium) 5 g yeast extract
(Formedium) 10 g NaQlSigmajpnd 15 g agafSigma) L.
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All Culture Mediung All in one mixture eamprisedof: 20 g proteose peptone, 3 g beef
extraction, 3 g yeast extract, 3 g malt extract, 5 g dextrose, 0.2 glasexid and 10 g agar,
L

BG11 (Blug€reen Medium)pH 7.1¢ Stocks of each individual solution were prepared (Per
500 mL): 75 g NaN(2 g KHPQ, 3.75 g MgS©OrH0, 1.8 g Cag£2H0, 0.3 g Citric acid, 0.3

g Ammonium ferric citrate green, 0.05EPTANa 1 g NaCQ, 10 mL of each stock was
combined andnade up to 1 L deionised water, 1 mLtigfce element solutior{containing
2.86 g HBQ, 1.81 g MnGl4HO, 0.22 g ZnSGHO, 0.39 g N#Mo0O.2HO, 0.08 g
CuSQ@5H.0, 0.05 g Co(NR.6HO 1) was eparately addedThis was supplemented with 1
mM phytate, pH 7 (AB Vista).

To 250 mL of media, the following components were adae@50 pL 100 mg/mL

cycloheximidegprepared in 100% ethanadnd 1.5 mL mixed carbon source

2.1.3. Acid extraction ofinositol phosphates from phytasepecific

media plates

The control strains were streaked onto PSM and grown for three days &C3Bfter
sufficient clearing zones had been produced, bacterial cells were washed off the plate using
dH0, and 100 mg sample$ both cleared and cloudy agar zonssre extracted with 400

pl 0.8 M HCI with vortexing after disruption of the agar with a plastic stirrer. Samples were
extracted for 15 min at room temperature and centrifuged &0&0g for one minute. The
supernatantwas removed with a HPLC needle and syringe and filtered through a 13 mm
diameter 0.45 um pore PTFE syringe filter (Kinesis, UK) into a borosilicate glass HPLC vial
(Chromacol 0FISV(A)).

2.1.4. Preparations ofSoil Qultures

Agricultural Soil (0.5 g), Fakenhaxurfolk, UK, was added to 10 mL of minimal media, pH 7,
in a 30 mL universdlottle. This was supplemented with a mixed carbon source, vitamin
solution, micronutrients solutiorand cycloheximide to inhibit fungal growths described in
Section 2.1.1Thesoil suspensions were incubated under shaking at 180 RPM at@f@0

six days, unless stated otherwise, taking samples for HPLC each day.
2.1.5. Preparation of Soil Cultures for HPLC Analysis

Five hundrediL of a welmixed soil culture in minimal media waasntrifuged at 5060 gfor

5 minutes. The supernatant was filtered through a 13 mm diameter QM5pore PTFE
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syringe filter (Kinesis, UK) and centrifuged again, and an aliquoiu(200as dispensed into

an HPLC vial.

2.1.6. The Microbial / 2 YYdzy A A SaQ NBaLR2yas

degradation with and without a mixed carbon source

To analyse the effect of carbon soes, and the ability of the soil microbial communities to
utilise phytase as the sole carbon souyrt@ mL of minimal media was supplemented with 2
mM phytate, with and without the addition of the mixed carbon sour©@e hundreduL of

the phytaseactive ®il culture was used to inoculate the fresh minimal media, these soll
suspensions were incubated under shaking at 180 RPM af@f80six days, taking samples
for HPLC each day.

2.1.7. Culturing Isolates

One hundreduL of the active soil cultureAgricultural Fakenhamand Church Farm,a John
Innes field experimental stationyas serially diluted, 110 onto LB and All culture agar
media. These were incubated at 3Qovernight. Single colonies were-sereaked onto fresh
plates and reinoculated into ligdiimedia to confirm phytase degradation. Reinoculated
isolateswere incubated under shaking at 180 RPM and®@Qtaking samples for HPLC each

day, until phytate degradation was complete.

2.1.8. Phytase activity from Church Farm Isolates without trace

metals

Isoltes were grown in 10 mL LB broth overnight under shaking at 180 RPM &GdCate

mL of cell growth was spun down &060g and washed three times with 0.9% saline. These
were then resuspended ithree different solutions0.2 M Naacetate pH 3.5, 0.2 M Na
acetate pH 5.5and 20mM TrisHCI pH 7, each containing 1 mM IgaRd 0.1% NacCl. These
were incubated under shaking aBQ RPM and 30C Samples were taken on Day 0 and Day
2 and examined for phytate degradation on the HPLC.

2.1.9. 16SrRNAamplification

Single bacterial colonies were purified, and their 16S rRNA gene was amplified using the
primers(IDTH y C-GAQTTIGATCNTGGE® QU | Y RGWNWTAGNGLCEECKGCTG

0Q0 FNRY 3Sy2YAO 5b! dzaAy3a O2f2ye tusiugh D2C I |
0KS YL ydzFI Ol dzZNB NI & ant INRMi RirGe2starkd 5 pLDPIA t¥haplatead / f

used to generate a single band that wasolved on a 1 % agarose gel. This was purified using
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a QIAquick Gel Extraction Kit (QIAGEN). The PCR conditions were: initial dena@fetn,
3:00 (min:sec), denaturation, 95 °C, 0:30, annealing, 55 °C, 0:45, elongation 72 °C, 0:45,
repeated 30 timesand final elongation 72 °C, 4:00.

Sequencing of these PCR products at Eurofins (MWG, Ebersberg, Germany) identified the
two isolates further examined in thehapteras strains ofAcinetobactesp,andButtiauxella

sp. The amplified 16S rRNA gene of strdC12 was identical to that ofAcinetobacter
calcoaceticus strain IIPRDSCH, Acinetobacter sp. strain  YAZ49 andAcinetobacter
calcoaceticustrain EB11. The 83RNA gene of strain CH%@ Ac was identical to thaif
Buttiauxella agrestisstrain EB112Buttiauxellasp. CL_136_AN_40 anButtiauxella sp.

SA 136_AN_45These were deposited under the accession number MT450216 and
MT450213MT450215 respectively.

2.1.10. Gel Electrophoresis

One percent agarose was prepared by dissolving 0.5 g agaredfer@) in 50 mL TAE buffer.
At point of use, this was heated to melt the agarose, allowed to cool, and supplemented with
1.5 pL ethidium bromide. Once sétuL of DNA sample and 1 L of the 6X loading dye were

loaded onto the gel, and the gel run at 196Its for 45 minutes
2.1.11. Degenerate primer design

To confirm that the isolateduttiauxellasp. CHL0O®-4 contained a histidine acid phytase,
degenerate primers were designed to treppA gene of sequencedButtiauxella spp
genomes obtained from NCBIlast using theappA gene fromCitrobacter amalonaticus
(Accession numbeABI98040.1) as the query sequen@uttiauxellasp. JUb87Buttiauxella

sp. Al1]Buttiauxella agrestis, Buttiauxella ferragutiae, Buttiauxbhi@nnerae, Buttiauxella
gaviniae, Bttiauxella noackiae, Buttiauxellap, BIGb0552Buttiauxella sp. 3SAFRM03
Accession numbers ¢ WP_133522247.1, WP_183270673.1, WP_115627260.1,
WP_083963259.1, WP_083967908.1, WP_083962918.1, WP_034459427.1,
WP_134184667.1 and WP_121814872.1 respec)ivBlyo primer sets were used: Setcl

C2 NJ |-GIRGTITRACTATTCAYOATE w SG@ECNEGEATITGCVCTAAIC | YR { S
2-C2 NI |-GIOCAGABRRTTTCAACARGAQG  w SATENCCSGRARKAAAGAGS (i 2
amplify a 259 and 726p product from theButtiauxellasp. isolat respectively The PCR
conditions were: initial denaturation, 95 °C, 0:30 (min:sec), denaturation, 95 °C, 0:30,
annealing, 55 °C, 0:30, elongation 72 °C, 1:00, repeated 35 times, and final elongation 72 °C
5:00. The 72%p PCR products were sequenced loyofins, and their identity to ratified
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Buttiauxellaspp. appAyenes was established by BLAST analysis, the sequence was deposited

in GenBank under the accession MT680195.
2.1.12, GenomeSequencing of strains

The Acinetobactersp. strain AGR genome was sequencdry MicrobesNG (University of
Birmingham, UK) using illumina technology. This Whole Genome Shotgun Project has been
deposited at DDBJ/ENA/G&ank under the accession JABFFO010000000. Genomic
completeness was analysed using BUSC&w3aoet al., 2015) an opensource software

that provides quantitative measures for genomic completeness based on evolutionary
informed expectations of gene content from neamiversal sigle-copy orthologs selected.
TheAcinetobactersp. strain AGR completeness was measured at 98 and 98.9% from both

. ' {/ hQa o |GanimapdtebbiactelidatBbases, respectively.

2.1.13. The growth ofAcinetobactersp. on diffeent Carbon Sources

Acinetobactersp. strain AC12 were grown on minimal media plates and liquid cultures
containing InsPas the sole phosphate source and supplemented with either 1 mM glucose,
sucrose, succinate, citratenyo-inositol, glycerol, Bnannitol or pyruvate. The plates were

incubated at 30 °C, and the liquid cultures grown under shaking at 180 RPM and 30 °C.
2.1.14. Nomenclature of the Inositol Phosphates

¢KS GSNY WLy A& Q-chifoh info, ndok 6r <yl Eommonly Gsed as an
abbreviation of particular inositols and their phosphate substituted derivatives. Therefore,
myo-Inositol 1,2,3,4,5 éexakisphosphate can be abbreviatedtyo-Iing1,2,3,4,5,6Ps, or,

as this molecule is uniquenyo-insR. Additionally, myo-InsR is the only sterecisomer of
inositol hexakisphosphate used in this project and therefore the termylisaised to signify

a myo-inositol phosphate with n phosphates. According to the relaxation of rules for the
numbering of carbons imyo-inositol (IUBMB, Nomenclature recommendations, 1989), |
KI &S dza SRy diKBS NBwmy53 O2y OSyYy (A 2Ws LBB F K E IsND dzb ( K 2
e.g., Ins(2,3,4,5,63M also use the shorthand form In§ROH. Where chromatography does
not allow the resolution of enantiomers e.g., Ins(2,3,4,5Rd Ins(1,2,4,5,6}P1 use the
term InsB(1/3-OH). For ceeluting enantiomers of Ingf.g., Ins(1,4,5,6)Rnd Ins(3,4,5,6 )7

| use the term DAINg1456)Ps.For Insks where there is only one stereocisem| use the

term Ins(2,4,5,0P.
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2.1.15. Measuring the phytate degradation potential of Broadbalk,

bare fallow and arable soils from Rothamsted

Soil samples fromRothamsted Researclvere collected in 50 mlFalcon tubes and
immediately brought back for experimeation. Samples were taken from the Highfield Ley
Arable, Highfield Bare Fallow and Broadbalk experimental fffgptember 2019).

Each of thehree soilswereinoculated into phytase isolation minimal media (0.5 g in 10 mL)
supplemented with 1 mM phytateAB Vistapnd analysed each day for phytate degradation

by HPLC. The Broadbalk soil removed all of the phytate from the liquid media such that
neither phytate nor lower inositol phosphates were recovered at day 0. As such, the culture

was supplemented witlan additional 1 mM phytate.
2.1.16. Longterm phytase isolation experiment

Each of the soil samples were inoculated into Phytase Isolation MiMedik (0.5 g per 10
mL) at 30°C, shaken for three days before 100 uL was serially dilutéd 107 onto Minimal
media, PSM, 1.10 and 1.100 dilutions of LB agar platese plates were left at ambient

temperature on the laboratory bench.

After a month of growth, 80 isolates were streaked onto PSM plates, an additional 49 isolates
were streaked onto MMLB 1/10 and 1.100 and blue green plates. Unfortunately, many of
the isolates were lost due to fungal growth, however, 66 of the isolates were grown and

tested for phytase activity using HPLC.

2.1.17.  Measuring the effect of soil and calcium on the adsorption of

phytate

To 0.5 g of Highfieltky arable soil in 10 mL phytase isolation minimal media, additudris
mM InsRand 1 mM InsP+ 1 mM CaGlivere added separatelfhese cultures were shaken

for 30 minutes, before samples weamalysed byHPLC.

Measurementdor phytate absorption was calculated by peak integratidfs. example, a

20 pLinjection of a 1 mM solution, 20 nmol, gave a peak area of 2,876,000. Therefore, a peak
area of 9,483,421, obtained with the Highfield ley Arable sample, is equivalent to
(9,483,421/2,876,486)*20 nmole = 66.4 nmol, and a solution concentrati@3omM.
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2.1.18. Calculating the absorption capacity d@roadbalk, Highfield
bare fallow and Highfield ley arable soils through the

addition of 10 mM phytate

Soil (0.5g) was added to an empty PBhep® Chromatography Columns, after which 1 mL of
10 mM Inskwas added to the column @nallowed to settle for 10 minutes to allow the
phytate to adsorb to the sollefore beingallowed to drain. The elutate from the column was
centrifuged21460 gfor 5 mins and filtered using a 13 mm diameter 0.45 uM pore PTFE
syringe filter (Kinesis, UK) to remove microparticulates. The sample was then analysed by
HPLC Section 2.1. The amount of phytate that had been adsorbed was estimated by
integrating the InsPpeak and comparison with a control sample of a known concentration,
taking account of dilutions, to see how much was left in the liquid phase. Additionally, one
month-old samples of each soil type were subjected to the same treatment to examine how

weatheringof the soil sample may affect its adsorption capacity.

Following sampling for HPLC, the soil suspension was extracted with 0.25 M NaOH, 0.05 M
EDTADooletteet al., 2010; Gilest al., 2011) in a 5:1 solution:soil ratio at 3 by overnight
shaking. Samples of supernatant of the centrifug88%g, 5 mins were aliquoted into an
Eppendorf and spun furthe£1460g, 5 mins to remove all soil particulates and the soil

suspension analysed by HPLC to measure.InsP

2.1.19. Examining phytate degradation of liquid, aerobic and

anaerobic layers of a salt marsh

Alongside examining soils environments that are predominantly inland, lsagnmwas
conducted in the Blakeney salt marsh on the north Norfolk coast (52T 9778E), that

is part of a larger salt marsh complex that stretches for >200 km along the North Sea Coast
(van de Veldet al.,, 2020) Push core liners made of polyvinyl chloride were used to extract
vertical columns of sediments from two pools at low tide, 24/11/2020, these pools are
regularly coveed with the high tide, 2.1 m on the day. One pool was ferruginous, with
ferrous iron concentrations up to 3 mM and the other was sulfidic, with sulfide
concentrations up to 8 mN\Wilkeninget al., 2019) A layer of pond water was left at the top

of the core, which was sealed at top and bottom to prevent ingress of air.

A sample 00.5 g of either sediment or watdayer was inoculated into 10 mL phytase

isolation minimal medigupplemented with 1 mM phytate (Sigma P88u@yler shaking at
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30°C with samples taken each day for HPLC analysis. After thedionge was run, the iren

core samples were incubated with 0.6NaOH and 0.05 EDTA as described in Section 6.1.6.

2.2. Results and Discussion

2.2.1. Analysing the Pitfalls with regards to the Isolation of Phytases

from the Environment

Since theisolation of thefirst phytasein the early 2@ century (Suzukiand Yoshimura

1907) phytases have been isolated and characterised from a variety of ditferen
environments, animals and microorganisms. Each new addition adding to the growing list of
differing characteristics, be it activity, substrate degradation pattern, thermostability or
kinetics. The small fraction of environmental organisms amenable tareuhowever has

the consequence that the biodiversity of phytase producers is grossly underestimated.
Consequently, metagenomic and metaproteomic approaches have supplanted eulture
based approaches for the study of the relationship of microbiologicalrgltyeand soil
phosphorugChenet al., 2019; Neatt al., 2017; Yaet al., 2018) Alternatively, others have
employed amplicon sequences ofittional phosphatases usipipoDalkaline phosphatase
specific primers (Ragot et al, 2015) When allied with heterologous expression,
metagenomic methods have revealed novel catalytic diversity among phytate degraders
extending classification beyond the four canonical clafgiélamizaet al., 201%; Villamizar

et al, 201d) as have more conventional functional genomic meth(®isrikhanet al., 2019)
Irrespective of the methods of identification of candidgeytases, whether as commercial
product leads or contributors to environmental processes, both cultiependent and
culture-independent approaches rely on informative enzyme assays for characterisation of

the reactions catalyse(Rixet al., 2020)

¢CKS 2L NIdzyAide F2NJ YAAOKINIOGSNRAIGAZ2Y 2F A
Fd (GKS wmdT n QFCospriveeyal, 19 GidemiBediSolates active on ipurities

in the phytate substrate. Indeed, Cosgrove, Tate anavorkers, following the method of

Ballou (Hendricksonand Ballou. 1964) pioneered methods for stereochemical and
enantiomeric identification of inositol phosphates in s¢ilo»sgrove and Irvingl1980)and

as products of enzyme activity on phytdteving and Cosgrove, 197Ihe work of Ballo,

Cosgrove, Tate, and -woorkers truly set the standards of inositol phosphate analysis that

are rarely matched today.
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In the report by Cosgrowet al., (Cosgrovet al., 1970) they identified that numerous papers
report on the presence of low levels of phytase activity in microorganisms, however, these
should be looked at with caution due to the possibility that such activity igaltiee action

of phosphatases on the lower inositol phosphates that are often present in commercially
available phytate. This is still the case in the present day, with many of the commercial
phytatesthat had sufficient purity being discontinu¢Madsenet al., 2019) with many labs
facing difficulties in finding a suitable replacement. Currently, 25 mg of substrate advertised
as ¥99% purefrom Selleckchem costs approximately £80. Analysis by HPLC reveals that
approximately 25% of the inositol phosphate content of this material is a mixture of inositol
pentakisphosphates, Figure 2.1A. Lower purity phytate from Sigaréch (P881@ sodium
phytate from rice) is as much as £882 for 10 gramskigure 2.1B. For multiple phytase
isolation experiments in a variety of conditions, or rigorous characterisation of phytases, it
much more economically feasible to buy lower purity phytate. This shdwddever, be

noted in the literature which is often lacking.

Importantly, the purity of phytate can be detected through techniques such as- high
performance liquid chromatography (HPLEyure 2.1 shows the HPLC trace after injection
of 20 uL of a 1 mNphytic acid solution from Selleckchem (top) and that from Sigtdaich
(bottom).

The largest peak on the HPLC chromatogram running at 36 minutes is thepta®
However, there are four other peaks representing fhar different forms of InsfPthat can

be resolved by the HPL@ese arelnsR(2-OH),InsR(1/3-OH),InsR(4/6-OH),InsR(5-OH)

In addition to this, small traces of Ingbeaks are also detectable. The HPLC chromatograms
tell us that the two products are less than >9p%e, and the advertist 99% pure sample

from Selleckchem is false. This indicates that both samples are susceptible to the action of
phosphatases on the lower inositol phosphates, that would be undetectable without the use

of HPLC.
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Figure 2.1¢ HPLC trace of mM Phytic acid sodium salt hydrate frorBelleckhem (top) angbhytate sodiun
salt hydrate from SigmaAldrich (bottom). Significant impurities of the lower inositol phosphates as we
inorganic phosphate are present in this solution. Regions of the chrayrato in which different inosit

phosphates bearing different numbers of phosphate substituents are indicated.

In the same report, Cosgrow al., (Cosgroveet al., 1970)isolated three soil bacteria that
were ale to utilisemyo-inositol phosphates. However, only oreePseudomonasp. was
capable of degraidg phytate. The others had no phytase activity but were able to degrade
InsR and the lower inositol phosphates. Therefore, the potential for false positives
degrading the lower inositophosphatesis high, especially regarding the high levels of

impurities shown in Figure 2.1 from commercial phytate.

Another issue that is commonperpetuated was from the development of a solid medium

agar plate called Phytase Specific Media (P&Mvson and Davis, 1983; Kerowveioal.,
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1998)which have been cited 269 and 520 times in the literature (Google Schalahjs
technique, the phytate precipitates upaddition to the agar media, causing the formation

of an opaque surface when set. Bacterial and environmental isolates are then streaked onto
the plate and over time clearing zones are formed around some bacterial colonies. This has
been taken as a sign phytate degradation as the precipitated phytate has disappeared.
There are several key issues with this however, the first is that in the original text by Howson
and Dauvis, after the addition of phytate to the medium, it was sterilised through autoclaving
at 121°C for 20 minutes. This has been shown to significantly degrade the phytate into the
lower inositol phosphates and cause the release of inorganic phosijRegdriksoret al.,

2002) Using relatively pure InsRas shown that as much as 60% of the phytate is degraded
after autoclaving, and there is an increase in the levels of the lower inositol phosphates and

inorganic phosphate, Figure 2.2.
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Figure 2. The degradation of 1 mM IngRafter autoclaving at 12FC for 20 minutesAliquots of 20 nM Ing
(equivalent to 20 pL of a 1 mM solution) were injected onto the HPLC column and analysed before ¢

autoclaving.
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With significant degradation of the InsRn the agar, it is also @sible that the
microorganisms grown on the plate will be using the inorganic phosphate that have been
released or the lower inositol phosphates to groddditionally this approach to isolation of
LIK&@GlFaS LINPRAdzOSNR | f a2 agibmteNbicterfaNsBchetiotVdr | £ & S
low molecular weight organic acids capable of solubilising the precipitated phytate causing
the formation of clearing zongdyeret al.,, 2017) This in itself highlights another isswéh

the approachg that it is not suitable for screening at low g condition for which many
commercial enzymes have been optimisednd hence a condition which might bead in
screening. There are also associated pH changes to the media with the addition of phytate.
Without buffering, a solution of phytate can have pH4,2vhich will change the pH of the

media significantly Therefore, the phytate should be buffered andon addition to the

media it should all be rbuffered as precipitation of the phytate causes additional pH
changes. While solubilisation may be overcome by attep counterstaining test to re
precipitate acidsolubilised phytatgBaeet al., 1999) re-precipitation does not indicate to
gKIFG SEGSYd GKS F@olrAflotS LKeGFEGS Kra o8
phosphates can also be-gecipitated.

Overall, clearing zones may not exclusively indicate enzymatic hydrolysis of phytate in the
plate, while pH limitations of the method will necessarily be selective of the organisms

cultured.

2.2.2, Review of the State of the Literature with regards to the

pitfalls

¢KS GLEKISIOABAOe YSRAF ot{ald KIFIa FNBIldzSSyift e
despite the many issues that have been associated with it. The two main papers associated
have been cited a combined 789 tim@sowson and Davis, 1983; Kerowioal.,, 1998) Of

this list,twenty-five manuscriptavere selectedvithout any priorknowledge on the paper

Table 2.1. Four questions were posed of the manuscripts, 1: Is the purity etibsifibed?

As discussed in the reports by Cosgrove and Madsen, there are considerable issues with
obtaining pure Insffor experiments. This could dd to false positives on the plate as
microorganisms capable of degrading the lower inositol phosphates can obtain enough
phosphate to growCosgrovet al., 1970; Madseet al., 2019) 2. Is the InsHilter-sterilised

and added separately to the other media components? This is due tedegPading after
autoclaving releasing inorganic phosphate and Ioinesitol phosphates. This again can lead

to false positives. 3. Are these isolates selected due to the production of clearing zones
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surround the colony, do they use the counterstaining technique? Microorganisms can
secrete low molecular weight acids thatlubilise the phytate causing the formation of a
clearing zone, another false positive. 4. Do they use a technigue to quantityamdRhe

lower inositol phosphates? Techniques such as HPLC, Figure 2.1, can show the composition

of the inositol phosphats in the medium and how it changes over time.

Table 2.1¢ A literature review of 25randomly selectedmanuscripts which use Phytase Specific Media (PSM)
to screen for phytaseproducing microorganisms: Indicate whether the counterstaining technique wased.

IsInsky Is InsRfilter-  Screen Isolates on Do they show Ins§ Reference
Purity sterilised? Clearing Zones degradation?
Described?

1 N N Y N (Tsenget al., 2000)

2 N N Y N (Gulatiet al., 2006)

3 N N Y N (Azizet al., 2015)

4 N N Y* N (Ocampo Betancuret
al., 2012)

5 N N Y* Y (Sajidaret al.,, 2004)

6 N Y Y N (Hillet al., 2007)

7 N N Y N (Xionget al., 2004)

8 N N Y Y (Suleimanova et  al.,
2015)

9 N N Y N (Kumaret al., 2013)

10 N N Y N (Imelda, Joseph, 2007

11 N N Y N (Quanret al., 2001)

12 N N Y N (E}Toukhyet al., 2016)

13 N Y Y N (EscobirMoperaet al.,
2012)

14 N N Y N (Wang, Xueyingt al.,
2004)

15 N N Y N (Kim, YoungHoon et
al., 2002)

16 N N Y N (Milko A. Jorqueraet
al., 2011)

17 N N Y N (Roy, Moushreeet al.,
2012)

18 N N Y N (Muslimet al., 2018)

19 N N Y N (Mehmood et al,
2019)

20 N N Y N (Hosseinkhani,
Baharak, 2009)

21 N N Y N (Aliaset al., 2018)

22 N N Y* N (Hariprasad and
Niranjana, 2009)

23 N Y Y N (Yoonet al., 1996)

24 N N Y N (Huanget al., 2009a)

25 N N Y* N (Chanderman et al,
2016)

The information from Table 2.1 indicates that manythe issueglescribed above have not
been considered when isolating phytases from the environment, 0/25 of manuscripts

referenced the potential of impurities in the Inséhd the potential effect this may have on
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the results. Only 3/25 filtesterilised the InsPand added to the medium after it had been
autoclaved to avoid Ingflegradation. In all of these reports the formation of clearing zones
were used to select isolates for phytate degradation, however, only four of these mentioned
the counterstaining techniguased by(Baeet al., 1999)and only two of these identified the
possibilities of false positives. Finally, only 2/25 manuscripts used advanced techniques such
as HPLC to properly examine the quantities oPJasd the lower inositol phosphates and

the changes to them during degradation.

Overall, these considerations are typically not taken into account and therefore the chance
for false positives being reportieas low phytase activity isolates is considerably increased
(Cosgroveet al.,, 1970)

2.2.3. Lack of standardisation on Phytase Reporting

Anotherpotential issue in phytase reporting is the lack of standardisation betwsethods

for measurement of phytase activity. Phytase activity is typically measured using the
molybdenum blue method farJK 2 & LK §S NBf S aSeo | 26 SOSNE (KA 3
02EQ Ay GKS FylftedArOlrt OKSYA&lyNbly atldieds&dNI G dzNB
superficially (Nagul et al., 2015) In brief, the release of inorganic phosphate can be
determined aftera set time with the additional of an ammonium molybdate developing

solution (containing other components such as acetone, sulfuric acid, ammonium vanadate,

citric acid). This causes the formation of a deep blue colour depending on the amount of
inorganic fosphate released which can then be analysed using a spectrophotometer and

then compared with a phosphate calibration curve. However, this method is constantly being
modified and reoptimized. In the report by Qvirgtal., (Qviristet al., 2015)they assessed

phytase activity in five different colourimetric methods at-Hhd 30minute time points.

The calculated activities variedtstantially, at 15 minutes ranging from 2886 mU/mL in

comparison with Insfanalysis by HPLC at 152 mU/mL. What is more, these techniques only
analyse total phosphate release, and therefore do not take into accdegtadation of the

lower inositol phosphates, which we know can occur. Therefore, while these methods are

useful in detecting phosphatase activity, they may cause some false positives with regards

to phytase activity. Once more, phytase activity is best addressed by directjsiagalnspP

concentrations through techniques such as HPLC.

hT GKS Hp YIydaONRLIGA yrfeadSR 62085 GKS

determination are shown ifable 2.2.
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Table 22 ¢ A literature review ofthe different of methods of measuring phytase activity in 25 randomly

selected manuscripts.

Measured Assay Components Developing Solution Phytase Reference
at (nm) Assay
Method
1 415 Sodium phytate, sodium Ammonium molybdate, 1 (Tsenget al., 2000)
acetate (pH 5.5) Ammonium vanadate
2 820 Sodium phytate, sodium Ammonium molybdate, 2 (Gulatiet al., 2006)
acetate (pH 5.5) sulphuric acid, ascorbic acid
3 660 Sodium phytate, sodium TausskySchorr reagent 3 (Azizet al., 2015)
acetate (pH 5.5)
4 N/A N/A N/A (Ocampo Betancuet al.,
2012)
5 355 Sodium phytate, sodium Ammoniummolybdate, sulfuric 4 (Sajidaret al., 2004)
acetate (pH 5.4) acid, acetone, citric acid
6 N/A N/A N/A (Hillet al., 2007)
7 380 Sodium phytate, acetate  Ammonium molybdate, sulfuric 4 (Xionget al., 2004)
buffer (pH 5.5) acid, acetone, citric acid
8 355 Sodium phytate, sodium  Ammonium molybdate, sulfuric 4 (Suleimanovat al., 2015)
acetate (pH 4.5) acid, acetone, citric acid
9 415 Sodium phytate. citrate  Ammonium molybdate solution 5) (Kumaret al., 2013)
buffer (pH 5.5)
10 NA N/A N/A (Imelda, Joseph, 2007)
11 660 Sodium phytate, acetate TausskySchorr reagent 3 (Quanet al., 2001)
buffer (pH 5.5)
12 355 Sodiumphytate, sodium  Ammonium molybdate, sulfuric 4 (EFToukhyet al., 2016)
acetate (pH 5) acid, acetone, citric acid
13 380 Sodium phytate, acetate  Ammoniummolybdate, sulfuric 4 (EscobirMoperaet al.,
buffer (pH 5.5) acid, acetone, citric acid 2012)
14 415 Sodium phytate solution Ammonium molybdate, 6 (Wang, Xueyingt al., 2004)
(pH 5.5) ammonium vanadate, nitric acic
15 820 Sodium phytate, TrisiCI ~ Ammonium molybdate, sulphur 7 (Kim, Youngdioonet al,
buffer (pH 7.0) acid ascorbic acid, water 2002)
16 355 Sodium phytate, sodim  Ammonium molybdate, sulfuric 4 (Milko A. Jorquerat al.,
acetate (pH 4.5) acid, acetone, citric acid 2011)
17 610 Sodium phytate, acetate Ammonium molybdate, sulphur 2 (Roy, Moushreet al.,, 2012)
buffer (pH 5.5) acid ascorbic acid
18 355 Sodium phytate, acetate  Ammonium molybdate, sulfuric 4 (Muslimet al., 2018)
buffer (pH 5.5) acid, acetone, citric acid
19 415 Sodium phytate solution Ammonium molybdate, 6 (Mehmoodet al., 2019)
(pH 5.5) ammonium vanadate, nitric acic
20 355 Sodium phytate, acetate Ammonium molybdate, sulfuric 8 (Hosseinkhani, Baharak,
buffer (pH 5.5) acid, acetone 2009)
21 820 Sodium phytate, sodium Ammonium molybdate, 2 (Aliaset al., 2018)
acetate (pH 5.5) sulphuric acid, ascorbicil
22 700 Sodium phytate, sodium Ammonium molybdate, 9 (Hariprasad and Niranjana,
acetate (pH 5) sulphuric acid, ferrous sulphate 2009)
solution
23 410 Sodium phytate, sodium Ammonium molybdate, 10 (Yoonet al., 1996)
acetate (pH 5) sulphuric acid, acetone
24 700 Sodium phytate, TrisiCl Ammonium molybdate, 9 (Huanget al., 2009a)
buffer (pH 7.0) sulphuric acid, ferrous sulphate
solution
25 390420 Sodiumphytate, TrisHCI ~ Ammonium molybdate, sulfuric 4 (Chandermaret al., 2016)

buffer (pH 8.0)

acid, acetone, citric acid

The information from Table 2.2 demonstrates that there is a significant diversity in the

measurements of phytase activity. There were eight different spectrophotometric
measurements, at 355, 380, 410, 415, 610, 660,attd 820 nm, as well as slight differences

in assag components, typically sodium phytate and sodium acetate were used, although at

higher pH TrigHCl is often used. All of the developing solutions used ammonium molybdate,
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which is complexed with a varietof different solutions such as acetone, ammonium

vanadate, ferrous sulphate.

Overall while the molybdenum blue method is a simple and easy to perform method, it does
not truly define phytase activity as impurities may lead to lower inositol phosphatzgaty,

which will affect the results. Therefore, it is very important to determine change in phytate
concentration tlrough advanced techniques such as HPLC to categorically confirm phytase

activity.
2.2.4, Acid extraction of phytate from PSM plates

The PSM pta approach is one of the most commonly used methods for the isolations of
phytasepositive microorganisms from environmental samples, but it is not without the
substantial drawbacks discussed above. The formation of clearing zones is accepted to be a
signof phytate degradation on the plateand if there is no phytase activity, then it is the
production secretion of small molecular weight acids. However, none of these papers have

measured the extent to which phytate is degraded, or if it is even degradaldl a

Therefore, | performed such an analysis by extracting the inositol phosphates from the PSM
plates after being incubated with control phytate degraders. The PSM plates were prepared
as stated byKerovuoet al, 1998) with the exception that the InsRwvas filtersterilised,
adjusted to pH 7 and added after autoclavinge purity of the InsPused was analysed by
HPLCan® 2 y & A R S NlitR les¥Bdn 5% goi@aminating lower inositol phosphaieis

InsR was provided by AB Vista and is not available commercidilyprecipitation of Insp

upon addition to solution @uses a change in the pH and therefore was supplemented with
sterile NaOH to bring it back to a pH ofKerovuoet al., 1998) Three control strains were

tested. A Escherichia cepDESTL7-BtMinpp harbouring a plasmitborne MINPP from
Bacteroides thetaiotaomicro(Stentzet al., 2014) Bacillus subtilistrain ESKAPE (predicted

to contain a BPPhy) arRseudomonas putid#50 (predicted to contain a BPPhy) were each
streaked onto PSM plates and allowed to grow over three days &€ 38 isolates generated

Ot SINAYy3 T2ySa IINRdzyR GKSANI 6A2Yl &aa 2y GKS
WyHY S NBR:X Of2dzReQ 12ySa 6SNB SEGNI OGSR ¢
thereof examined by HPLC, Figure 2.3. While there catigl@ differences in the efficiency

a ¢
Ad
of extraction between the cleared and cloudy zones, comparison of individual peaks within

the respective profiles makes evident the different extents and pathways of phytate

degradation by the straingixet al., 2020)
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Figure 2.3¢ Acid extraction ofcleared and cloudy zones from theSM plates teextract InsR. Samplesvere

run on the HPLCA, Escherichia cepDEST1BtMinpp, B, Bacillus subtilESKAPE strain and Rseudomons

putita J450. Norcleared agar, black lines; cleared agar, grey lines.
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lff LINRPTFAE DI STIWBRA KR yWyaz K2 6 {viitBare@®R2 YA Y | Y
time of c. 37 min and a smaller peak of Iegl/3-OH contamination with a retention time

ofcHY YAYS NBLNB&SYGAYy3I FLIWINRPEAYFGSte ez 2F
substrate. Inorganic phosphate)\Blutes with the slvent front atc. 2.8 min.

Ly NBALISOG 27F G EScoidDESTIBtMikpRRain] Fgyrs 238, shiokes
considerable activity, producing multiple peaks of kdRsR and Insk intermediates,
characteristic of aMINPPphytase(Haroset al., 2009; Stentet al., 2014; Tamay®amoset

al., 2012) Thee is also a larger; Beak. In theB. subtilisstrain ESKAPE, Figure 2.3b, there

was only a small amount of InsiRegradation with a concomitant increase in 1p§H3-OH).

The increase in the InslPl/3-OH) peak is the expected product of the known ln$P3-

phosphatase activity of the BPP{i{erovuocet al., 1998) however,in this experiment, much

of the InsBremained. Finally, th®. putidaJ450 strain, Figure 2.3c, showed little difference

Ay UGUKS LINPTFALSOLSI NBRSI NBRR) R § Biphtugdafasek S 1y 2

activity of otherPseudomonasp.(Cosgrovest al., 1970; Irving and Cosgrove, 1971)

Collectively, these comparisons demonstrate that zone clearing without careful
normalisation is a poor assay for phytate degradation esfenell-characterised organisms.

In all cases IngPemained the dominant form of inositol phosphate. This experiment does
illustrate, however, that HPLC can be combined, with médised culture and extraction of
agar for testing of phytate degradation to provide high sensitivity and diagnostic andiysis o
the likely enzyme activity, by the simple expedient of observation of the occurrence of InsP
y2i LINBaAOY &I NPROY AP I ARixgtal, 2020) | I NJ LI | 1 Sa

2.2.5. Assay of phytate degradation by mixed populati soil

cultures

Phytase degradation can be demonstrated with mixed cultures that might ordinarily be
subjected to standard dilution and culture techniques for discrimination of individual
isolates. For this, a minimal media containing &® the sole sarce of phosphate was
developed, derived fronfNealet al., 2017) The first soil used to test this technique was
untilled (for the season) agricultural $6iom Fakenham, Norfolk, UK. In this experiment, 0.5

g of agricultural soil was mixed in 10 mL of the minimal media and incubated with shaking at
30°C Samples were taken each day and ran on the HPLC. Figure 2.4 shows the HPLC traces
of Day 0, 3 and 5 vith has been focused in to examine the appearance and accumulation

of the lower inositol phosphates.
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Figure 2.4 HPLC analysis of phytate degradation in minimal media of a mixed culture isolated from farn

soil, Fakenhama) day 0, b) day 3, dpy 5, and d) A set of Insftandards prepared by acid reflux of phytate

the peaks identified are 1: IngR2: Insk (2-OH), 3: InskB (1/3-CH), 4: Insk (4/6-OH), 5: Insk (5-OH), 6: D/I-
INg1456)Ps, 7: In$2,4,5,6)Ps, 8: D/l-IN1256)Ps, 9: D/L-Ing1345Ps, 10: D/LINg1245P,, 11: D/LINg1234)P,,
12: In¢1,2,4,6)Ps, 13: Insk, and 14: InspPPi.
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Degradation of InsRwvas initially observed on day 3, Figure 2.4bd by Day there wasa
significant increase in the IngP; and less than <5% of the starting las&maining.On Day
3, there was aeduction in the InsP(1/3-OH) and (2-OH peaks that were present on day 0
Figure 2.4aAlongside this, there was an increase in ${8/-OH and the formation of the
InsR (5-OH peak. There was also the formation of three new lsgaks. D/HN1456)P,
after the removal of phosphate from the 2 anep8sitions or the 1 and-positions. D/E
Ing1256)P4 forms after the removal from th& and 4positions or the 1 and-positions and
D/L-In(1234)P, formsafter the removal from either the 5 andgostion or 4 and §ositions,
these positions agreeing with the changes occurring to thesta$P® ¢ KSNBE A a | f a2
in the R peak, whichcoelutes with InsPon this columrgradient methodwhich occursiue

to the removal of phosphatdeading to the formation of alhositol phosphategpeaks. On
day 5 Figure 2.4cthere wasfurther degradatiorof the inositol phosphates with three new
InsR peaks forming. These were Ing{5,6)P, after the removal of the 1 and-gositions,
D/L-Ing1245P, after the removal of either 3 and-Bositions or the 1 and-postions. Finally,
Ing1,2,4,6)P; which is formed from the removal of 3 andpBsitions. Figure 2.4d is a set of
InsP standards that have been prepared by acid reflux of.I@&PDay §data not shown)
all the inositol phosphates had been degraded with only a large/Pigfeak remaimg.
There vas however, no indication of Ingpresent in this time course and tloaly indication
of InsR is the slight broadening of the minimal media component.dtl:46 min wherdhe

InsRk standards predict that thénsRQ @re supposed to run.

The formation of multiple inositol phosphate peaks at all stagesiefjradationprobably
arises as a consequence of the action of several phytase enzymes, since the classification of
phytases reflec predominant attack in discrete sequences and predominantuawlation

of single Insfand InsRkspecies.

This experiment was repeated on a soil sampled from Church Farm, the field study site of the
John Innes Centre in Bawburgh, Norwich D& (5138 08433Samples were taken on day
0 and day 2, however, degradlan was very rapid, with no IngPInsRB and only small

amounts of InsPpresent, Figure 2.5.
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Figure 2.5 HPLC analysis afegradation of a 1 mM phytate samplie minimal media of a mixedsoil culture

using soil from Church Farm, John Innés) day 0, (b) day 2 and (c) leslpdrolysate for peak identification.

The soil culture from Figure 2vas considerably more active than tkekenham farmland
soil, Figure 2.4. Whilst the farmland sshloweddetectabledegradation from Insfnto Insk

and Insk, there was no presence of Inséhd InsBand only small amounts of Ing®ne of
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which is barely discernibley Day 2 of the Church farm s@VL-Ing1345Ps, D/L-Ins(1245P;,
D/L-Ing1234Ps. There was also the formation of a broad InpBakthat splitinto three
peaks at its apex, a Ingpeak and lastly a large IngP, peak.

This technique identified that both of these soils were phytase active with different
degradation profiles as well as different overall phytase activity. Unlike many other
experiments that have been described in the literature, this technique makes use of HPLC
which definitively confirms phytase activity, without the chance of mischaracterisation due

to lowerinositol phosphate degradation.

2.2.6. Variation of InsB Degradation by Microbial Cohorts When

InsR is the Sole Source of Carbon and Phosphate.

Phytase enzymes are used as a supplement in animal feeds to improve phosphate
OA2F BFAEFOAE A(GRDIAIKNSRBE SRB (028 LB O dzNF WK S
phytate and the other lower inositol phosphates which may also pose amatiitional

effect (Brochet al.,, 2018; Leeet al, 2017) The complete degradation of phytate leads to
the production ofmyo-inositol which can be subsequentipsorbed and utilised in a number

of biological functions in animafkee and Bedford, 2016Jherefore, an important indtrial
attribute of a bacterial phytase anahicrobialcommunity is the ability to degrad®, and

utilise myo-inositol as a carbon source.

In the following experimentthe phytaseactive Fakenhanfarmland soil wasub-cultured
into fresh minimal media with and without a mixed carbon soufection 2.1.1These were
incubated under shaking at 3C for one week, with samples taken for HPLC each day. The

results are displayed in Figure 2.6.
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Figure 2.6¢ Analysis ofthe Fakenham{ 2 A ficfbBial O'2 Y Y dzy resipang® &o provision of InsPas sole
phosphate and carbon source over aday period.Farmland soifrom Fakenham wasultured into minims
media with and without a carbon source, and the speed of phytate deg@datieasured by HPLC on day
and 7.

Phytate degradation occurs much more quickly when the soil community has access to an
additional carbon source, showing faster degradation of drisB®b the lower inositol
phosphates and concurrent increase in the WABPpeak. By day 7, no InsBr InsBQ a
remained whereas when the soil bacterial community has to utilise phytate as the sole
carbon source as well, this degradation was considerdolyesl with Insk and InsBQ a

remaining by day 7 albeit at low concentrations.

Therefore, whilst phytate degradation in the microbial community is slowed by the lack of
an additional carbon source, phytate is still processed down to,lis§R and P with the

potential use oimyo-inositol as the sole carbon source.
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2.2.7. Isolation of phytaseproducing microorganisma from the

environment.

From the actively growing farmland soil culture grown in minimal mediaplQQ/as serially
diluted, 10*-107%, onto LB and All Culture agar madrhese were grown overnight, and single
colonies were reinoculated into fresh minimal media anestreakedonto either LB or All
Culture agar to obtain a pure isolate. Of the fourteen isolates that were tested, only eight
showed continued phytase activity. Their 16S rRNA was amplified using colony PCR and the
results were examined using NGRicleotideblast usng the Nucleotide collection (nr/nt)

databaseto determine the bacterial species, Table 2.3.

Table 2.3¢ 16SrRNA sequencing of theight bacterial isolates from Fakenham farmland soil that showed

phytase activity.Four isolates were grown on LB and the other four isolates came from All Culture agar.

Isolate 1¢ Enterobacterales Isolate 5¢ Acinetobacteicalcoaceticus
Isolate 2¢ Leliottia amnigena  Isolate 6¢ Acinetobacteicalcoaceticus
Isolate 3¢ Serratiasp. Isolate 7¢ Acinetobacteicalcoaceticus

Isolate 4- Enterobacteriaceae Isolate 8¢ Acinetobacteicalcoaceticus

Isolates 34 were isolated from LB platdslentifying the potential species fégolate 1 is very
difficult due to a 100% percentage idagtand identicaMax-scorefor the first ninetyfour
results. The top bacteriiits were from EnterobacteandLeclerciasp. Therefore, the isolate
has beerregarded as an isolate from the Order of Enterobacterdteslsolate 2 the highest
scoring result was fokelliottia amnigenawith a Query Cover and Percentage identity of
100%. For Isolate 3, the first 26 results had a 100% sequence identity, howleeétham
were from Serratiaspecies.The highest scoring results for Isolate 4 were fridlabsiella
Lelliottia, andButtiauxellaspecies, all with a 100% sequence identity and {8kzre of 800.

Therefore this was regarded as an isolate frahe family of Enterobacteriaceae.

It is very difficult to determine the correct species of an isolate solely by 16S rRNA
sequencing especially when the primers used covered less than 500 bp which is not ideal
when comparing 16S sequences in a databasese isolates all come from the order of
Entereobacterales, and they all have very similar sequences when aligned together.
However, it has been noted that the resolution at the genus and/or species level with 16S
rRNA data for many bacterial groups isncoon, this includes the family Enterobacteriaceae
(Janda and Abbott, 2007, 200Zherefore, the species determination for Isolatd ih Table

2.3 is not conclusive.
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Isolates 58 weremore easily determines. These wereisdllated from All culture plates, all
of the top scoring 16S rRNA semeesfrom Acinetobactersp, indicating that they may be

the same isolate.

To investigate the distribution of different phytasdsetween the bacterial species
highlighted in Figure 2.3 and the 16s rRNA sequencing inform@ioAST searches were
conductedusing ratified examples of each of the five phytase famikesthe Purple Acid
PhytasesRAPhY, where originally most of the knowsequence®riginate from plantswe
followed Nasrabadiet al, (2018) using Lupinus luteus(AJ505579) as query to blast
Sphingobium sppgenomes, returning hits with percentage identity-28% with E value of
512to 91°(Ghorbani Nasrabadit al., 2018) Subsequently, the full gene froBphingobium
yanoikuyag(CP060122) was used as query. The reference sequences used were as follow:
multiple inositolpolyphosphate phosphatase (Minpp)Bacteroides thetaiotaomicron
(WP_009040027); histidine acid phytase (HAPGitjpbacter amalonaticu¢DQ975370.1;
beta-propeller phytase (BPPhyBacillus amyloliquefaciengWP_013352583); protein
tyrosine phytase (PTPhyjelenomonas lacticife(dBC69367) and Purple Acid Phytase
(PAPhy)Sphingobium yanoikuyg€P060122), Table 2.4.

Table 24 ¢ The number of different phytae families identified in genera related to Isolates 1 to 8 obtained

from Farmland Soil These were determined using NCBI blast that was limited to search for each individual family

of canonical phytases. The max target sequences were set to 1000, wihadne cutoff at 1&0.

Genus HAPhy BPPhy PAPhy PTPhy MINPP
Enterobactesp. 528 0 0 0 0
Leclerciasp. 20 0 0 0 0
Pantoeasp. 616 4 3 0 0
Lelliottiasp. 16 0 0 0 0
Serratiasp. 298 1 0 0 0
Buttiauxellasp. 24 0 0 0 0
Acinetobactesp. 9 80 1 0 445
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From analysis of the deposited data from NGRilates1-4 most likely contains a histidine
acid phytase. Isolate5-8, which from now will be calledcinetobactersp. AC12, taking a
colony from Isolate Hiowever, most likely containsMINPP, a subclade of the histidine acid
phytases.This isolate was subjected to further HPLC analysis to determine the profile of

inositol phosphates generated from phytadeer two daysFigure 2.7.
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Figure 2.7¢ HPLC chromatogram of theegradation profile of 1 mM Phytate byAcinetobactersp. AC%2 over
two days Samples were taken on Day 0, 1 and@l2e yaxis on Day 1 and & shortened to allow for visualisati
of the smaller peaks.
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HPLC analysis of the degradation profile Aminetobacte sp. AC12 demonstrates the
phytase associated with A€lLis promiscuous in their site of initial attack on the phytate
substrate, yielding among InsBomers a dominant 4/0H peak, a smallerGH peak and

little to no detectable degradation at the 1/8osition. There was also the generation of four
InsR intermediates, D/L-INg1256Ps, D/L-Ing1245P,, D/L-Ing1234)P,; and Ing1,2,4,6)Pa,

with the promiscuous behaviourthe ability to produce multiple phytate degradation
products, strengthening AGH Q& ONBRSYGAlLfa Fa | aAyLLE

sequencing.

This technique was repeated on phytesetive Churchfarm soil, Figure 2.5, with one
exception. The minimal media that had previously been used in these experiments contains
trace metals of Fe, Zn, Cu and Mn, which have been shown to act as phytase inhibitors
(Maenzet al, 1999 Santoset al., 2015) Therefore, in this instance, potential phytase
producers were analysed in either 0.2 M sodium acetate buffer pH 3.5,83.30mM Tris

HCI pH 7 each containing 1 mM IgaRd 0.1% NaCl. Here another phytgseducing isolate

was identified that had not been growing nor producing phytases in the minimal media. This
isolate was designated Ch-%@ Ac and sent for 1SrRNAsequencing, which identified the

A & 2 f | SiIRNA genas @entical to that oButtiauxella agrestistrain EB112Buttiauxella
sp.CL_136_AN_40 aRluttiauxellasp. SA_136_AN_45. The phytate degradation pattern of

the strain is shown in Figure 2.8.
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Figure 2.8 HPLC chromatogram of the degradation profile of 1 mM PhytateBayttiauxellasp. CH 16-4 Ac

over two days.Samples were taken on Day 0 and Day 2.

The Buttiauxellasp. CH10%-4 Ac showed a high specificity towards the initial position of
attack on phytate, generating InsP(4/6-OH predominantly among InsPproducts,
consistent with the published properties Bittiauxellaphytase(Cervinet al., 2008)and its

industrial usgHerrmam et al., 2019; Ushasreet al., 2017)

2.2.8. Identification of phytases present irAcinetobacter sp.and

Buttiauxellasp.

While bothAcinetobacteiand Buttiauxellastrains showed preferential 2B/6 selectively of
attack on phytate, they differ in terms of the resulting Insfermediates: theAcinetobacter
strain produced four InsFintermediates, while theButtiauxellastrain produced two, a
predominant peak witithe chromatographic properties of Dibs(2,3,4,5)Pand a minor

peak of D/kIns(1,2,3,4)R Again, HPLC can be shown to distinguish between classes of
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phytase without assistance of 16S rRNA gene, Table 2.3. The phytate degradation profile of
the Buttiawella isolate is characteristic of X®directed histidine acid phytase, that of the
Acinetobactesstrain was indicative of the MINPP subclass of the HAfStgatzet al., 2014;
TamayeRamost al., 2012)

To confirm that the isolateButtiauxellasp. CHLO%-4 ACcontained a histidine acid phytase,
degenerate primers were designed to thppA gene using 12 sequencd&lttiauxella spp
genomes obtained from NCBI blast usi@igrobacter amalonaticu$DQ975370.1) as the

querysequence Alignments are shown in Figure 2.9.
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Forward primer 1
Buttiauxella sp. A111  GTGGTTT

Buttiauxella gaviniae GTGGTT

Buttiauxella sp. BIGb0552 GTGGTTT
Buttiauxella agrestis GTGGTTT
Buttiauxella brennerae  GTGGTTT
Buttiauxella sp. 3AFRM03 GTGGTTT
Buttiauxella ferragutiae GTGGTTT
Buttiauxella sp. JUb87 GTGGTTT
Buttiauxella agrestis  GTGGTTT
Buttiauxella sp. GC21  GTGGTTT
Buttiauxella noackiae ~ GTGGTTT
Buttiauxella noackiae ~ GTGGTTT

Consensus *kkkkkk hkkkkkhk kkkk

CTATTCRCACC
CTATTCRCACC
CTATTCRCACC
CTATTCRCACC
CTATTCRCACC
CTATTCRCACC
CTATTCRCACC
CTATTCRCACC
CTATTCAICACC
CTATTCRCACC
CTATTCRCACC
CTATTCECACC

Pri mer Sequence-GTGGTATRACTADGICAYCAGCH 448

Reverse primer 1

Buttiauxella sp. A111 GATTTAG CAATCCATGCC
Buttiauxella gaviniae  GATTTAG CAATCCATGCC
Buttiauxella sp. BIGb0552 GATTTAG CAATCCATGCC
Buttiauxella agrestis  GATTTAG CAATCCATGCC
Buttiauxella brennerae  GATTTAG CAATCCATGCC
Buttiauxella sp. 3AFRM03 GATTTAG CAATCCATGCC
Buttiauxella ferragutiae GATTTAG CAATCCATGCC
Buttiauxella sp. JUb87 GATTTAG CAATCCATGCC
Buttiaux ella agrestis GATTTAG GCAATCCATGCC
Buttiauxella sp. GC21  GATTTAG CAATCCATGCC
Buttiauxella noackiae ~GATTTAG CAATCCATGCC
Buttiauxella noackiae ~GATTTAG CAATCCATGCC

Fkkkkkk kkkkkkkkkkkk

Consensus
Pri mer Sequence-GATTTASBGCAATCCATGCLO 686
Reverse Compl e meGGCATGGATTE&YCTAAABGD

Forward primer 2

Buttiauxella sp. A111 GCGAGAAATTTCAACA AGG
Buttiauxella gavinile GCGAGAAGTTTCAACA CAGG
Buttiauxella sp. BIGb0552 GCGAGAAGTTTCAACA CAGG
Buttiauxella agresti s GCGAGAAGTTTCAACAACAGG
Buttiauxella brennerae GCGAGAAGTTTCAACA CAGG
Buttiauxella sp. 3AFRM03 GCGAGAAGTTTCAACA CAGG
Buttiauxella ferragutiae GCGAGAAGTTTCAACA CAGG

Buttiauxella sp. JUb87 GCGAGAAGTTTCAACA CAGG
Buttiauxella agrestis GCGAGAAGTTTC
Buttiauxella sp. GC21 GCGAGAAGTTTCAACA
Buttiauxella noackiae ~GCGAGAAGTTTCAACA
Buttiauxella noackiae GCGAGAAGTTTCAACA
Consensus Kkkkkkkkkkkkkkkkk kkkk

Primer Sequence 293 5 6 GCGAGAAGTTTCAACARCABG 313

Reverse primer 2

Buttiauxella sp. A111 CCTGTTT TGCCGEBCAC
Buttiauxella gaviniae CCTGTTT TGCCGECAC
Buttiauxella sp. BIGb0552 CCTGTTT TGCCGECAC
Buttiauxella agrestis CCTGTTT TGCCGBCAC
Buttiauxella brennerae CCTGTTRTTGCCGEBCAC
Buttiauxella sp. 3AFRM03 CCTGTTT TGCCGEBCAC
Buttiauxella ferragutiae CCTGTTT TGCCGBCAC
Buttiauxella sp. JUb87 CCTGTTT TGCCGECAC
Buttiauxella agrestis CCTGTTT TGCCGEBCAC
Buttiauxella sp. GC21 CCTGTTT TGCCGEBCAC
Buttiauxella noackiae CCTGTTT TGCCGEBCAC
Buttiauxella noackiae CCTGTTT TGCCGEBCAC
Consensus *kkkkkk kkkkkkk kkk

Pri mer Sequence-CCTGTITITCGEGGGREA® 1017
Rever se Compl e meGIGYCCGGCAAKAAACABG®

Figure 2.9¢ The nucleotide alignment of twelveappA phytases fromButtiauxella species usingWUSCLE

Degeneracy in the sequences are highlighted in red and green.
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These sequences were aligned in MUSCLE and conserved regions chosen for each primer set,
producing 259 and 725 bp products. These primers were used oButimuxellaisolate in

triplicate by colony PCR, the gel image is displayed in Figure 2.10.

Ladder Primer Set 1 Primer Set 2

Size bp:

12000 -

5000 -

2000 -
1650 -

1000 -
850 -

650 -
500 -
400 -
300 -
200 -
100 -

Figure 2.1@; 1% agarose gel of the two degeneras@pA Buttiauxellasp. primers. Lanes 13, primer set 1,lanes

4-6, primer set 2. Expected bands for Primer set 1 and 2 were 259 and 625 respectively.

The amtified DNA was sent for sequencing, the results showed Bdtiauxellasp.CH 10
6-4 Ac contained a histidine acid phytase that was 100% identical at the amino acid level to
that in Buttiauxella ferragutiad Accession WP_083963259)

TheAcinetobactessp. AC12 isolate was sent for genome sequencing (microbesng), and the
assembled sequence genom&\BFFO000000000) was found to harbour a single histidine
acid phosphatase of the MINPP class, rather than a canonical ldaPRhgdicted by its HPLC
activity. The genecontained the heptapeptide sequence motif RHGSR@htalytic motif

that is typical in histidine acid phytases, RHGxRgPand Brres, 2003)But it contained a
tripeptide proton donor motif, HAE, instead of the dipeptide motif that are common in
HAPhys this tripeptide motif is a usefuldentifier in MINPPSStentzet al., 2014) The
AcinetobacteAC12 phytase contained 528mino acidsnd a molecular weight of 58.6 kDa,
calculated by ProtPararfGasteigeret al,, 2005) This phytase is considerably larger than
many of its histidine acid phytase counterparts, as well as other MINPPs, Table 2.5, with the
exception oBifidobacterium longurwith whichthe phytase sharess closest similarity. The

sequence of the phytase is displayiedTable 2.5.
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Table 2.5¢ The size analysis of various Histidine acid phytases (HAPhy) and Multiple inositol polyphosphate
phosphatase (MINPP) with comparison to thfcinetobactersp. ACX2 isolated in this study.The sequence of

the Acinetobactephytase gene with the catalytic motif and proton donor motif highlighted.

Phytase Type Bacterial Species Size (kDa) Reference
HAPhy Escherichia coli 42 (Greineret al., 1993)
HAPhy Citrobacter amalonaticus 46.3 (Liet al., 2015)
HAPhy Hafnia alvei 46.3 (Arizaet al., 2013)
HAPhy Yersinia mollaretti 47 (Korferet al.,, 2018)
HAPhy Buttiauxellasp. 45.4 (Yuet al., 2014)
MINPP Bacteroides 49.2 (Stentzet al., 2014)

thetaiotaomicron

MINPP Bifidobacterium longum 67 (Acquistagceet al., 2020)

MINPP Aeromicrobiunsp. 45.2 (Rigden, 2008)

MINPP Streptomycesp. 49.8 NCBLK Blast
WP_123466415

MINPP Amycolatopsis jejuensis 49.1 NCBK BlastWP_033295522

MINPP Acinetobacter calcoaceticu  58.4 NCBL Blast
WP_017389539

MINPP Acinetobactessp.AC12 59.6 This Study

Acinetobacter sp. AC1 -2

MNILFKTTMLATSLFLVACNNNDDQDDQPTTSPTTQSKYYQTKTPYQPQQDLKSY!
GFQPVFTELVRHGSRGESLKYDLALYNLWKQAKAENALTPLGEQLGADLEAMMKA
LGYGVEGIRQYGYGNETMTGILEHRGIADRLLQRLPNLLNPQAGILVQSSGVDRAV
FFTAELIKQQPQLKDKIVPVSYTNLSSESVPSVIDGGVDRFKLYFHSLNADEDLTQP
SQQKIYDASQAYQDFEENNNDLAQKLDELSKNTQAEKTAQTVLNPIFKADFIKKLG"
SFSNTGSFTVTSPKGEQITEKGKGKNTIASAVDAAAYVYELYSISGGMKDELKGIDF
MPIEAAKFYAERNDANDFYEKGPSFTESNLVTSEIAQGLKQDMFQQVDAVVNKAQP
LRFAHAHIIPLATSLDLHNMMQPLPLRQTYNYSTSTWRGEVVSPMAANVQWDIYQP
NTLVKMLYNEKETLFKSACNYARYSPTSFYYDYIKLKQCYQIQ*

The genome aAcinetobactesp.AC12 encoded a MINPP 98.28% identical at the amino acid
level to that inAcinetobacter calcoaceticugccessior; WP_017389539)To ensure the
genome was of good quality, genomic completeness was analysed using BUSTGau3t

al.,, 2015) BUSCO is an opspource software that provides quantitative measures for
genomt completeness based on evolutionarily informed expectations of gene content from

nearuniversal singleopy orthologs. Thécinetobacteisp. strain AC12 was analysed using
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020K . ' {/ hQ&amntatdaiedddicridlatabageR with completeness measdr
at 98 and 98.9% respectively.

2.2.9. Evolutionary differences betweerAcinetobactersp. ACt2

and Buttiauxellasp.CH 16-4 Ac.

To interrogate the evolutionary differences bmeten the Acinetobactersp. AC12 and
Buttiauxellasp.CH 16-4 Acphytases, an alignment of thirgne Histidine Acid Phytases and
twenty-seven MINPPwas made using the online multisequence alignment (&a@tohet

al., 2019) with the output reported as an Interactiveree of Life (iTOL().etunic and Bork,

2019) Figure 2.11. The results of this analysis split MINPP sequences into two clades, those
whose origins are froranimals and plantéChoet al., 2006; Dionisiet al., 2007) and those

from bacteria(Haroset al., 2009; Stentet al., 2014; Tamay®amost al., 2012) Both are
distinct from bacterial Histidine Acid Phytases, with bacterial MINPPs more closely related to
eukaryotic MINPPs than bacterial HAPhys. Of the bacterial MINPPg\cthetobacter
enzyme was more deeply rooted than the MINPPs of previously chaissade gut

commensalBifidobacteriumand Bacteroidespp.
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Figure 2.11¢ Phylogram of thirtyone histidine acid phytases (HAPhy) and twerggven multiple inositol
polyphosphate phosphatases (Minpghowing the evolutionary differences between the two sets of gen
TheAcinetobactersp. AC12 gene sequenced (JABFFO00000000) is highlighted in bluBuTieeuxellastrains

highlighted in red is a species similar to that identified by BNA sequenci of CH 18-4 Ac (accessic
MT680195).

2.2.10. Acinetobactersp.ACZ%2 ¢ Bacterial Pathways

Bacteria from theAcinetobacteigenus are strictly aerobic, granegative, oxidas@egative
organisms that tend to be paired nenotile cocci when viewed under the microscope. One
of the characterisitic features of this genus is their inability to utilise glucose as the sole
source of cebon and energyBeardmoreGray and Anthony, 1986Ylany members are able

to oxidise glucose to gluconic acid by the direct route, as the only pathway for glucose

oxidiation. Thisreaction is catalysed by a quinone glucalehydrogenase which requires
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pyrroloquinoline quinone (PQQ) as a coenzyme, both of which are present in the
Acinetobactersp. ACt2 genome, PQQ in the form of its synthase. An analysis of the
glycolysis/gluconeanesis pathway using the KEGG (Kyoto Encyclopedia of Genes and
Genomes) database and their BlastKOALA tool was performed. Molecular functions are
stored in the KO (KEGG Orthology) database containing orthologs of experimentally
characterised genes/proteindBlastKOALA then assigns these KO idergtifee individual

genes in the genome. These are then used to reconstruct the KEGG pathways enabling
interpretation of highlevel functions(Kanehisa, 2019, 20Q0Yhe glycolysis pathway is
shown in Figure 2.12, the genes present in fwnetobactersp.genome are highlighted in

green.

GLYCOLY SIS / GLUCONEOGEMNESIS
Starch and sucrose
|
v

31310 O o-D-Glucose-1F

= D-Glucose
3139 {extrace Inlar)

=

o-D-Glucose G

B-D-Glucose
Pentoze
[31z11][27111][27114][2.7.1.90] Fp‘fﬁf‘;l'gﬁ
Ahutin
(extraJ:e].lutlla.r) . ¥
Salici
(extrace lular) .

f-D-Fructose-1,6P2
41213

ST e ]

Glwrerone-P
Figure 2.12¢ The KEGG pathway analysis of the glycolysis/gluconeogenesi&cofetobacte sp. AC12.

Acinetobactersp. are unable to utilise glucose as the sole source of carbon and energy as they are lac
fundamental Bglucose phosphotransferag@.7.1.199)which catalyses the formation of gluce8ghosphate

from glucose.

This model indicates th@cinetobactesp.ACZ%2 is missing EC 2.7.1.199 which encodes a D
glucose phosphotransferase which transfers a phosphate group from ATRgliac@se
forming Dglucose6-phosphate. Later on in the glycolysis cycle, it is alsomgi€sC 2.7.1.11
and 2.7.1.146 which encodes a fructe®&inase and ADB-phosphofructokinase
respectively which catalyses the formation ofrbctose 1-6-bisphosphate from fructosé-
phosphate.
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Therefore, ifAcinetobactersp. AC12 cannot get energy from glucostere must be an

alternative pathway or use for ifvan Schieet al., 1987) One such use, is the Entrer

Doudoroff mthway which can be used as an alternative to glycolysis. Unique enzymes such

as phosphogluconate dehydratase aPdeto-deoxy-6-phosphogluconate (KDPG) aldolase

are used, both presentin A@1Qa 3IASy2YSs f2y3a gA0GK 20KSN O02)
cataly® the formation of pyruvat€Conway, 1992)This process yields 1 ATP and 1 NADP

and 1 NADPH molecules in comparison to glycolysis which forms 2 ATP and 2 NADP per
glycose. HoweverAcinetobactersp. AC%2 lacks pyruvate kinase, EC 2.7.1.40, which may
AYRAOIFIGS 6Ké AlG R2SayQié 3INR6 2y 3IfdzO02aS | yR
in other Acinetobactespecies such acinetobacterbaylyi(Younget al., 2005)

Even if the gluconic acid cannot be utilised via the ERBmudaoff pathway it is not without

any use. As a smattolecular weight acid, gluconic acid can be used to acidify the cell
surroundings, AG2 contains a higlaffinity gluconate transporter. This mechanism can be
extremely useful in phosphate solubilisation ihe environment. As has already been
described, phosphate is bound in many inaccessible forms in the environment that renders
it unavailable for microorganism and plant uptalirabhuet al., 2019) The acidification of
phosphate through the secretion of organic acids, however, has been demonstrated
frequently throughout the literature. This acidification leads to the release of phosphate ions
from their inaccessible forms due to" ldubstitution for he cation bound to phosphate
(Goldstein, 1994; Sharned al., 2013) Evidence from an abiotic study using HCI and gluconic
acid to solubilise phosphate indicated that chelation 6f By gluonic acid may have been

a factor in the solubilisation of colloidal aluminium phosphéihitelaw et al., 1999)
Gluconic acid was the ajor organic acid produced during phosphate solubilisation as
reported forAcinetobacter calcoaceticus, Azospirillum lipoferum, Burkholderia cepanin,
Serratia marcescen&ulatiet al., 2010) The use ofAcinetobacterspecies for phosphate
solubilisation and plant growth promotions have also been examiAethetobacterstrains

were shown to be able taolonisethe roots ofOryza sativaafter inoculation of chickpea
and barley there was an increase of2@%0 and 5&6% of dry matter weight with respect

to the uninoculated contrglphosphate content per plant was also significantly higl&am

et al., 2007; Oguet al., 2010; Peirt al., 2009)
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2.2.11.  Acinetobactersp. ACX2 growth on different carbon sources

If Acinetobactersp. AC12 is unable to utilise glucose as the sole carbon source, then what

carbon sources can it grow on?

To answer this questiomycinetobactersp. ACX2 was grown on different carbon sources in
solid and liquictultures to identify what it can grow on as the sole carbon source. The carbon
sources used in this experiment were 1 mM citrate, pyruvate, sucgighteose, Bnannitol,
D-galactose, mysénositol, sucrose compared with a +warbon source control. In this
experiment, colonies grew on citrate, pyruvate, and succinate, and did not grow on the other
carbon sources, Figure 2.13. The same results occumréee liquid cultures. Interestingly
with glucose as the sole carbaource, inoculationénto the culture showed no growth,
however, a significant decrease in pH from 7 to below 5 occukféth the decreasenost

likely due to the production of gluconic adhat is insufficient to sustain growth.

Citrate Pyruvate Succinate

D-Mannitol D-Galactose

Myo-Inositol Sucrose Control

Figure 2.13; Acinetobactersp. AC%2 grown onto solid agar media witka 1 mMsole carbon source.

76



Following from this, the KEGG pathway analysis for the Citric Acid Cycle was examined to
examine the completeness of thisaby and investigate the genes involved. Despite missing
several key enzymes for glycolysis, it contains all the key enzymes necessary for this cycle,
Figure 2.14. Also note that succinate, citrate and pyruvate, the only sole sources of carbon

that AC12 would grow on, are key substrates in this cycle.
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Figure 2.4 ¢ The KEGG pathway analysis of The Citric Acid Cydkeioktobactersp. AC12. The main enerc
yielding pathway of this organism is directed topiation by the citric acid cycle. Demonstrating why AGhr

grow on carbon sources such as succinate, citric and pyruvic acid.
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2.3. Using culturedependent techniques to investigate
diversity of phytases amongst soil and salt marsh

environments
2.3.1. Measuring phytate degradation in Rothamsted soils

In this Chapter, newtechniques have been developed to accurately and effectively isolate
phytases from the soil environment, whilst avoiding the potential pitfalls that are frequently

underreported in the literature.

Building on the techniques developed in this Chapter, agterm phytase isolation
experiment was performed on three walharacterised soil environments obtained from

Rothamsted Research to examine the diversity of phytate degradation.

When using cultur@lependent techniques to isolate phytasegrading microgganisms, it

is first important to determine the environment is biologigaictive as a whole. As shown in
Figure 2.4, it is possible to detect phytase activity in the soil environment using HPLC. This
time, the experiment was repeated on three wehlaraderised soil environments obtained

from Rothamsted Research. The first sample was obtained from continuous arable plots
growing winter wheat Triticum aestivuni.) of the Highfield Lefrable experiment, Figure
2.15a. Also from this site, soil was samplienin permanent bare fallow plots that had been
maintained cropand weedfree by regular tilling for over 50 years, Figure 2.15istly, soil

was collected from a plot of the Broadbalk Winter Wheat experiment which had been

running since 1843, Figure 3d
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Hgure 2.15 ¢ HPLC chromatogram of the degradation profile of 1 mM Phytdig three different soi
environments, Arable(a), Barefallow (b) and Broadbalk(c) were obtained from Rothamsted Researciihe

broadbalk soil (c) was spiked with additional 1 mM phytate as all of the phytate had been adsorbed

O2dzZf Ry Qi ©h traBeS icfe@iisét Brdthestale. Light grey lines, day 3 (c), black lines, day 1 (a,
day 7 (c), dark black line, day 2 (a, b) and day 8 (c).

All of the soil types when grown in liquid culture showed distinct profiles of inositol
phosphates concurrent with disappearance of the peak ofglngBwer inositol phosphates

were generated at different rates in the different soils. THighfield leyarablesoil, Figure

2.15a, had degraded most of the Igs®Rith peaks of Ins8, Insks and Insgs appearing on

the trace. Whereas in the bare fallow soil, Figure 2.15b, there was no presence gfidnsP
InsR. Instead, InsB, InsBs and Inspd were present wh the largest peak that of InsBnd

P. For the Broadbalk soil, Figure 2.15c, the experiment was extended because the Broadbalk

soil removed phytate from the liqguid media such that neither phytate nor lower inositol
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phosphates were recovered. This may dt&ributable to adsorption of phytate to soil
particles as this soil has clay contents up to 39¥tts et al., 2006) Consequently, this
condition was supplemented with additional 1 mM phytate. The soil subsequently degraded
phytate, monitored over eight days. Additionally, while tHigihfieldarable and bare fallow
soils showed an accumulation of inorgaphosphate in the media, this was not the case for
the Broadbalk soils. Interestingly, there were differences in the dominantdresRectable

in the arable and Broadbalk soils, in the arable soils thesM¥&POH was the dominant
peak, whereas the Baalbalk yielded predominantly Ing®/3-OH, highlighting how
treatment of the soil can affect the way in which phytate is degraded, with different phytases

at work in differing environments.
2.3.2. Isolating phytases from Rothamsted soils

Following this, each dhese soil types were grown in liquid phytase isolation media for three
days, before being serially diluted onto a variety of agar plates which had been
supplemented with phytate. These plates were incubated at room temperature for 1 month
to allow the deelopment of slowgrowing soil bacteria. It is very common in isolation efforts,
including phytasésolation, to only incubate cultures for less than a wédbdrqueraet al.,

2011; Kumaet al,, 2013) ard then isolate and examine single colonies. However, many
bacteria that require longer incubation times are often overlooked, instead the faster
growing, more common bacteria are isolat@hviset al., 2005; Pham and Kim, 201 2)ter

1 month of growth, 80 single colonies from the plates were selected and streaked onto
phytasespecific medium, additically 49 isolates were streaked ontoinimal media, LB
1/10 and 1.100 and blue green plates, however, many isolates were lost due to fungal

contaminants Figure 2.16.
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Figure 2.16; Plate images of 87 isolates grovafter one month of incubation in the presence of phytate.

Of the 129 isolates that were streaked onto the plates, only 66 isolates grew, and were tested
for phytase activity. Only 17 of the 64 isolates showed signs of phytase activity, 4 of which

werevery minimal, constrained to small peaks of the i$fery pure >98% phytate was used
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for each of these isolates, containing only small amounts o(f¥82OH impurities, Figure

2.17.
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Figure2.17 ¢ HPLC chromatogram of the degradation profile ofrdiM phytate by thirteen soil isolates tha
showed phytase activity.These isolates were incubated in minimal media for thosgysat 30 °C The

chromatograms were compared with a phytate hydrolysate, bottom panel.
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The thirteen isolates showedvariety of degradation profiles demonstrating that in the soil
environment, there are many ways in which phytate can be degraded. Isolate 1 showed
predominant phytase activity at the IngB/6-OH position with minor Insi5-OH) activity,
three Insk peakswere produced, a larger DAng1234P, and two very small peaks of
Ing1,2,4,6)Ps and D/L:Ing1245P;. Isolate 14 on the other hand showét/3-OH activity

with a single D/AIng1256P; peak. Isolate 30 wa4/6-OH) active with a small amount ¢5-

OH produced, two InsPpeaks were present, mostly DIhg1234P, with a smaller D/L
Ing1256)P4 peak with a single, small Ingbeak. Isolate 39 produced similar peaks to Isolate
30, however the abundances of the two InglReaks were the same, it also praskd a small
amount of Insk Isolate 42 was #é1/3-OH phytase, however unlike Isolate 14 it instead
produced a single I(24,5,6)P: peak, as well as trace amounts of InsRolate 49 was
unusual in that it low phytase activity but produced a larger ifisRhan the previously
isolates. It showe@/6-OH) activity with a slight amount ab-OH) activity, it produced two
InsR peaks,D/L-Ing1256)P; and D/L-Ing1234P;, the larger of which waB/L-Ing1256)P,.
Isolate 52 was anothef4/6-OH phytase, prodcing three InsPintermediates,an D/L-
INng1234P; peak and two smalleD/L-Ing1245)P, and D/L-Ing1256)P, peaks, and trace
InsR. Isolate 70 produced a similar degradation pattern to isolate 1 with the exception that
it produced a second smallénsPk peak. Isolate Ara LB 1.100 3 had degraded the phytate
down to three InsPand two InsRPpeaks, the initial specificity was undetermined. For isolate
Ara LB 1.10 3, there was only a minute amount of J@¢6-OH), there were three InsP
peaks, a veriarge In§2,4,5,6)Ps, and two significantly smaller 1fis2,4,6)Psand In§1245P;,
additionally two smaller InsRand one InspPpeaks were visible. Isolate BB LB 1.10 7 had also
degraded phytate past the Insf? instead two Insfpeaks were present, a Iger In§1245P,

and smalleD/L-Ing1234P,, with considerably larger, single Inshd Insk peaks. Finally,
isolate BF LB 1.100 2 showg@d6-OH) activity with trace amounts of5-OH), it contained

two InsR peaks with similar abundanceB/L-Ing1234)P, and D/L-Ing1256P, of these
phytase isolates, six came from the Highfield arable soil, six came from the Highfield bare

fallow soil and five came from Broadbalk.

Through the longerm isolation of differentypes of soil bacteria, a diverse set of phytases
all with different degradation profiles can be isolated and examined, and this is just
scratching the surface of what the soil community is capable of, with such a significant
amount of bacteria unamenable isolation, this will be discussed in Chapter 4, and diverse

environments to examinéNunes da Rochet al., 2009).
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The editorial piece by Kumat al 2016 (Kumaret al., 2016)provides an excellent basis for
culture dependent work that has been performed by various research groups in soil, water,
plants and animal environments and allows for suitable comparison to the work discussed in
this Chapter. In the reports by Jorquestal., and Kumaet al., (Jorqueraet al., 2008; Kumar

et al, 2013)phytases were isolated from Himalayan and volcanic soils and in both cases
GLIKE-ALISOATAOE YSRAIFX t{ax ¢la dzaSR (G2 ARSYdGA
have already been discussed. Both papers used the appearof clearing zones as an
indicator of phytase activity and only the latter used the counterstaining technique-to re
solubilise phytate on the plate. Additionally, the method used to measure phytase activity in
the latter paper was based on molybdovaadel as the colouring reagent by Engelstral
(Engelenet al.,, 1991) using sodium phytate from rice, which has been demonstrated to
contain Insk and lower inositol phosphate impurities, Figure 2.1. While this method is
suitable for quick analysis of multiple isolates, it is by no means a definitive identification of
phytase activityMadsen et al., 2019; Quviriset al., 2015) this requires techniques such as
HPLC to directly examine the degradation of phytate neither of which have been performed
in the two papers. Many other papers describe an array of cultieendent techniques
isolaing and investigating hundreds of bacterial isolates for investigation and finding many
of them to be phytase activ@Azizet al., 2015; Hilkt al.,, 2007; Unncet al., 2005) However,

for these reports there is no further interrogation of gene identity or examimatd the
degradation profile, nor is there any comparison between the isolates, whereas in Figure
2.17, HPLC has allowed us to probably visualise the diversity of phytase degradation that can

be obtained from a culturelependent soil isolation experiment.

There is another side of examining phytase diversity that does not rely on cdiypendent
techniques, and this involves the use of in silico methods. For example, in the study by Lim
et al (Limet al., 2007a) representative genes from the three classes of phytases, HAPhy,
BPmy, PTPhy, with known phytase activity were used as probes to BLAST microbial genome
databases from NCBI and the Moore Marine Microbial Genome Sequencing Project and
positive hits were retrieved and used to construct a phylogenetic tree, which were tleeh us

to BLAST the environmental sequence databases from NCBI and CAMERA. From this study,
multiple bacterial hits for each of the classes were identified in a variety of different
environments. Interestingly, the report identified the lack of HAPhy or P$&tmyences in

the genomes of aquatic bacteria. It also identified the closely associated relationship of the
BPPhy with the TonBependent receptofike gene in operons, suggesting the two genes

may be functionally linked.
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In a more recent report from Neat al(Nealet al., 2017) environmental metagenomics was

used to investigate the abundance of the HAPhy, BPPhy, PTPhy in addition to phosphatase
genes irHighfieldbare fallow, arable and grass soils. The HAPhy and PTPhy gene were more
abundant in the grass environment whereas the BPPhy was more abundant in the bare fallow

environment.

Despite identifying a plethora of phytase sequences, these papers lackptbper
investigation into these diverse sequences, how active are they? What is their degradation
profile? What are they inhibited by? How stable are th€ituredependentexperiments

that would provoke a weltounded analysis. Therefore, a combinatiminboth the culture
dependent and culturéndependent techniques would provide the best analysis for phytase

diversity in the environment.
2.3.3. Identifying Inositol Phosphatase Activity

Following from the phytase activity and profile analysis above, itvadised on the HPLC
chromatograms of the isolates that phytase degradation was not the only feature that was
observed As first referenced by Cosgroee al (Cosgroveet al., 1970) isolates may have
activity towards the lower inositol phosphates and not phytate. Tweate of the isolates

displayed either inositol pentakisphosphate activity or unusual activity, Figure 2.18.
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Isolate 17, whose activity profile was shared by Isolates 18, 20, 23, 32, 35, 37 and 38 (not
shown), showed degradation of tlenall amount of DAIn1,2,4,5,6Ps impurities found in

the 1 mM phytate sample, the IngPowever, was not touched and there was no real change

in the Insk/P; peak. Isolate 27 and similarly Isolate 44 did not show anys InsPInsR
degradation, howeer, a large Ins#P; peak appeared in the chromatogram. Unusually, this
peak in Isolate 44 which is commonly a sharp, single peak was broader and split into two at
the tip of the peak. Isolate 28 was interesting in that there wassldsgradation and the
subsequent appearance of an Ingieak with no presence of IngBr Insk products There

was also no significant increase in the HiBPpeak either. Isolate 44 showed InsP
degradation and an increase in BAg1256)P., with a small increase in the RgP; peak

Smilarly Isolate 47 showed the same activity, but a much larger increase in théPimsRk.

Similar to the results shown by Cosgrateal (Cosgrovest al., 1970) the isolation of lower
inositol phesphate degraders has occurred as well as other isolates showing interesting
phosphate buileup. In the case of all of these isolates, without the use of HPLC it would be
difficult to determine if the activity and accumulation of phosphate was due to Idivigc

phytases or lower inositol phosphate degraders.
2.3.4, Isolate sequencing

All these isolates that were involved in phytate or ln@&gradation were subjected to £
rRNA sequencing, Table 2.6. Unfortunately, many of ti&RBIAgenes of these isolates did
not amplify, nor did the bacteria grow when they were restreaked onto fresh plates.
Therefore only 6 phytate degraders, 6 IndEgradersand two isolates displdyg unusual

inorganic phosphate activity were sequenced.
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Table 2.6¢ 16SrRNA sequencing of the Rothamsted Isolatgsing bacterial primersThe highest scoringenus

is displayed below.

Isolate Bacteria Percentage Type Accession

Number Identity (%) Number
11 Curtobacteriunsp. 100 Phytase | CP041259
17 Arthrobacter/ 99.71 Insk KY753220

Pseudarthrobactersp.

23 Arthrobactersp. 99.01 Insk OMO060450
24 Serratiasp. 100 Unusual P| KY90700
27 Serratiasp. 100 Unusual P| KY90700
37 Pseaidoarthrobactersp. 100 InsR KU647202
38 Arthrobactersp. 99.06 Insk KU350608
41 Serratiasp. 99.90 Phytase | MN511730
42 Bacillussp. 100 Phytase | LC667823
70 Serratiasp. 99.90 Phytase | MN422008
BB LB 1.10 ] Acinetobacteisp. 100 Phytase | EU118781

Blast analysis was performed on each of the strains as per Section 2.26 to investigate the

type of phytase genes each afrresponding genus contains, Table 2.7.

Table 2.7¢ The number of different phytase families identified in genera related to the isolates obtained from
Rothamsted soils.These were determined using NCBI blast that was limited to search for each individual family

of canonical phytases. The max target semes were set to 1000, with arvlue cutoff at 180,

Bacteria HAPhy | MINPP BPPhy PTPhy PAPhy
Curtobacterium | O 58 0 0 101
sp.

Serratiasp. 303 0 1 1 2
Bacillussp. 3 0 371 1 64
Acinetobactersp. | 9 445 80 0 1

Curtobacteriumsp. provided the most interesting results, showing 58 MINPP hits and 101
PAPhy hits. Both phytase types that up until recently were not considered to be present in
bacteria in the environmenfGhorbani Nasrabadet al., 2018; Rixet al., 2020) with MINPPs
being predominantly isolated from enteric sourd€hoet al., 2006; Stentet al., 2014)and
PAPhys being from plani®ionisioet al.,, 2011; Lungt al., 2008) TheCurtobacteriunisolate
produced low activity in the 4/6 position which has been identified in both HAPhys and
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PAPhyqFaba Rodguez, 2018; Riert al, 2020) The HAPhys produced the most hits in
Serratiasp., with only 12 hits for the other phytase types. The activity of Isolate 41 was in
the 4/6-position which is in agreement with HAPhys fr&@erratiasp.whose genomes have
been mined to clone and characterise novel phytases, and have also been identified in
enteric and environmental sampléSalaetet al., 2021; Shedovat al., 2008; Zhangt al,
2011a) Isolate 42 had the chartaristic activity of a BPPhy with activity in the j@8sition
(Kimet al,, 2010; Shirt al, 2001) The BPPhy is extremely commorBicillusspecies and
has been regularlylentifiedin the literature particularly pertaining to aquatic environments
(Cheng and Lim, 2006; Huaegal., 2009b) Therewas also 64 hits from the PAPhy which
K @Sy Qi 0SS yBadillasBefole.GF$atly, Fhixdser activity in thecinetobacter
genus has already been spoken abouSection 2.2.7The activity was similar to that of
Acinetobactersp. AC22 and thereforethe phytase from this isolate is most likely that of a

MINPP.

Despite the unfortunate loss of many of the isolates, this experiment has categorically
identified ways in which a diverse set of phytase degraders can be isolated from the soil

environment ugig a longterm incubation period.

2.4. Examining the adsorption of phytate onto soil

As identified in the Broadbalk soil 8ection 2.3.1when working with soiliquid cultures as

a means of examining phytate degradation, some of the phytate may be adsonbedhe

soil particles, removing the accessibility of phytate, depending on the contents of the soil.
Soils that are high in iron and aluminium oxides such as goethite and bodl@witee, 2015;
Johnsoret al,, 2012)are able to complex the phytate molecule, and in alkaline #élsame
occurs with clays and calcif@/anet al., 2016) of which Broadbalk can be up t®% clay

(Wattset al., 2006)

The binding of InsRo Highfield arable soil with and without calcium was examined in Figure
2.19. Calcium, G was used as it is a very abundant and important metal ion in soil, the
cation capable of bridging soil particles into aggregates, having a stabilising effdat on
structural stability of soi(Wuddivira and CampRoach, 2007)When in the form of calcite
(CaCg@) in calcareous soils, phosphate ions can bgeronto the surface of the calcite,
occurring via the replacement d€Q?. As suchcaldum may have a dual role in this
experiment, it first acts to stabilise the soil and secondly binds and precipitates phytate from

the liquid phase.
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The results were compared to a 1 mM lasBlture in water, Figure 2.19a. When a similar
concentration ofinsR is added to theHighfield leyarable so#liquid culture, Figure 2.19b,
almost 62% of the phytate is removed from the liquid phase and is adsorbed onto soil
particles, and this increases further to 93% when 1 mM calcium is added, Figure 2.19c. This
may be due to sorption of the phytate onto soil calcium complexes, or the formation of

insoluble precipitates.

(a)

— -
o = o
= = =]
1 | ]

|

-
[22]
(=]
|
—
o
—

100

-

=
1

Detector Response {(mV) Detector Response {(mV) Detector Response {mV)

150 =
(c)
100
50—
0 ~
I T T T T T T T 1
0 10 20 30 40

Time (mins)
Figure 2.19 HPLC chromatogram of the degradation profile of 1 mM phytate Highfield ley arable soil (a)
Minimal mediacontrol with no added soil, (oil and Minimal Mediéc) Soil and Minimal media spiked witl

mM calcium ionsSamples were incubatefdr 30 minutes before sampling.

The extent of phytate adsorption in each of the soil types, Broadbithfield leyarable
andHighfieldbare fallow, was tested by the addition of 1 mL of 10 mMdssRition to each

0.5 gsoilsample The concentration of Ingkhat remained in solution was calculated by peak
integration using the HPLC software (Jasco ChromNav v.1gcsngarison with the peak
area of a 1 mM InsPBolution in dHO. The HPLC traces and peak integrations are displayed

in Table2.8. The adsorption calculations for this experiment can be seen in Section 2.1.16
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Table2.8 ¢ Peak integrations of the Insfpeaks to determine the adsorption of 1 mL of 10 mM Irsfter 30-

minute incubationsat 30°C

Environment  IPs (nmol) Concentration of I % Adsoped
in solution (mM)

Control 20 1 0
Highfield Ley 664 3.3 66.82
Arable
Highfield 57.5 29 71.23
Bare Fallow
Broadbak 1.2 0.06 99.40

The adsorption capacity of each of the soils was substantial, with 66.82, 71.23 and 99.40% of
the added phytate adsorbed onto it for thdighfieldarable, bare fallow and Broadbalk soils
respectively. Following adsorption, phytate was extracted from thessmipensionwith
NaOH:EDTA, a method which is commonly used to extract fosP'P NMR studies
(Dooletteet al., 2010; Gilest al., 2011) Table 2.9.

Table2.9¢ The recovery of InsRthat had been adsorbed onto soil using NaOH:EDTA extractadrike Highfield
Ley Arable, Highfield Barefallow and Broadbalk soil saples

Envirorment Insk; Recovered Recovered

(mM) Percentage (%)
Highfield Ley 0.66 10.31
Arable
Highfield Bare 0.30 4.86
Fallow
Broadbalk 1.42 14.98

Following this, the stocks of each soil types were left for a month, during which they became
desiccated and finely grained. As such, the experiment was repeated to see how much of an

effect this has on the adsorption capacity of phytatable 2.10.
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Table2.10¢ The adsorption capacity ahree desiccated and finely grained spifighfied Ley Arable,

Highfield Bare Fallow and Broadbalk, after one month incubation.

Soil Type Moles of IP6  Concentration of IP6 % Adsoped

(nmoles) in solution (mM)
Control 20 1 0
Highfield Ley 112.1 5.6 44
Arable
Highfield 109.6 5.5 45
Bare Fallow
Broadbalk 50.5 25 75

It may be that the desiccation of the soil has had a negative impact on the ability of the soil
to adsorb phytate, with only 44, 45 and 75% of the phytate adsorbed bMitjiefieldarable,

Bare fallow andBroadbalk soilsrespectively, in comparison to 66.8, 71.2 and 99.4%
previously. Indeed, it may be that due to changes in the structure ofadilsoilminerals
which had initially stabilised phytate may not have the capacity as it had prev{@usiiette

et al., 2010) While these results provide an interesting view into the ability of phytate to be
adsorbed onto thee different soil types, and the consequence of the tidependent drying

and desiccation of soils. There are limitations to this experiment. The moisture content of
the soil was not analysed for the fresh and one month old samples, nor were there tieplica

to allow for statistical analysis.
2.5. Analysing the phytate degradation in aerobic, anaerobic

and water sediments from Blaéney Iron and Sulphur

cores.

All of the soils examined for phytase degradation and isolation in this study have currently
been frominland soils, however phytases and phytase activity have not just been identified
in soil environments but also from aquatic environment and sedimé@teeng and Lim,
2006; P. Yet al., 2015) Therefore, this section examines phytase degradation from a local
salt marshFor these experiments, commercial phytate (Sigma P8810) was used due to a lack

of pure phytate.
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Two coresvere taken from a salt marsh located in Norfolk near the town of Blakeney, these
cores wee from either ironrich or sulfide rich sedimentddutchingset al.,, 2019) Aerobic
samples were taken within a 1 cm depth and anaerobic samples at 24 cm, water samples
were taken from the top of the core. Salt marshes provide an interesting environment to
study phytate degradation(Antler et al, 2019) becausethese wetlands are highly
productive, regularly covered by tidal movements, and due to high nutrient loading from
terrestrial runoff, productivity exceeds that of many other enviroanms(Giblin and Wieder,

1992) As such, six conditions/environments were analysed for phytate detjoshe first

condition was the water sample of the core of sulfidic sediment, Figu@ 2.2
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Figure2.20 ¢ HPLC chromatogram of the degradatigmofile of 1 mM phytate bythe sulphur core wate

samplein minimal media Samples were taken each day to examine the progression of phytate degrad:

In this sample, the primary degradation pathway occurs in theQiBposition, at the same

time, the other InsPimpurities are removed from solution after eigdays. For the InsB,
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there is a slight increase in DIthy(1456)Ps, Ing2,4,5,6), D/L-Ing1245P, and a larger increase
in D/L-Ing(1256)P4, there is also a small increase in both &kl InsR.

The next condition was the aerobic sample of the sulphur core, Figute 2.2
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Figure2.21 ¢ HPLC chromatogram of thdegradation profile of 1 mM phytate bythe sulphur coreaerobic

samplein minimal media.Samples were taken each day to examine the progression of phytate degradat

The firstdifference between the aerobic sample and the water sample is that almost
immediately as much as 60% of the phytate has been adsorbed into the soil. Also
interestingly, there are two new peaks that are not observed fordhgBrolysis that appear

just beore the InsB(2-OH peak and also Ing(®-OH. The report from Whitfieldet al,
(Whitfield et al., 2018)has shown that ascyllelnsR peak runs just after IngR2-OH which

may be vihat is present in the chromatogranihe second peak running-tmetween Insg5-

OH and InsK4/6-OH may be its degradation product,szylleinsh, or it may also be aL

chiroor DchirolnsR which elutes between these two peaks.
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Additionally, there islgo a slight change in the abundances of thessrthe InsfR & = 6 2 i K
InsR(4/6-OH and InsB(5-OH impurities are degraded, however despite the lagReak

decreasing, there does not appear to be a concurrent increase in any of thepba2.

The next condition was thenaerobic sample of the sulphur core, Figure22.2
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Figure 2.2 - HPLC chromatogram of the degradation profile of 1 mM phytatethg sulphur coreanaerobicsample

in minimal media.Samples were taken each day to examine the progression of phytate degradation.

Once again, the addition of phytate to the anaerobic sediment has caused nearly 50% of the
phytate to be adsorbed. There is a modest increaser timein InsB(1/3-OH with no
increase in the other Ing®. For the InsB there are slighincreases iD/L-Ing1245P, and
Ing1,2,4,6)Ps and a largetincrease in InN&,4,5,6)P; with no increase in IngPAt the same

time, the InskP; peak continues to grow in intensity fmoDay O; Day 8.
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Each depth ofthe sulphur core sample produced a different HPLC chromatogram,
highlighting an interesting diversity in inositol phosphates in water, aerobic and anaerobic

conditions. A comparative figure of Day 4 of each sample is shown in Fig8re 2.2
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Figure 2.3 ¢ HPLC trace of the phytate degradation proflef the three sulphur core conditiongfter 4
days.Water (a), aerobic (b) and anaerobic (c) samples from the sulphur core, compared with a control

In panels & wecan see that the presence of phytate has induced a different profile in the

water, aerobic and anaerobic samples.

97



The next three conditions were from the iron core, firstly the iron water sample was

examined, Figure 242
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Figure 2.2 ¢ HPLC chromatogram of the degradation profile of 1 mM phytatetbg iron core water samplen

minimal media Samples were tan each day to examine the progression of phytate degradation.

In this sample there does not appear to be any substantial indicatiphyabse degradation.

The only change is in the abundances of the dmsipurities which decreases and a slight

increase in the IngAP; peak. This may be due to a tirdependent desorption of phosphate

by the added Insfand lower inositol phosphates as alhamounts of sediment were present

in the samples.

The next sample was the aerobic sample of the iron core, Figuse 2.2
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Figure2.25 ¢ HPLC trace gfhytate degradationof the iron core aerobic samplein minimal media using 1 mi

InsR. Samples were taken each day to examine the progression of phytate degradation.

Interestingly, by Day 1 all of the phytate had been adsorbed onto the sediment phase and
GKSNBEFTF2NE Al g1t ay Qlasedegiadatian duingdha tirBo8réeSAfier | y &
eight days, the samples were subjected to 0.25 M NaOH, 0.05 M EDTA extractions to recover
any adsorbed IngRand lower inositol phosphates. In comparison to the control sample, the
EDTA extraction appeared teaover nearly all of the bound InsRnd while there may not

be conclusive signs of phytate degradation, there is the appearance of the two unusual peaks

that were present in the sulphur core aerobic sample.

The final sample was the anaerobic sample & iton core, Figure 2& This profile was
nearly identical to the irortore aerobic sample, with the phytate immediately adsorbed
onto the soil, and when the sample was extracted using 0.25 M NaOH, 0.05 M EDTA, the two

unusual Inositol phosphate peaks wegoresent once more.
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Figure 2.3 ¢ HPLC chromatogram of the degradation profile of 1 mM phytatethg iron core anaerobic

samplein minimal media Samples were taken each day to examine the progression of phytate degra

In this experiment two environments have been examined for phytate degradation at
different depths. Samples from the iron/sulphur cores were taken from the top water,layer
aerobic and anaerobic layers and mixed with phytate. Samples were taken daily and
examined for their degradation profile. For the sulphur cores, phytase degradation is most
visible with the water sample, which shows a large peak o§(&POH) which iscommonly
associated with beta propeller phytases which are ubiquitous in water environn@htng

and Lim, 2006)In addition to this the IngAmpurities which are present in commercial
phytate (Madsenet al., 2019)are also broken down from Day 0 to Day 8, there is a slight
build-up of Insks. In the sulphur core aerobic sample, there is no real increase in thesinsP
as the InsPpeak decreases. It may be thattime,more and more of the phytate ibecoming
adsorbed out of the liquid culture, there is an increase in the /RsPeak, indicating the
release of inorganic phosphate through some sort of phosphatase activity, but this may be
due to the breakdown of the Inginpurities and not phytasectivity. At the same time, two

new peaks are present on the HPLC chromatogram which are not associated with phytate
degradation and may have arose due to other processes. In the sulphur anaerobic sample,
the HPLC chromatogram changes once more. Thera imaease in the abundance of

InsR(1/3-OH and an increase in different Insproducts in comparison with the sulphur
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water environment. Therefore, in each of these environments, phytate appears to be acted
upon in different ways. The differences in trade of phytate degradation observed in the
sulphur core water and sediment is similar to the results identified by Stbatwhich say

16S rRNAormalised BPPhy copiegere four orders of magnitude higher in water than in

sedimentg(Stoutet al., 2016)

Furthermore, the differencbetween thephytate degradation profiles of thenaerdic and
aerobicsamplesof phytatesaw low activity in the anaerobic sample and no detectable sign
in the aerobic sampleVisually, while it looks like there was degradation from both the
aerobic and anaerobic samples with the IapRak decreasing. Themgas no concurrent
increase in any IngiPeaks for the aerobic sample, while there was for the anaerobic sample.
Therefore, disappearance of the IrgRay be a case of adsorption rather than phytase

activity.

A similar occurrence can be examinedtie report by Suzumura and KamatgiSuzumura

and Kamatani, 1995 here in riverine sediments under simulated marine environments,
InsR in anaerobic conditions were decomposed almost completely withidays, whereas
about 50% of IngPremained under aerobic conditions after 60 days. It may be that the
experiment did not run long enough for the aerobic bacterial community to begin phytate
degradation. Returning to the report by Stoet al (Stoutet al., 2016)another feature of
their analysis of BPPhy genes identified that there was a greater abundance closer to the
agricultural farmland where both inorganic phosphate and phytate concentrations were
high, and the phytate mineralised by bacteria in the watewess phytate may accumulate

in sediments or transported downstream but enzyme activity was limited. It may be that due
to the proximity of the sample pools to the ocean there is little to no phytate exposure to

the microbial community and therefore theis less phytase activity in these sediments.

Sampling and analysis of the iron cores showed a different problem, it is well known that iron
acts as an inhibitor to phytase activi@antoset al., 2015) in the iron core water sample,
there are no signs of phytate degradation despite a slight increase in thgRns&ak which

may have occurred through degradation of the lnskpurities. For both the aerobic and
anaerobic samigs, by the first day nearly all of the phytate and its impurities have been
adsorbed onto the solid soil phase. In an investigation of Camargue sediments by De Groot
and Goltermar(De Groot and Golterman, 1998y noted that while phytate was found to
precipitate wih all polyvalent cations tested, it was Fe(OOH) that phytate most strongly

adsorbed onto, which may explain its immediate absorption and stability in the Blakeney
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Iron-core sediments. This was examined by extracting the sample using-NEIDA
(Doolette et al., 2010) no phytate degradation occurred in these samples, however, the
appearance of the samivo peaks previously shown for the sulphur core aerobic sample

suggest something is occurring in this soil.

To conclude this experiment, not just changing the environments, but also the depths at
which samples are taken could change the activity and dkgien profiles of phytases.
There may also be soil environments where phytase activity is low due to the presence of

inhibitors or strong phytate adsorbers.

2.6. Conclusion

The first part of this chapter provided a critical review into many of the pitfatls iegards

to isolating phytases from the environment, many issues of which are not considered in
phytase isolation studies in the literature, as shown in Table 2.1. As such, this review
concluded that unless phytate degradation is directly measured, tifndachniques such as
HPLC, then low phytase activities may actually derive flower inositol phosphates
degraders.

Ly GKS ySEG LINI 2F GKS OKI LI SNELGSRSTEARBY &R
was examined and developed to ensure thabélihe potential pitfalls have been taken into
account. Control strains of bacteria were plated onto the medium and examined as large
halos formed around of each of the colonies. These halos were then extracted using acid to
resolubilise the phytate and exnined for degradation using HPLC. This confirmed it was
possible to examine phytate degradation this way, however, the dominant peak of phytate
still remained and one of the strains showed no sign of phytate degradation despite
containing a phytase geneiits genome. Therefore this method is a poor indicator of phytase
activity, even when using known phytase degraders, this is before the issues regarding acid
secretion which also majorly affects the agar plqt@aeet al., 1999) a feature which is very
common for bacterigArchanaet al., 2012) A study of 36 bacterial isolates identified eight
different kinds of organic acids secreted as a means of solubilising phoqi@teaet al.,

2006) therefore in the next section a new technique was developed which avoided the
LAGFFEta YR RAR y20i NBfeé 2F at{aé¢ YSRAI®

This technige used a mixed soil culture spiked with phytate with samples taken each day
for HPLC analysis to examine for phytate degradation. This led to the isolation of two

phytaseproducing isolate#\cinetobacteisp. AC12 andButtiauxellasp. CH 184, genome
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sequencing and degenerate primers confirmed the presence of a Multiple Inositol
Polyphosphate Phosphatase gene and Histidine Acid Phytase respectivélgifidtebacter
phytase is further described in this thesis as it represents one of the first MINPRFspsiyta

that have been isolated from the soil environment.

Furthermore, from the knowledge gained from the previous isolation experiment an
additional phytase isolation experiment was performed on the lketiwn Rothamsted soils.
This time the bacterial isolas were allowed to grow for over a month to allow for diverse,

slow-growing bacteria to develop on the plates.

Of the 66 isolates that were restreaked from the mixed bacterial plates, 17 of the isolates
showed a diverse array of phytase activities highiighthe diversity of phytase reactions
that can occur in the soil environment. Four grpwsitive bacteria were isolated,
Curtobacteriunmsp., Pseudarthrobactesp., Arthobactersp., Bacillus subtili@nd two-gram
negative bacteriumAcinetobacter pittiand Serratiasp., Unfortunately however, not all of

the isolates could be sequenceatlie to sample contaminationin addition to phytate
degraders, there wre also 21 identified IngRdlegraders who showk no signs of inositol
phosphate degradation but produced an unusual HPLC chromatogram, further highlighting

how important it is to definitively detect phytate degradation.

Finally, the water, aerobic and anaerobic samples from iron/sulphur cores froBldkeney

salt marsh, Norfolk, were investigated for phggdr SANI RI G A2y ® ¢ KS LINBJA 2
that had been examined in this chapter, primarily accumulatedslitsEhe 4/6-position,

however, when moving to an aquatic environment instead the prinpagk was the 1/3

position indicating a higher abundance iofpropeller phytases The strongest signs of

phytate degradation were present in the water sample of the sulphur core, which is in
FIANBSYSYyild ¢AGK LINBOA2dza f A Sddeie daXorddrsyof f & & A &
magnitude higher in water than in sedime(ftoutet al, 2016) The iron core samples

showed no signs of phytase activity, as iron is a strong inhibitor of activity however, this is

not an unexpected result. Interestingly however, two additional peaks appeared on the HPLC
chromatogram from the sulphur/iron aerobi@amples and iron anaerobic samples which

may indicate the presence stylleinsRandascylleIinsRk or L-chiroor D-chiro-InsR.

Currently, this thesis has successfully used cultlmeendent techniques to examine the
diversity of phytase degrading micn@anisms in a variety of environments. However, it has
not looked into the characteristics of any of these isolates nor has it examined culture

independent techniques to examine the unculturable phytase degraders. Cha&pterd4
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describe the purificatiomnd characterisation of the soil MINPP fréwinetobactesp. AC1
2, Chaptels describes a metagenomic study into the diversity of MINPP, HAPhy, BPPhy and
PTPhys genes in a variety of environments. Finally, Ché&ptxamines the controls of

phytase expresion inAcinetobactesp. AC22.
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Chapter 3.The Purification of a Multiple Inositol
Polyphosphate Phosphatase frodcinetobactersp. AC12

The activity of the phytase isolated froAcinetobactersp. AC22 was similar to that of a
Multiple Inositol Polyphosphate Phosphatase (MINPP). This was confirmed by genomic
sequencing and inspecting the assembled genoiie gene contained the heptapeptide
sequence motif that is typical in the histidine acid phytaées and Porres,@®3)but instead

of the dipeptide motif, HD, it contained a tripeptide donor motif, HAE, that is a useful
identifier in MINPPYStentz et al, 2014) This phytase type was first associated with
eukaryoticorganisms, being identified jplants and animal§Choet al., 2006; Mehteet al.,
2006)and was later discovered in enteric bacteffcquistapacet al., 2020; Stentet al,

2014)

The discovery of a soil MINPPs fréginetobactesp. AC12 represents one of the firdb be
isolated from a soil bacteriunin this Chapter, expression trials were performed to identify

the best expression system to produce a pure, active protein.

3.1. Materials and Methods
3.1.1. Phenolchloroform method to extract genomic DNA.

Acinetobactesp. AC22 cells were grown overnight in two 10 mL LB cultures at 180 RPM and

37 °C. These were pelleted for 10 minutes8d22g and resuspended i600 uL Buffer P1

(QIAGEN resuspension buffekysozyme, 5 mg/mistock concentrationwas added and

incubated for an hour mixing regularly. SDS was added toF1&( [ 2 F wmm: {5{
equal volume of phenol chloroform added. These were vortexed thoroughly and centrifuged

at 16060g for 5 minutes. The top layer wasmoved to a fresh tube, and the steps from the

addition of phenol chloroform repeated 3 times and finally with chloroform once. Next, three

volumes of 100% ethanol were added, and the sample incubate20atC for 30 minutes.

The DNA was pelleted 46060g for 20 minutes and the supernatant removed. The DNA was

washed with 500 pL of 80% ethanol, the ethanol decanted, and the sample pellet6aga

gfor 1 minute. The samples were 4iried in the flow hood for up to 5 minutes, resuspended

in 100 yL dkD and allowed to rehydrate overnight in the fridge. The concentration of the

5b! gta YSIadaNBR dzaAy3 | bly25NRLIMM 6¢KSNN2{ (
ng/pL and 158 ng/uL.
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3.1.2. Plasmids and Bacterial Strains

Plasmids

TheMinpp phytase gene was cloned using Gateway Cloning which employed three plasmids.
LB5hbwu wnanT3X | 3ASYydlY&@OAy NBaraaldlyOS LXlFaYvYAR
interest to the expression vector. pDESA, chloramphenicol resistance plasmid that

encodes an IPT@nducible T7 expression system and a 6x-tatis Likewise, pH&W,

kanamycin, is a pET28adgrived plasmid that has been rendered Gateway compatible. It
contains a T7 expression system and a 9agjsThe plasmid maps are shown in Figure 3.1

3.3. Note, pHIGW does not have a plasmid map and so pET28a(+) has been used instead.

(5477) DrdI BsaHI (132)

(5406) BssSuI\ | | BsrBI (181)
(5279) PspFI_ \ / Hpal (306)
(5275) Bse¥I._ '\ \ | / /_PspOMI (325)

f '~ ~EcoQ1091 (326)
Apal (329)

_ BfuAl - BspMI (932)

(4492) Bl - BStXI (1067)
(4484) Eagl — =] _BmgBt (1146)
—__TspMI - Xmal (1178)
" Smal - SrfI (1180)

(4309) Dralll — |
_— BbvCI (1323)

pDONR™207
5585 bp

— BstZ171 (1516)
~ BssHII (1553)

|~ BamHI (1594)
(3954) PFIFL - Tth111l ™~ " Scal (1634)
" Ncol (1746)
(3743) Balll™
(3687) BseRI ~
BpmI (1931)

" EcoRI (2047)

(3551) ECoRV
BspEI (2051)

(3293) AsiSI - Pvul
(3205) EcoNI

(2950) NruI‘
Figure3.1ct f F A YA R YI LJ 2.3 hiswwmb womvrn TAdd G KS 9y i NE +S500:
characterisitiattP1 andattP2 sites that are described incden 3.13. Vector maps were made using Snapc
(https://www. snapgene.com
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\ N
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(3108) BspQI - Sapl ' FspI - FspAI (2205)
(3028) Tatl PpuMI (2230

(2995) BStZ171
(2969) PFIFI - Tth111I

Figure 3.2- Plasmidmap of pHIGW. pH9-GW is a pET28(derived plasmid that has been made Gate
compatible. Its expression system is control by a T7 promoter and it contains atayg that is before thattR1

sites. Vector maps were made using Snapgéttpg://www.snapgene.ca).
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Figure 3.3 PlasmidY' | LI 2 F
Vector maps were made using Snapgene (https://www.snapgene.com/).
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Bacterial Strains

The strains used in this chapter atgown in Table 3.1.

Table 3.1¢ Bacterial strains used in plasmid amplification and protein expression.

Strain Resistance Origin Characteristics

DH% None B line Chemically competent cells with  hig
transformation efficiency. Useful for routin
subcloning of genes into plasmid vectors

BL21 None B line Widely used noflT7 expression. Suitable fc

transformation and protein expression

BL21 pLys¢ Chloramphenicol BL21 pLysS encodes T7 lysozyme which suppresse:

derivative = basalexpression of uninduced genes.

w2 & S i | Chloramphenicol BL21 Enhances the expression of eukaryotic prote
(pLysS) derivative that contain codons rarely used . coli. pLysS
encodes T7 lysozyme which suppresses the b

expression of uninduced genes.
Shuffle T7 = Spectinomycin BL21 Enhanced capacity to correctly fold proteins wi

Express = and Streptomycin derivative multiple disulfide bridges.

Arctic Gentamycin BL21 Expression of proteins at low temperatures f
Express derivative improved protein solubility
(DE3)

3.1.3. Gateway cloning of thé\cinetobactersp. AC:2 Minpp gene

Gateway cloning technology is based on the -sjtecific recombination reactions of
bacteriophages B goli. I OG SNA 2 LK 3 S -spediitaify into yhé gedbhé af S
E. coliby a process called lysogenisation. The overall process is medigtguioteins

encoded by lambda anf.coli. The process can be represented as follows:
attBxattPy attLxattR (where x signifies recombination)

The fouratt sites, in Donor, Entry Clone, Expression Clone and Destination Vector, contain

binding sites for the proteins that mediate the recombination reactions. By combination of
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the BP and LR reactions, genes can be moved between Entry Clones and Expression Clone
A basic schematic can be searfFigure 3.4.

Entry Clone Destination Vector
By-Product [ —__ / attll  attl2 AN ,/ attRl attR2
™~ ’/ \ /
\\ Ic"‘l \\ “.“"
\ | \ ]
LR Reaction
[ ;" \
[ /
[ /
/ | \ // \
/A . \
Donor Vector S Expression Clone / \\
| \
ccdB VAR RN GENE e N

attP1 attP1 I“w attBl attB2 " By Product

PCR Product
\_ GENE
attBl attB2
Figure 3.4 Gateway Cloning process for the transformation oflasiredgene into an expression clon&@he
Gene of interested is cloned witiitB1 sites and can be transferred into the Donor Vector (Via the BP rea

to form the Entry Clone. Téican then be transferred into the Destination Vector (via the LR reaction) to

generation the Expression Clone which can then be used for protein expression. This image was remac
the Gateway Cloning Technology manual.

3.1.4. Generation of the Entry Clone

Primers were designed for Gateway Cloning of MieNPPgene in accordance with the

Gatewayt Cloning Technology manual from Life Technologies, Table 3.2.

Table 3.2: Primer sets usddr Gateway cloning The highlighteded sequence is the 3C protease cleavage site.
The highlightedblue sequences are thattB1 andattB2 recombination sites.

Primer FOR:5

-CTGGAAGTTCTGTTTCAGGGCEATGAATATTTTATTTAAAACGACGATS
Set 1:

REV:5 -CAAGAAAGCTGGGTTTARTTGTATTTGATAGCACTGTTTE

Primer FOR:5
Set 2:

-GGGGACAAGTTTGTACAAAAAAGCAGCCIGGAAGTTCTGTI

REV:5 -GGGGACCACTTTGTACAAGAAAGCTBGEGT

Primer FOR:5 -CTGGAAGTTCTGTTTCAGGGGCCG #! 1 41 1 4" I #' L34 #1 1 " |
Set 3:

REV:5 -CAAGAAAGCTGGGTTT®A 4" 41 444" | 4 ' Bl #4"' 444 4%
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These were used to amplify a PCR product oMigPPgeneflanked byattB recombination
daAGS4a2 0S| NR yplotehse git€) BeCapid@ lthé primé&<Rwere too large to clone
both the attB and 3Cprotease sites, a twatep PCR was employed with the products from
the first reaction used in the second. Primer Sets 1 aadd®Primer Sets 2 and 3 were used

to generate the entry clone.

The gene was amplified using a hiigkelity polymerase (Phusion® Highdelity DNA
Polymerase, New England Biolabs) using template genomic DNA f26m20 ng/uL. Each
PCR mixture contained2.2 uL KO, 4 uL 5X HF BuffdruLPrimers(10uM), 1uLdNTPs (10
pM), 0.6uL100% DMSO, 0} Phusion Polymerase andLDNA.

PCR protocol: initial denaturation, 96,°3:00 (min:sec); denaturation, 95, 0:20; annealing,
50°C, 0:30; elongation 7Z, 1:00; with 30 cycles and final elongation atCZor 10:00. The
PCR products were purified using the QlAquick PCR purification Kit (Qiagen)

3.1.5. Integration of the Entry Clone into the Entry Vector (BP

Reaction)

The PCR product was transferred itite Donor Vector, pPDONR203(tamycin resistance),
using the BP reaction. A typical BP reaction coe@hplL TE buffer, 1 uL BP Clonase, 1 pL
template DNAandlL pL pDONR 207 plasmiReaction mixturesvere vortexed briefly and
incubated for 3hr30 min a25 °C before inactivation of the reaction by the addition of 0.5

uL Proteinase K for 10 min at 32.
3.1.6. Transformation of the Entry Vector into DH5 OSf f &

After the inactivation of the BP reactiptheR2 Yy 2 NJ SO0 2NJ g1 a GNI yaT2Ny
lpuLofKS .t NBFOGA2Y 61 & I RRSR (2 Hlefiofice51 ph O
for 30 min heatshockedat 42°C for 35 seconds before being returned to ice for 2 minutes.

180 uL SOC (Super Optimal Broth with catabolite repregsidgrermoScientific) was added

and the reaction incubated &7 °Cfor 1 hour with shaking at 180 rpm. 30 pyL was spread

onto gentamycin,or other appropriate antibiotic plates, 20 pg/mL. The remainder was

pelleted at4738g for 2 minutes, 90 puL of the supernatant was removed, and the remaining

media used to resuspend the pellet and the whole streaked again onto gentamycin. Plates

were inculated overnight at 37C.
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3.1.7. Confirming correct Entry Vector Inserts

Twentythree colonies that had grown overnight were screened for the insertion of the entry
vector by colony PCR using the saRt@Rprotocol as2.1.8. Internal vector primers that
included the attL1 andattL2 were used:CY -GQAGTTCCCTACTCIC@Gd wY - p
CATCAGAGATTTTGAGAC AT amplified DNAvas resolved using a 1¥#v agarose gel,
Section 2.19. The remaining DNA were purified and sentdequencing at Eurofins (MWG,
Ebersberg, Germany). The sequencing results howstreiggled to show the whole gene,

LI NI AOdzE F NI & Ay GUKS YARRES gKSNBE AlG OFffa
RSAA3IYSRI pQ ¢D! ¢ 3G BsedlbwnstrBam ofithis resBehuenciby o = Q

confirmed correct integration of thi1INPPgene
3.1.8. Assessment of Sequencing Quality

Eurofins (MWG) provides quality assessment for each sequencing sample. The quality is
based on a ®, 1019, 2029 and 30 =< qui#y score. The beginning and ends of the
sequences were trimmed to ensure the best quality data. These were then compared with

the expected sequences to highlight any errors/mismatches.

3.1.9. Transformation of the Entry Clone into the Destination

Vector

Correctcolonies containing the entry vector were grown overnight in 10 mL LB cultures at
37°Cwith shaking at 180 RP&hd the vector DNA isolated using the QlAprep Spin Miniprep
Kit (Qiagen)The PCR product was transferred from the donor vector to the destination
vector using the LR clonase (LR reaction). A typical LR reaction c@naingE buffer, 1 pL

LR Clonase, 1 pyL pDONR7 DNA and 1 pL pDEST17 (Ampicillin) or pHOGW (Kanamycin)
plasmd. The reactions were vortexed briefly and incubated for 3hr30 min &C2before
inactivation of the reaction by the addition of 0.5 pL Proteinase K for 10 min & .3¥he
NEadzZ GAy3 NBFOGAZ2Y s a Of 2y SR Ay #ibedsin ph =
Sections 3.5 and 31.7.

3.1.10. Transformation of the Expression Clone into the Expression

Host

Colonies containing correctly inserted expression clone were grown overnight in 10 mL LB
cultures at 37°Cwith shaking at 180 RPNector DNA was isolated using the QlAprep Spin
Miniprep Kit (Qiagen). The pDEST17 and pH9GW expression clones were subsequently
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transformed intoE. coli BL21 (New England Biolabg)coli BL21 pLysS (chloramphenicol)
OLY@BAGNRISY O | Yy Rhlovatphéhital) l(Novagen) asLdpseriéed in Séctibn
3.16and 3.1.7

3.1.11.  Small Scale Expression and Protein Purification

Single colonies from Rosetta;2DEST17 MINPP were groawvernight in 10 mL LB cultures
at 37°C with appropriate antibiotic and witshaking at 180 RPN he cultures were used to
inoculate fresh 10 mL LB which was grow®atC with shaking at 180 RPM. At ans&Df
0.4-0.6, the temperature was lowered 10 °C, IPTG added to a finrmdncentration of 0.2

mM, and the samples incubated overnight.

The cells were harvested by centrifugation for 10 mil8422 gin 50 mL falcon tubes, the
pellet was stored at80 °C for 30 min and then thawed. The pellet was resuspended in 1 mL
lysozyme buEr containingg0 mM TrisHCI pH 8.0600 mM NaGL0%(w/v) glycerol 20 mM
Imidazole, 1%w/v) Triton %100, cOmplete Ritease Inhibitor alf a tablet Roche), 1 mM
EDTA and lysozym@ mg/mL)was added This wasncubatedat 30 °C for 15 minwith
shakingat 230 RPMAfter which, al0 uL of Benzonase solution (Sig&ddrich) was added
and the samples incubated 80 °C for 15 min with shaking at 230 RPM. The samples were
transferred to a 1.5 mlmicrofuge tubeand centrifuged at21460 g for 15 min. he
AdzLISNY I GFyd o0t NAFASR OStf f &BAagadose rasiha | RR
(ThermoScientific) that had been peguilibrated in a 1.5 minicrofuge tubeby washing
twice with 200 uL lysis buffer containing 50 mM “HiSl pH 8, 500 mM NaCIp 2nM
imidazole, 10% (w/v) glycerol and 1% (w/v) TritehOR. The cell lysates were incubated at

4 °Cfor 1 hour with gentle shaking.

The samples were centrifuged for 1 min 408 g and the supernatant discarded. The resin
was washed with 400 L lysis buffer three times, with the supernatant discarded each time.
Subsequently the resin was washed with 400 pL of 50 mMHRIsoH 8, 500 mM NacCl, 20
mM imidazole, 10% (w/v) glycerol, e times, before elution of protein from the resin with
100 pL elution buffer; 50 mM T#8Cl pH 8, 500 mM NacCl, 600 mM imidazole. The+esin
lysates were incubated & °C for 30 min with gentle shaking and centrifuged for 3 min at

2106 g The supernatanivas collected, and aliquots thereof analysed by-BBSE.
3.1.12.  SDSPAGE Gel Electrophoresis

Two 2% (w/v) SDS Polyacrylamide resolving sgelere prepared using 3.96 mL 30%
acrylamide, 3.33 mL dB, 2.5 mL 1.5 M Tris pH 8.8, 0.1 mL 10% SDS, 0.1 mL 10% APS and 4
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uL TEMED. 2X 5% stacking gel was prepared using 0.83 mL 30% acrylamide, 33} & dH
mL 1 M Tris pH 6.8, 50 pyL 10% SDS, 50 uL 10% APS and 5 yL TEMED. The gel was run at 120
V until the dre had reached the bottom.

3.1.13.  Bradford Assay

A Bradford assay was performed to measure the concentration of protein from the-small

scale purificationsThese were prepared in a @St f LX I G§S 0¢KSN¥Y2aOAS
polystyrene)A calibration curve was obtaed by erial dilution of BSA (0.5, 0.25, 0.125,

0.0625, 0.03125, 0.015625 and 0 mg/rimL.glution buffer.For resinpurified proteins, 1G-L

were added to 10>L of elution buffer in wells. Colour was measured at 595 nm in a
HidexSense (Turkuu, Finlandatel reader after the addition of 208L Bradford solution

6vdza O1 {01 NIn . NI RRAR)NFRachINEhé gelNsy Thd absoiban@@ wasL h

then subtracted from the yntercept of the calibration curve divided by the gradient to give

the concentratiao of protein in mg/mL.

3.1.14. Measuring Phytase Activity using the Molybdenum Blue
Method for Phosphate Release

Phytase specific activity (U/mg) was determined using the molybdenum blue method for
phosphate release. One phytase unit was defined asatheunt of the enzyme that released
1 uM inorganic phosphate per minute under the assay conditibfissamples were assayed

in triplicate(Dokuzparmalet al., 2017)

Briefly, 8.751Lenzyme solution (concentration stated in the results section) wasedilir
148.75uLof 0.2 M Naacetate buffempH 5.5 Forty-five pLof the enzyme buffer solution was
mixed with 5uL50 mM InsRin triplicate on ice before being heated fb% minutesat 37 °C

in a PCR machine. After whi&Q L of a 4:1 ratio ochmmonium molybdate sulphuric acid
solution (400 mL, 6 g NM0-0,2.4H:0 and 22 mL 98 %$0) and ferrous sulphatsolution

(20 mL, 2.16 g iron (Il) sulphate heptahydrate, 2 drops 988@Hwas added causing the
solution to go blue from phosphate releagdisorbance at 700 nm was measured in a Hidex
senseplate readerafter 15 min and compared with a phosphate calibration cuiwdial,
pilot calibrations were performed with A@LMINPP solutions of known concentrations to

determine appropriate concentrain of protein for routine assays.
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3.1.15.  Large Scale Protein Purification Prep

A preculture of single colonies off 2 & SG (| u ¢ pDESTLH ABYalILWIE | yR w2 aSi
(pLyssx pHOGWMINPP were each grown in 100 mL LB with the appropriate antibiotics
overnight at 180 RPNMnd 37 °C.Four 500 mL LB cultureseve inoculated with 12.5 mL of

the preculture each two for each plasmid type, with the appropriate antibiotics,
chloramphenicol was not added, however. These were grown until an OD betwe€r70.5

and IPTGwas addedo a final concentration of 0.2 mM to induce protein expression. The
flasks were incubated overnight 880 RPMand20 °C Flasks of the same plasmid type were
combined and spun down 8243gat20°C (JLA 8.1 rotor in &0 centrifuge)for 20 minutes

The supernatant was poured off and the cell mass resuspended in 25 mL Binding buffer: 50
mM TrisHCI pH 7.5, 300 mM NaCl and 20 mM imidazole. To the resuspended cells, half a
cOmplete Protease Inhibitor tablet and lysozyfdemdgmL) was added, and cell lysis was
carried using a French press48ycles, 1000 P3hternal pressure of 18000 PSThe soluble

and insoluble fractions were separated by centrifugatio@@896g at 4 °C (JA 25.50 rotor in

a 320 centrifuge¥or 45 mirutes.

The supernatantvas then passed through a 1 mL Histrap HP column @si§TA pure
protein purification system for Immobilised Metal Affinity Chromatography (IM&g)
eluted with elution buffer: 50 mM TrBICI pH 7.5, 300 mM NaCl and 500 mM imidazole
Fractions emitting UV absorbance were pooled together and then concentrated down to 1.5
mL using a Amicon® UKt® centrifugal filter unit with a 30 kDcutoff point The
concentrated protein was then injected into a 1.5 mL loop and then further purified using a
HiLoad 16/600 Superdex 75 pg column for ®izelusion chromatographyGel Filtration
buffer: 50 mM TrigHCI pH 7.5 and 300 mM NacCl.

Three peaks were presenh the chromatograph; therefore, all the fractions were tested
for activity as per Section 314. Only the fractions from the first peak showed phytase
activity,and sothese were pooled together and concentrated usingraicon® Ultral5
centrifugal filte unit with a 10 kDa cubff and12 mL was concentrated down to around 1.5
mL. A small sample was taken to examine the protein concentration in solution. This was
done using a nanodrop, measuring absorbance at 28@ darmg/mL. The average protein
concentation was 0.682 + 0.029 mg/mL which is approximately 11.373ibtk

concentrations of 1M protein aliquots were prepared with 25% trehalose.

The activity of the Minpp was determined using the molybdenum blue method for

phosphate release and the purity@axined using SBBAGEThe activity was very low, and
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the SDPAGEshowed significant protein presence in the pellet indicating that the protein
Aay Qi @ StNé congedttarxb delSfiltration samples wesdso analysedshowing

multiple bands preserin the sample.

3.1.16.  Optimization of the Solubility and Purity of Minpp ACA

Removal of theSignal Peptide

One method of improving the solubility of the MINPP phytase was removal of the signal
peptide. The signal peptide of AQIMINPP was determined using Signal P 5.0, abasked
program(Almagro Armenterost al., 2019) Figure 3.5. This predicted the signal peptide to

be a lipoprotein signal peptide (Sec/SPII) with the cleavage site between positions 18 and 19
based on a probability score, highlighted in greeRLYACNNND. Therefore, an additional
Primer Set wadesignel (Section 3.4 Primer Set B

SP(Sec/SPI) —
TAT(Tat/SPT) ==
LIPO(Sec/SPII)
s
OTHER

0.8

MNILFKTTMLATSLFLVACNNNDDQDDQPTTSPTTQSKYYQTKTPYQPQQDLKSYEQAPNGFQPVFTELV

4 LLLLLLLLLLLLLLLELOXXXXXXXXXX XXX XXX XXX XXX X XXX XU AXLCAXXAAXXAXNLAXX XA LAXX

I k T ! I
0 20 40 60
Protein sequence

Figure 35 ¢ The prediction of the signal peptide cleavage site using SigrfialPbased on the proteircoding
sequence of AG2 MINPP.

Primer Set 3 was used to clone tMinpp gene without the signal peptide via Gateway

Cloning as describe&ection 3.13-3.1.13.
3.1.17.  Cloning into sHuffle® T7 express and ArcticExpress (DE3)

Additionally, the expression cloneadking signal peptide was also transformed into

expression strains sHuf@®& 7 Express and ArcticExpress (DE3).

sHuffle®T7 Expreswas developed to tackle one of the problematic areas of cloningknto

coli. the lack of postranslational modification bdisulphide bonds. These can be formed
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inter- and intramoleculdly and can be critical for proper protein folding, stability, and or
activity (Lobsteiret al., 2012) ArcticExpress (DE®)as developed to address the issues that
can occur during the overexpression of heterologous proteiris. icoli This strain is suited

to low-temperature cultivation it expresses thecold-adapted chaperonins Cpnl0 and

Cpn6Qwhich, within the strain, aigirotein refolding at 412 °C(Belvalet al., 2015)
3.1.18. Small Scale Expression Trials of A0 signal construct

Asdescribed in SectioB.1.3-3.1.13 the AC12 MINPPho signal construct was expressed and
MINPP purified on a smalscale using Rosetta 2 (pLysS) sHuffle® T7 Expressand
ArcticExpress (DE3PTG at concentrations 0, 0.01 mM, 0.05 mM, 0.1 mM and 0.5 mM were
used to identify whether oveinducing the sample causes insolubilithe proteins were all
tested for phytase activitand analysed bySDSPAGEO0 examine purity.A protein band
obtained from Rosettat 2 (pLysS)ysateswas sent for sequencing using Protein Mass
Fingerprinting at the John Innes Centre to confirm the expression of the2ATINPP

protein.

The analysis reported protein score of 5lwith 14% cover of the protein sequence:
protein scores greater than 51 are significant@®5) Figure 3.6.
The natched peptidesre shown in bold redn the sequence below

1 HHHHHHLES SLYKKAGFLIVLFQGPNNNDQDDQPTTSTTQSKYYQT

51 TPYQPQQDLSYEQAPNGFPVFTELVARI GSRGLSSLK DLALYNLWK
101 AKAENALTPIGEQLGADLE MMKNILLGY GVEGIRQYG*GNETMTGILI
151 HRGIADRLQ RLPNLLNPQ. GILVQSSGVIRAVDSAKFF AELIKQQPQI
201 KDKIVPVSYTNLSSESVPS'IDGGVDRFKIYFHSLNADE LTQPLSASQ!
251 KIYDASQAY(DFEENNNDL QKLDELSKN QAEKTAQTV NPIFKADFIK
301 KLGTAGYSF NTGSFTVTSIKGEQITEKGIGKNTIASAVL AAAYVYELY:!
351 ISGGMKDELIGIDFDKYMPIEAAKFYAEFIDANDFYEKG SFTESNLVTS
401 EIAQGLKQDIFQQVDAVVNAQPYKAVLR AHAEIIIPLA TSLDLHNMM
451 PLPLRQTYN STSTWRGE\ SPMAANVQVIYQNGQGNT VKMLYNEKE

501 LFKSACNYAIYSPTSFYYD'IK LKQCYQIC

Figure 36 ¢ The protein sequence of Himgged AC2 MINPP phytasewith peptides that were identified by

massspectrometry highlighted in red.
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The peptides identified in FigureG3wvere blasted against thE. coligenome to ensure that
they did not correspond t&. colgene products. The-#alues were significantly greater than

that of AC12 MINPP, confirming the identity of the purified protein as 2MINPP phytase.

Subsequentlylarge-scaleprotein preparation was repeated, from a 2 L culture, to confirm

the isolation of a purified and active phytase.
3.1.19. Transformation and Expression Trialsfichia pastoris

Attempts were also made to improve the solubility of the ACMINPP phytase by
transformation and expression iRichia pastorisx-33 using the Easy SelectPichia

Expression kit (Invitrogen).

Use of eukaryotic organisms, yeasts, sucPRiahia pastorisas expression system provides
several benefits that are not available with bacterial expression hosts. The proteins are
directly secreted into the media, the yeast cells have the advantage of higher eukaryotic
expression systems such as protein processprgiein folding and postranslational
modification. Of the latter, one important postanslational modification is glycosylation,
the attachment of carbohydrate chains, glycans, to the proteigl\dosylation has been
shown to increase the stabilityhérmostability and proteolytic resistance in phytagdsu

et al,, 2016) In fact, many of the commercial phytasare also glycosylated, despite having

bacterial origingYaoet al., 2013)

The program NetNGlyc 1.0 was used to predicfiy¢osylation sites based on the sequence
of ACX2 MINPP(Gupta and Brunak, 2002Figure 3.7. This program uses artificial neural
networks that examine the sequence context of AamSer/Thr sequons, which are a
sequence of consecutive amino axidhat can serve as an attachment site to a
polysaccharide. This identified three potentiatglycosylation sites whose glycosylation

potential was higher than the threshold value, Figure 3.7.
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NetNGlyc 1.0: predicted N-glycosylation sites in Sequence
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Sequence position
Figure 3.7¢ The predicted of Nerminal glycosylationsites of AC42 MINPPusing the onlinebased prograr

NetNGlyc 1.0wvhich predicts glycosylation sites basash AsnZaaSer/Thr sequons, which are a sequence

consecutive amino acids that can serve as an attachment site to a polysaccharide.

Subsequently, a primer set was designed in order to clone the gene into the yeast vector
pPICZ (Zeocin resistance) using Gateway Cloning as discussed in section 3.13. Preliminary
experiments were unsuccessfuas there was no protein expression from theagt
expression experiment. No further detail is provided here, but because the yeast cloning was
ran concurrently with the cloning to remove the bacterial signal pepide as suckeveral

gels contain bands from both experiments.

118



3.2. Results and Discussion

The genomic DNA was extradtfrom Acinetobactersp. ACX2 cells using the phenol
chloroform method from two bacterial preps, Section 3, Primersdesigned for Gateway
Cloning of theMINPPgene were used to amplify the gene and clone #teB1 andattB2

sites and 3C protease recognition site for cloning into the donor vector. This required a two
step PCR as described in Section43Dilutions of the two genomic samples were used as
template DNA. All PCR products were run on an agarose gel to confirm amplification of an
appropriately sized band. These were run against a control strain-pifytase from

Aspergillus nigemphyA Figure 3.8.
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2000 bp
1650 bp

1000 bp
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Figure 38 ¢ 1%agarose gel image ofie first PCR reaction required to amplify thdINPPgene,3C proteas
site, and part of theattB2 adapter. Dilutions of the two DNA preps were used as a template, -8
contained DNA concentrations from Sample 1 of 244, 20, 10, BigA & respectively. Lar@10 containes
DNA concentrations from Sample 2 of 158, 15, 7.5, 3.75 ng/uL respectively. Lane 11 contained :

positive control.

The desired band size was 1614 bp, and the band of the AnphyA control at 1401 bp. Weak
amplification was observed for Sample 1 and no amplification was seen in Sample 2.
However, the bands for Sample 1 were the correct size and was in agreement with the
positive AnPhyA control. Afterwards, Lanes 1 and 2 were diluted to 1/25, 1/50 and 1/100
and the second step of the reaction was performed to fully complete the cloning aittBe

sites, Figure 3.9
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5000 bp

2000 bp
1650 bp

Figure 39 ¢ 1% agarose gel image of thesad PCR reactioto finish the amplification of theattB1 andattB2
sites using the amplified DNA from Lanes 1 and 2 in Figuge l3anes 43 contained dilutions of Lane 1 of 1/.
1/50 and 1/100. Lane-8 contained dilutions of Lane 2 of 1/25, 1/50 ardd0. Lane 7 was AnphyA control fr

the previous gel.

The desired band was 1655 bp which is in agreement with the ladder and the AnPhyA control.
With the attB adapters cloned either site of tINPRgene, the BP reaction was performed

to clone the PCR product into the donor vector, pPDONR207, to form thg elaime, Figure

3.2, Section 3.5.

tKSA4S @SNB GKSy ( Elcylicelsamhgdwn ovesfighe at STT witth
gentamycin selection, Section 31 Colony PCR was performed on 23 colonies from the
plate to confirm the insertion of the pDONR2@&ctor, Section 3.Z.using internal primers,

attL1 andattL2 This was compared with an AnPhyA pDONR207 control, Figure 3.10.
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Figure 310¢ Confirmatory agarose gel image of the BP reactibanes 123 were the amplified single coloni

Lane24 was the AnPhyA pDONR 207 positive control.

Only two of the twentythree colonies analysed contained a band at the appropriate size.
This was compared with the AnPhyA positive control which is predicted to be lower. The
pDONR207 vector DNA for Samplesn8l 16 were minprepped and sent for sequencing.
TheattL1 andattL2 primers were used alongside a gene internal primer. These confirmed
that the sequencing within the vector contained a 100% sequence identity witMth&P

gene.

Following this, the LR reaction was performed to transfer the entry clone into the destination
GSOG2NE LB9{¢mT YR LI D2 ¢ ¢KDids eSionfB3.1.6,N; ya T 2
with ampicillin and kanamycin respectively. One isolate from the pHPpI@¥ and six from

the pDEST17 plate were used to examine insertion of the vector using colony PCR. This was

compared with an AnPhyA pDEST17 control, Figure 3.11.
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Figure 3.11c Agarose gel image of the confirmatory colony PCR of the LR reactiame 1¢ pHOGW colon:
Lane 27 - pDEST17 colonies, Lane BnPhyA pDEST17 positive control.

Both the pH9GW and PDEST17 colonies contained bands at the appropriate size. These were
transformed into the expression host, BL21, BpR¥sS and Roseuta2 (plysS).

A smallscale expression and purification experiment using Rogefa(pLysS) pDEST17
colonies, Section 3.11, was performedo see how well the protein was expressed. This
used NiNTA agarose resin that can be used to purify recombinant protemsicing a poly
histidine tag. Samples were taken at each step of the purification and examined by SDS
PAGE. The samples were taken from induced cells (la3¢sclarified lysate (lanes 4,6),
pellet (lanes @) and eluted protein (lanes 116), Figure 3.2.
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Figure 312 ¢ SDSPAGE image of the smadtale protein purification experiment using Rose#ta2 (pLysS
MINPRpDEST17 cell¥he samples taken were induced cells, Lan8s darified lysate, Lanes 4,6, pellet, Le
7-9, and elutedprotein, Lanes 1416.

With an expected size of 60 kDa, the Minpp protein was not present in the eluted protein
fraction, it was present however, in the induced cells and clarified lysate samples, as
expected. However, the protein was also present ie thellet sample which indicated
solubility issues. In the eluted protein fraction, the MINPP band was absent, and instead a

faint band around 70 kDa was visible.

Following this, a larger scale protein preparation was performed using 2 L cultures for the
Raosettant 2 (pLysS) pDEST17 and pHO9GW samples, section 3.16. After overnight expression
using IPTG, the cultures were pelleted and resuspended in binding buffer. The cells were
thenlysedat 1000 PSI using a French Press. The sample was centrifuged toeotitaified

lysate. The clarified lysate was thapplied toa 1 mL Histrap HP column us&éKTA pure
protein purification system for Immobilised Metal Affinity Chromatography (IMA&{gure

3.13. There are three stages to this process: Firstynple application, the clarified lysate is
passed through the column, thetdrminal 6/9X Higag on the Minpp protein binds strongly

to the nickel column, whilst other proteins do not bind at all or only weakly bind to the
column. In the second, washaste, weakly bound proteins can be removed through washing
the column, in Figure 3.13 we can see this stage by the large detector response signalling the
elution of proteins off the column. This stage continues until the absorbance plateaus.
Finally, in thethird stage, the elution step, an increasing concentration of imidazole,
symbolised by the green line, is added to the column. Imidazole competes with ttagHis

for binding to the column, eventually, eluting the égjged protein.
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Figure 313 ¢ The immobilised metal affinity chromatographyIMAC)trace of the AC12 MINPP proteil

preparations obtained from pDEST17 and pH9GW expression vectors.

Fractions showing UV absorbance above baseline were pooled from the pDEST17 and
pHIGW expresseshmplesand the pooled sample was concentrated with a Am@dsitra
15 centrifugal filter unit(10 kDa cubff). The resulting sample was applied tdHd.oad
16/600 Superdex 73G column for sizeexclusion chromatography as an additional

purificationstep, Figure 3.14.
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Figure 3.14; The size exclusion chromatography (Gel Filtration) of a combined pDEST17 and pHOGW N
sample.
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Three UVabsorbing peaks were present on the gel filtration chromatogram at elution
volume 340360 mL. Each 1 ml fraction was tested for phytase activity, and only fractions
showing activity were processed further. A final pooled protein sample (12 mL) was
concentrated to 1.5 mL and protein measured, yielding 0682029 mg/mL (11.37M).

The protein was combined with 50% (w/v) trehaloS8:60 ratio ofgel filtration buffer and

50% (w/v) trehalosevhich can act as a stabilisation agent and cryoprotectheiblyet al.,
2012)

A serial dilution oénzymefrom 200to 1.5625 nM was performed to ideif§ithe appropriate
concentration of AG2 MINPP for determination of kinetic parameters, Section 3.15. A

calibration curve for phosphate release is shown, Figure 3.15.

0.75-
S y = 0.0005X + 0.0552
E R? = 0.9977
P .
€ 0.50
o
Q.
[72]
@
(14
o 0.25-
©
@
@
o
0.00-

r 1 1t r 1 1 r°r 1
0 200 400 600 800 1000
Phosphate Concentration (uM)

AC12 Mean Standard
Concentration  Absorbance Deviaton
(nm)
200 1.19 0.082
100 0.63 0.027
50 0.367 0.021
25 0.22 0.008
125 0.14 0.0064
6.25 0.11 0.0055
3.125 0.089 0.0031
1.5625 0.08 0.0045

Figure 3.1%; Determining the appropriate concentration of AGA MINPP for phytase activity assaySnzyme
activity of a serial dilution dénown protein concentrationwas measured using the molybdenum blue methe
This was measured at 700 nm and compared with a phosphate calibration curve as absorbance is linea
phosphate concentration to a certaixeent. Highlighted are the absorbance reading of 25 nM and 50 nM ,

2 MINPP within an appropriate range.
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Based on the results, the optimal concentration posphaterelease(phytaseassayis 50
nM as ityields amabsorbance in the middle of the caidttion curve.These absorbance
values gave AGA MINPPan activity value (umol/min/mgf proteinor U/mg) of 12.94 +
0.89. This activity however, appeared to be very low forlalRPphytase. Samples of the
purified MINPPwere ran on an SD§el with (anes1-2) and without [anes3-4) DTTa

reducing agentommonlyused to disrupt protein disulphide bonds, Figure63.1
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Figure 3.5 ¢ SDSPAGE of alargd O £ S LINRPGSAY LIH2NAFAOFIGAZY FNRBY
w2aSA0dF nu H oekpfedsirisianesdl,2gpirified MINPP, lanes 3,4 purified MINPP + DTT

SDSPAGE confirmed the low expressioritgd MINPP construciThe expected band of AC1

2 MINPP is 60 kDa, however there are multiple bands present on the gel, in addition to a
faint band just above the 55 kDa ladder has an appropriate mobility on PAGE to & AC1
MINPP. Overall, the low purity and ldevel expression offers an explanation of the low

activity measured, Figure 3.12.

Subsequently, attempts were made to try improving gwdubility and purity of the phytase,
Section 3.116.Firstly, primer sets were designed to remove the signal peptide from the start
of the sequence. Using miprepped DNA from the AGA MINPPpDEST17 construct,
Gateway cloning was performed as describe&@ections 3.13 for transformation ink& coli

andPichia pastorisThe gel images confirming successful cloning are shown, Figure 3.17.
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Figure 3.17¢ Gateway cloning of AG2 MINPPwithout the signal peptide.Using the original AG2Z MINPPpDESTL7 vector, dilutions were used as the template DNA. attB1 adapters

were cloned using primer set 3, PCR amplification products were resohaghbyse gel electrophoresis, Figure a, Lagel/BO bacterial miniprep, Lane@1/50 bacterial miniprep, Lane-8

¢ 1/30 Yeast miniprep, Lanel/50 Yeast Miniprep, Lane@@AC12 MINPP pDEST17 control and primer set 2, Figure b, L-dP@RL-Samplel undiluted, Lane 2 PCRL-Sample 2 undiluted,

Lane ¥ PCRL-Sample 1 1/50 dilution, LanedPCRL-Sample 2 1/50 dilution, Lane@@CRL-Sample 3 undiluted, Lane@PCRL-Sample 3 1/50 dilution, Lane¢/PCRL-Sample 4, Lane @

1/50 dilution AC2 ML b t t
to confirm successful transformation, Figure c, Lane 1 5 | p "E. cbligBtes, 9m p

LB9{¢mT O2yGNBf® ¢KS t/w FNIIYSyi

gl a

Of 2y SR Ay i 2onigskvBre éxtantinkdioy golony BCRO G 2 NJ @)

5 1 pniles 0@ Yeast plates, Lane ¢&nPhyA control. Using the LR reaction, successful colonies

with the MINPPgene were transformed into the pDEST17 vector and examined by colony PCR, Figure €, ¢ BReréaction Sample 2, Land 8 BP reaction Sample 6ane 57 BP reaction

Sample 14, Lane ¥5AnPhyA pDEST17 control. Successful transformants were subsequently cloned into expression hosts for protein expression trials
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The pDEST17 vector containing thesignal peptide AG2 MINPPwas cloned into Rosétl «

2 (pLysS). Additionally, as described in SectiorlB.1t was also cloned inteHuffle® T7
Expressaind ArcticExpress (DE3) in a further attempt to improve the solubility. A-sozdd
purification was performed, Section 311, using the optimal caditions suggested by the
manufacturer. ArcticExpress (DE3) was grown atG@ithout antibiotics with expression
induced at 13C sHuffle®T7 Expreswas also grown at 3Wwith antibiotic selection before
being induced at 18C. These were all induced at varying IPTG concentrations, 0 mM, 0.01
mM, 0.05 mM, 0.1 mM and 0.5 mM. Higher concentrations of IPTG have been shown to have
a negative effect on cell growth and soluble protein yield and productivity. Therefore it is
important to optimise the induction proces@ arentiset al,, 2014) Figure 3.18 shows the
clarified lysate and concentrated proteinofn the three bacterial strains under differing

concentrations of IPTG.
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Figure 3.8 ¢ The SDFAGE smabcale protein purification using ArbticExpress (DEB) sHuffle T7 expresfh) and Rosetta 2 pLys®). Figure a, Laned0.5 mM IPTG clarified lysate, Lane
2 ¢ 0.5 mM concentrated protein, Lane¢®.1 mM IPTG clarified lysate, Lane @1 mM concentrated protein, Lanec®.05 mM IPTG clarified lysate, Lane 05 mM concentreed

protein, Lane € 0.01 mM IPTG clarified lysate, Lane@01 mM concentrated protein. sHuf 7 Express, Figure b; Lane@5 mM IPTG clarified lysate, Lane @5 mM concentrated

protein, Lane % 0.1 mM IPTG clarified lysate, Lane @1 mM @ncentrated protein, Lane §0.05 mM IPTG clarified lysate, Lane 05 mM concentrated protein, Laneg0.01 mM IPTG

clarified lysate, Lane 80.01 mM concentrated protein, and Rosett& (pLysS), Figure c; Lane5 mM IPTG clarified lysate, Lahe 0.5 mM concentrated protein, Lanec®.1 mM IPTG

clarified lysate, Lane ¢0.1 mM concentrated protein, Lane¢0.05 mM IPTG clarified lysate, Lane @05 mM concentrated protein, Lanec®.01 mM IPTG clarified lysate, Laneci®@01

mM concentated protein, Lane 110 mM IPTG clarified lysate, Lanecl@ mM concentrated protein, Lane 3N/A
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In contrast to experiments with signal pepti@éacoded constructs, Figure 3.12, there is clear
indication in Figure 3.18 that A@IMINPPhas been expressed and can be purified using Ni
NTA agarose resin. Following this, a Bradford assay was performed to estimate the protein
concentration. Thisvas compared with a BSA standard calibration curve. The results are

displayed in Figure 391
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ArcticExpress (DEB®)5 mM IPTG | 0.651 0.16 160 2.66
ArcticExpress (DE®)1 mM IPTG | 0.534 0.09 90 1.50
ArcticExpress (DEB®)05 mM IPTG| 0.47 0.05 52 0.86
ArcticExpress (DEB®)01 mM IPTG| 0.412 0.02 17 0.29
sHuffle®T7 Expres®.5 mM IPTG | 0.66 0.17 165 2.75
SHuffle®T7 Expres®.1 mM IPTG | 0.613 0.14 137 2.28
sHuffle®T7 Expresf.05 mM IPTG| 0.648 0.16 158 2.63
sHuffle®T7 Expresf.01 mM IPTG| 0.869 0.29 290 4.83
Rosettat 2 (pLysSp.5 mM 0.796 0.25 246 4.10
Rosettar 2 (pLysSp.1 mM 0.923 0.32 322 5.36
Rosettan 2 (pLysSP.05 mM 0.905 0.31 311 5.18
Rosettat 2 (pLysSp.01 mM 1.052 0.40 399 6.64
Rosettan 2 (pLysSpP mM 1.526 0.68 681 11.3%

Figure 3.9 ¢ Bradford assay results for the expression of AEMINPPin ArcticExpress (DE3), sHuf@g7
Express and Rosetia2 (pLysS) under different IPTG concentratiotidighlights an anomalously high result

the condition.
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For the Arcti&xpress cellsFigue 3.1&, the higher the IPTG concentration, the higher the
concentration of expressed protein. There were two dominant bands, one, around 60 kDa
which isthe expected size AC12 MINPR The other, just below this band is most likely the

Cpn60 protein (~B kDa), which is constitutively expressed from the pACYCbased plasmid,

and whichis typically detected in protein gel analysis of ArcticExpress cell lysates. The highest
yield of protein, 2.66 pM was obtained witt0.5 mM IPTG. In theHuffle®T7 Expressells,

Figure 3.18bthe highestyield of protein was 4.83 pMobtained with0.01 mM IPTGThe

other IPTG concentrations only had slight variability amongst themselves. The gel image
indicated a higher purity of # sHuffleexpressed protein in comparison with the

I NDGAO9ELINBaa OSttaed ¢KS wz2aSddln v oLJea{vo
SELINBaarzy |4 SIOK Lt¢D O2yOSyiNIGAZy&ad ¢KS
(pLysS) showed highexpression at lower IPTG concentrations. The 0 mM datapoint has

been omitted as an error as the pLysS should prevent any leaky expression. Therefore, the

highest concentration of protein was expressed using 0.01IRiNG at 6.64 pM

2 KAfS (KS IysBreSpiedsedprotein Wakdot as pure as the sHexfeessed
protein, there was higher expression of protein, and the secondary bandufisiently far
enoughaway, 35 kDa, that it offered opportunity for further purification of A MINPP by
sizeexclusion chromatography. Before any further purification, the potential phytase band
was sent forsequencing using Protein Mass Fingerprinting at the John Innes Centre to

confirm the expression of the A@IMINPPprotein.

Once confirmed, the construct w2 a SG i+ nw v oL ea{0 61 a SELINBA:
induction at 0.1 mM IPTG. The immobilised metal affinity chromatography (IMAC) and gel

filtration (GF) chromatograms are displayed in Figure 3.20.
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Figure 320 ¢ Chromatograms of the Immobilised metal affinity chromatograpiWAC)(a) and Gel Filtratio
(b) of the signal peptiddacking AC22 MINPP expressed using Rosett2 (pLysS) cells.

The removal of the signal peptide from AZIMINPPsignificantly improved protein
expression and subsequent purificatiomwf. ( Figures 3.20 and 3.13/3.14). The IMAC
chromatogram, Figure 3.20, shows a significantly larger and broader peak, and the gel
filtration chromatogram is also a considerably largegkarpeak with an absorbance nearly
twice that of Figure 3.11 despite the reduced culture volume (2 litres vs 4 litres). To confirm
the purity of product, Fractions 120 were run on an SBFAGE and the purity of each

fraction examined, Figure 3.21
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Figure 321 ¢ SDSPage gel electrophoresis to examine thmurity of gel filtration fractions Lanes 10 ¢
Fractions 10.

SDSPAGE showed that the large band above -BCWinpp, Figure 3.15, had been
significantly reduced using gel filtration. To further improve purity, Fraction$9l@ere
pooled and concentrated. Samples from each stage ofptimdication process were taken

for SDEPAGE gel electrophoresis, Figure 3.22.

lad de,.

100 kDa

75kDa

50kDa

37kDa

Figure 3.22; Summary SD®AGE of the purification of ACA MINPP without its signal peptide.anes 12 ¢
Uninduced sample, LanesAX; Induced sample, Lane@ysate, Lane @ pellet, Lane %, clarified lysate, Lane

¢ concentrated IMAC, Laneconcerrated gel filtration.
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Examining the concentrated gel filtration sample from Figure 3.22 and comparing with the
gel filtration sample of the signal peptide MINPP protein, Figure 3.16, shows thaCth2 A
MINPP protein has a considerably higher expression rate, and has been concentrated into a
pure sample with minor impurities, although some of the protein remains insoluble in the

pellet fraction.

Similar to Figure 3.15, a serial dilution was perfednio identify the optimal concentration

of phytase to use in degradation assays and the initial activigure 3.23.

AC12

Concentration Absorbance

100 1.896 1.827 1.871
50 1.881 1.991 1.794
25 0.91 1.162  0.981
12.5 0.439 0.583  0.488
6.25 0.241 0.298  0.261
3.125 0.143 0.165 0.161
1.5625 0.114 0.115 0.11
0.78125 0.09 0.083  0.091

Figure 3.23¢ Determining the appropriate concentration of the neignal peptide ACR MINPP for phytas
activity assaysA serial dilution of phytase activity was measured using the molybdenum blue meth

phosphate release. This was measured at 70Ganchcompared with a phosphate calibration curve.
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