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Thesis Summary

Phosphorus is essential for global food production but is a finite resource that is used
inefficiently. There is therefore an urgent need for increased recycling of phosphorus
from organic wates and reduced chemical fertiliser application. Recycling will involve
mobilising phytoavailable phosphate from sources including phytate, an organic

phosphate which is prevalent in manures and soills.

Phytate is present in human excreta, but its fateailgh sludge treatment processes is
unclear. This thesis set out to investigate whether phytate is mineralised during
anaerobic digestion or persists to comprise a fraction of phosphorus indarehd
sludge. A further aim was to measure phytate and orthogphate concentrations in a
range of soils to assess how lanse affects P speciation. Where phytate is abundant,
phytase enzymes may play a key role in crop biofertilisation. A final aim was to assess
the performance of a commercial phytase when useadtffie liberation of phytateP for

plants.

Evaluation of the available methods for quantifying phosphorus species showed that
solution 3P Nuclear Magnetic Resonance (NMR) spectroscopy remains the most
powerful technique available, due to the occurrencem$ource fragmentation in mass
spectrometry. Subsequently3’P NMR analysis showed that phytate does persist
through sludge treatment, comprising 4.5% of phosphorus in the digested product.
Landuse had a major impact on soil phosphorus speciation asutynial soils were
dominated by orthophosphate, reflecting their intensive management compared to
grassland soil. Phytate was scarce in arable soil, but abundant-pepigoil due to

inputs of monogastric manure.

Finally, phytase activity was lost inbstrates via the immobilisation of both the enzyme
and phytate on the solid phase. A greater understanding of rhizosphere biochemistry,
such as the role of organic acids in desorption and maintenance of phytase activity, will
improve the recycling of sophytate-P and reduce our reliance on unsustainable

fertilisers.
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Chapter 1: General Introdtion

1: Generalntroduction

1.1 Human use of Phosphorus

PhosphorugP)is an essentiaélementfor life, and isused by organisms numerous
capacities, including the production olucleic acidsand phospholipids and for the
transport of energy iradenosine triphosphate (ATRaccari, 2009)PIlants obtain their
entire P requirement from the soibut are only able to absorimorganic phosphate that

is freely dissolved in thsoil solution.The slow biogeochemical cycling of P and its
resulting scarcity in natural soils means that it is often the main nuttierting plant
growth (Cordell et al., 2009 raditionally, this limitation was addressed by the input of
locally sourcedorgagn O Y IF G SNRARFf X &dzOK & | yAYLFf YL ydzN
to the soil However, soil degradation and recurring famines in thet"1@nd 18"
centuriesled to the pursuit of alternative P sourcé€ordell et al., 2009)The first
syntheticphosphaterich fertiliser, ordinary superphosphate (Calfid,)2), was patented

by Sir John Bennett Lawes of Rothamstead ReseatiSir James Murray 1842(lvell,
2012; Blackwell et al., 2019%uperphosphate, highly soluble and more phosphate
concentrated than traditional manures, was initially produced via the dissolution of
animal bonesand coprolites in sulphuricacid (lvell, 2012) When demand for bones
outstripped supply, new sources of phosphate suclyaano(deposits of phosphate
and nitrate rich bird and bat manuregnd phosphaterich rock were developed, giving
rise to he modern phosphate fertiliser indust(Blackwell et al., 2019) A y OS G KS w3 N
NBE @2t dzii A 2-g0cedFy, hiurkaBs haimiRed vast amourgof phosphaterock

as a source of féiliser to sustain an increasing human populatidtowever, bypassing
the slow, natural biogeochemicaP cycle in this way has caused an imbalance,
distributing unnaturally vast amounts &over a huge geographical area of the planet,
causing environmemt issues such as eutrophicaticeind generating concern for the

future supplies of this finite resourd€ordell et al., 2009)

Phogphate rockrefers to natual resources ophosphaterich sedimentary and igneous
rock, typically containing between 513% P(Cordell & White, 2011)Sedimentary

phosphate rockoften originates from marine sediments on the slopes of continental
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Figure 1.1A simplified overview of natural and anthropogenic fluxes ingh@sphorus cycle.

Black arrows indicate natural flues, black dashed arrows indicate negligible flux, ar

arrows indicate anthropogenic flows. Figure adapted frormiuedas et al., (2013).
shelvessuch as the major deposits in Moroc&hing the Middle Eastand the USand
predominates known resourcé€Reijnders, 2014fomprisng approximately 80% of the
total world phosphate rock productioa t G+ 6 S .Jlgheows nesoardesuch as those
found in Brazil, Canada, Finland, Russia and South Afasanski, 2019are mucHhess
abundantby comparison and are often of lowegrade, ®ntaining less than 5%6s.
However,they can often produce higher qualitypbeneficiation products, containing
fewerimpuritiesd t (G + 6 S {Inthe maiuratbingeochemical P cy¢fgurel.1), Pin
soil is derived from the natural weatheringtbkeseP-rich minerals such aapatite (Cao
(PQ)s(OH,F,Cd) from uplifted and exposedsedimentary rockand to a lesser extent
minerals from igneous source®©nce present in soil, labile and solulbleorganic
phosphate(R) is available for plant uptake, bumuch of the Pin soil existan forms
unavailable for absorptioby biota, being adsorbetb the soil solid phasegrecipitated
by metal cationsor immobilisedin organic phosphateompounds(Shen et al., 2011;

Turner et al., 2005a)lhe RPthat is absorbed by plant biomass is eventually returned to
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the soil in manure oplant litter, where it is cycled between labile and nlabile forms

by microorganiss (Ruttenberg, 2003)As soil P is largely immobile, its movement into
waterways is predominantlgaused by the graduarosionof soils, and by leaching of
the small soluble fraction with precipitatiqiRuttenberg, 2003; Shen at., 2011) From
riverine inputs, P makes its way to the sedere the residence time of dissolvectcén
rangebetween 16,00680,000 yeargRuttenberg, 1993)within which time P isycled
extensively before undergoing passive burial asidgenesis eventually becoming
incorporated insedimentary rockRuttenberg, 2003)The application of vast amounts
of mined phosphate to agricultural land has caused an imbalance inthis¢ykl& W3INB Sy
NE@2ft dzi A2y Q R Niwafldwide 0dodtproductidray Pdddiarising theuse

of new highyielding agricultural crops and the application of concentrated chemical
fertilisers to soils (Cordell et al., 2009) These fertilisers, such as ordinary
superphosphate, contain roughly ten times the concentration of P that is typfoaihd

in manures, and all but rectified the issue ofi€ficiency in the agricultural soils of

devebped countries.

We are now reliant on chemical P fertiliseier worldwide food production,with
projecteddemand for P fertiliser increasiriyy an average a2.19% annually between
20152020 (FAO, 2017)However,mined phosphate rock is a finite resource, aad
temporary 700%spike in the price of phosphate in 200hen demand outstripgd
supplyf SR G2 3Jf 20l f FSINBE 27F |y thepontaynbighi WLISIH
global phosphate rock suppseare largely depleted and the quality and supply of
phosphate fertiliserdegins to fallwhichby early calculationsas predicted to occur by
as soon as 203@asinski, 2008; Cordell et al., 2009; Cordell & White, 2&ktimated
global phosphate rock reserves have increased framestimate of18 Bllion metric
tonnes in 200&Jasinski, 2008)o 70 Bllion metrictonnes in 2014Jasinski, 2019pwing
predominantly b the discovery of vast reserves in Morogceasing fears of an imminent
crisis. However, acordingto the latest US Geological Survey dakégrocco now
controls 71% of the entire global phosphate rock resgdasinski, 2019)which is a
major geopoliticalcause for concer2 g A y 3 (1 2 canfinid@ GoOupaden of
Western Sahara and control over its phosphate rock resoui€esdell et al., 2009A

further issue ighat unlike igneougesources sedimentary phosphate rock resources,
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includingthose from Morocco, often contain high concentrations of contaminants such
as the heavy metal,cadmium When applied to soil in contaminated phosphate
fertilisers, cadmium is absorbed and accumulated by plants. When consumed by
humans, cadmium can accuratg in the liver and kidneys, sometimes leading to organ
failure, decreased bone density and can@&falan, 2013)As the purest phosphate rock

is mined first, it is likely that the concentration of cadmium in fertilisers will increase
over time.For this reason, the EU, whighports the majority of their phosphate rock
ore from Maocco, has recently introduced regulations to limit the concentration of
cadmium in fertilisers to a maximum of 60mg cadmium per kilogram of phosphorus
pentoxide(Ulrich, 2019)These levels can be achieveid the mixing of high cadmium
rock with low cadmium igneous supplies, but due to the relative scarcity of these,
decadmination of phosphate rock and phosphoric acidlong with increased
substitution of phosphate rock with alternative recycled P sources will be the likely

outcome of these regulation@lrich, 2019)
1.2 Phosphorus Sustainability

Despite an easing over the concerns for future P secuhigyglobalinterest generated
by the 2008 price spike served to draw attention to fhaggile and finite nature aflobal

P supplies, ah called into question the sustainability fifod productionin aP-scarce
future (Cordell &White, 2014) A recent paperestimates that at current rates of
extraction, there i259 years remaining of future supgBlackwell et al., 2019)Whilst
this suggestghat there are no immediate concerns, this estimate wagiseddown
from 300 yearsupply estimatedn 2016 reflecting the effect of increasing demanithe
FAO (2009redictedthat food global production must increase by 70% byt feed
the projected population of 9 billiorPhosphorususageis expected to increase year on
year to meet this requirement, bulemandmay rise substantiallpwing toincreased
wealth in developing countries,increased meat consumption, and increased
competition fr fertilisers frombiofuel cropgCordell & White, 2011Jurthermore, he
quality of phosphate rock ore is already in declf{8enil, 200Q)and remaining reserves
are increasingly difficult to access, contain more impurjteesdrequire more energy

intensive processin{Neset et al., 2016)



Chapter 1: General Introdtion

As well as issues of scarcity, tm@bilisationof vast amounts of P to agricultural soils
has led to environmental pollution ofinland and coastal waters in the form of
eutrophication (Pefiuelas et al., 2013pverapplication of phosphate can lead to its
movement into waterbodies via soil erosion or leachimghe solution phasgand can
result in hypoxia andthe creation of ded zones, where waterbodies astripped of
oxygenby phytoplankton bloomgCordell & White, 2014)Phosphorusabsorbedby
plants and consumed by humans is often legthe disposal of sewage to waterbodies,
further exacerbatingthe eutrophication issue, and highlighting the linear nature of
anthropogenic P use, in which P is applied to stisorbed by plants, consumed, then

lost permanently to waterbodie@~igurel.l).

For these reasonsyer the past decade, a substantial amount of research has sought to
explore opportunities foincreasing efficiency of fertiliser application areiucing our
reliance on mined phosphate rocRepending on soil typesjuality and clemistry, no
more than 8% of fertiliser P added to sa#sabsorbed by crops, with the remainder
becoming stabilised in soils or lost to waterbodiBtackwell et al., 2019 owever, he

lack of a significant gaseous phase in the P cycle, anidwhenobility andtendency of

P toaccumulatein soil and other matrices means that there is great potential for its
recycling and recovery frorie largely linearised anthropogeniccicle.A calculation
based on global P flows estimated Ggrdell et al., (2009)pproximates thaalmost

54% of Pin livestockmanure and human excreta lostto landfill, nonarable soils or
water bodies annuallyMudh work is being done to stem this leakadpt dhallenges lie

in the uneven local and global distributions of both manure and human excreta,
impeding its use on arable lan®ennett et al., (2010noted that global manure
LINE RdzOGA2Y g1 & O2y®By i 0l WiiitheRaegicndd&a@ldoT A O WK
often concentrated near urban areas and pof&suropean Commission, 2013nd
likewise, human excreta is most concentrated in large towns and cities, far from the

arable laml in which it is most necessary.

Major innovations in recent years have included the recovery of P from wastewater
streans generated bythe dewatering of digester effluent, which can have P
concentrations of 20600 mg P L, via the precipitation of struvite (Magnesium

ammonium phosphate, NiNgPQ-6H0; Batstone et al.(2015). The etention timefor

5



Chapter 1: General Introdtion

this procesan be very short, as demonstrated in struvite nucleation experiments by
Mehta & Batstone, (2013\herethe P concentration of 1L batches of digester effluent
were reduced from ~120 mg P to <10 mg P-Lin under 60 minutesSruvite is a
mineral highin phytoavailable phosphate, which can be applied to soil much like a
regular fertiliser but is lower in solubility than conventional chemical fertilisers, so
reduces the risk of runoff and eutrophicati¢halboys et al., 2018phosphorugecovery
from wastewater isalso often achieved indirectlyia the application of manure and
sludges, along with their incinerated ashes, to stiigshe UK, since the introduction of
the EU Urban Waste Water Treatment Directinel 999, disposal of sludge sea has
been eliminated, and disposal to landfill has declisaghificantly with the majority of

treated sludge producethsteadspread on arable lan(DEFRA, 2012)

Soilapplication of manures, sludgdsod waste and plant litter facilitates the e¢gcling

of both inorganic P and organic P forms to the @@dure 1.2)Whilst inorganic present
assoluble phosphate is availabter uptake by plants and other organisms, organic P
(Po) is not immediately phytoavailable, and caaccumulate in soils as a sificant
untapped P sourcéGeorge et al., 2018Po comprises a wide group of compousithat
contain both organic groups and phosphate groupmd include orthophosphate
monoesters such as inositol hexakisphosphate (phytate), orthophosphate diesters
(DNA, RNAprganicpolyphosphate§ATPand phosphonategFigurel.2; George et al.,
2017) Each of these compounds varies ability dependent on soil conditions, with
some forming strong interatons within the soil. For example, phytate checome
strongly bound within the soil solid phase or foinsoluble precipitates with metal
cationsdue to the high charge density of the molecule owing to the presence of six
phosphate moieties(Turner et al., 2002)Mobilisation and conversionof P to
phytoavailable forms is predominantly mediated by tlaetions of a range of
phosphatase enzymes, whiele oftenspecific to particular compound§eorge et al.,
2018) Alternative approachet increasing P sustainabiligm toreduceexogenous P
requirements byincreasng the bioavailability otheseimmobilisedor organicP forms

that have accumlated within soildrom many decadesf P fertilisation Some work has
focussed on improving P uptake from organic sourcesnbpducing genes for the

expression of phosphatase enzymes into the roots of pla@eorge et al., (2(b)
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generated tobacco plants that expressedAspergillus nigephytase gengfinding that
transgenic plants were able to accumulate-8i more P fronphytate-supplemented
sterile aga than control plants. Howevethis effect was not replicated when plants
were grown in Rimited soil possibly due to phytatbeing bound and unavailable for
enzymatic dephosphorylatio(George etl., 200%, 200%). Many plants respond to P
deficiency by upregulating the exudationlofv molecular weighbrganic acidsuch as
citrate from roots into the rhizospherayhich canmodify the rhizosphere chemistryo
mobilise various P compound¢Richardson et al.,, 2009)ncreasingorganic acid
exudation along with incresingthe abundance of phosphatase enzymes may therefore
0S I LINPYAAAY3I NBaSIFNOK | @dSydzS F2N GKS

1.3 Phytate (nyo-inositol hexakisphosphateand itsquantification

The inositol phosphates arefamily of organicorthophosphate monoesters comprising
a centralsixcarboninositol ring, with one to six phosphate groulrskedvia an ester
bond (Figurel.2). Four stereoisomers occur naturally, three of whistylle; neo-; and
D-chiro- inositol phosphate are relatively poorly understo@iurner et al., 2002, 2012)
Myo-inositol hexakisphosphate, also known @isytate, is the most abundant of the
inositol phosphates found in nature and ithe most importantin terms of P
sustainability as it presents a huge reservoir ofaich is often highly recalcitrant in
soils For this reason, mch work over the pastdecade has focussed on the

quantification, behaviar and manipulation of phytatevithin environmentaimatrices.

Phytate is synthesized in plant®rmingthe main P storage compound in seeds and
grains(Gerke, 2015)Lott et al., (2000¢stimated that51 million tonnes of phytate is
producedannuallyin commercial cropsyhich isequivalent to 67%f annual worldwide
phosphate applicdon in chemical fertilizergGerke, 2015Monogastric animals (swine,
poultry, fish and humansre not capableof the efficientdigeston and absorption of
phytate-P owing to the lack of significankevels of phytatespecific phosphatase
enzymes (phytasy in the guf{MenezesBlackburn et al., 2013 his means that much
of the vast amounts ophytate ingested ifnigh-graindiets passes through the digestive
tract andis excreted in manure, which can thearve asan importantphytate input to

receiving soilgLott et al., 2000; MenezeBlackburn et al., 2013)

Y20At
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A major challenge faced in the analysisoofjanic phosphates, including phytate, in
environmental samples is the lack of a dirantlsensitiveanalytical technique for their
detection and quantificationDirect techniquessuch as solidtate 3P NMR fourier-
transform infraed spectroscopy (FIR) and K edgex-ray adsorption resonance
spectroscopy (XANE&)e useful for the identification and quantification pfepared
metalphytate salts(He et al., 2007a, 2007bhowevertheir usewith manure and soil
samples is complicated bigroad and poorly resolved phytate peaksying to the
presence of paramagnetic ions in the sample matrix, and the wide variety of P

compoundsproducingoverlapping resonancg$iles & Cadéenun, 2014)
1.3.1Sample extraction

Most studies instead extract phytate anther Pofrom environmental matrices prior to
their analysisMany proceduresnvolve alkaline extractants such as sodium hydroxide
(NaOH), which solubilizesBy increasing the negative chargihin matrixcomponents
creating electrostatic repulsion, aroy subgituting strong polyvalent bridging cations
such as At with weaker cations such as NéTurner et al., 2005a)However, the
extraction efficiency of alkaline solvents can dependt@samplepH. For example, in
alkaline (calcareous) solils, calcipnecipitatescan form, which are relatively insoluble
in alkaline extractant§Turner et al., 2005ajJ-or this reason, some studiesployed a
two-step extraction procedure, first extracting in an acid, then an a(kédihta et al.,
1954; Steward & Oades, 197Extractions using strong acid and alkali solvents however
may pose the risk of hydrolysis of ® R (Turner et al., 2005a)n response to this,
milder extraction techniques have been adopted recently, with the most popular
involving a fast, singistep extraction with ®5M NaOH in the presence @.05M
Ethylenediaminetetraacetic aci€DTA (Bowman & Moir, 1993; Turner et al., 2005a;
Giles & Caddlenun, 2014)EDTAeleases P from paramagnetic ion comple&Bsrner

et al., 2005a) improving P solubility and increasing extraction efficielyspite the
improvements achieved indextraction withthe NaOH + EDTA solvent, extraction
efficiency can still vary depending on the sample malnixelativelyorganic samplesa
high P recovery is often achieved. For examplepanuresof poultry, cattle and swine,
Turner, (2004) achieved recoveries d6%, 80% and 95% of totalbly extraction in

0.25M NaOH + 0.05M EDTRimilarly high extraction efficiency was foundHby et al.,

9
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(2009) in poultry and cattle manureand nh anaerobically digested human sludge,
recovery of 92% of totaP was achieved(Annaheim et al.,, 2015)Soils a more
heterogenous in nature thathese organicmatrices containing diversamineralsand
clays,varying organic matter content, and exhibiting witenging pHAs a result, the
extraction efficieng achieved is often more variableith greater ecovery m soils with
high P concentrations from organic amendments, dmaest in alkaline soil¢Cale-
Menun & Liu, 2014)due to the low solubility of calcium precipitates in the alkaline
solvent. This heterogeneity means thait is unlikely that auniversally effective
extractantwill be developed but the NaOH + EDTA extractastcurrently the most
effective, often extracting the greatest concentratiaand greatest diversity of P
compounds than other solvents, with less hydrolysis of compoy@@gleMenun &
Preston, 1996) and is the standard extractant in the fielcenabling more

straightforward comparison of resultseetween studes(CadeMenun & Liu, 2014)
1.3.2 Enzymati®Quantification

Numerousanalytical methods exist for the identification and quantification of phytate
and other B compounds Enzymatic hydrolysis procedures are able pgmvide
information on enzymeabile R formsviathe determination ofthe inorganic phosphate
released duringenzyme incubationby molybdate colorimetry(Giles et al 2011)
Molybdate colorimetryis based on the production of phospimolybdate heteropoly
acid from the reaction between free dissolved inorganic phosphate with acidified
ammonium molybdate. Theophosphomolybdate is then reduceghroducing a blue
colour thatcan be measuretty spectrophotometryMurphy & Riley, 1962; Turner et
al., 2006) In an enzyme assainorganic P is measurdaefore and afteran enzyme
incubation, with the differencén phosphate concentratioattributed to thehhydrolysed
phosphate from the targt P compound.He et al., (2009kuccessfullymeasured
phytate in NaOH + EDTA extractgpotiltry and cattlemanures by phytase incubatipn
butincubations of soil have had more limitedccessTurner et al., (2008 used a range

of enzymes to measureofh water extracts of Australian pasture soils. They found that
preparations of phosphomonoesterase and phosphodiesterase enzymes were specific
to their target compoundsbut their crude phytasepreparationhad a wide substrate

specificity, hydrolysing other compounds in addition to phytate. Furthermore, they

10
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found that activity of phytase appeared to be reduced in extracts of moist soils, possibly
due to inhibitionby humic and mineral substanc€$urner et al., 2008. The substrate
specificity of many phytases also extends toskereoisomerscylle, D-chiro-, andneo
inositol phosphateswhich are often present in soilgJbeit at lower concentrations,
meaning that the specific quantification of phytaseunlikely andesults should instead

0S Ay idSNLING-i BRAHeRtallRIKB G 4 S

1.3.3 Chromatographidechniques

Whilst enzyme hydrolysis methods are oftess timeconsumingless complex and less
expensivethan more specific analytical techniques, theoimhation that they can
provide is often limitedo broad groups of fcompoundsChromatographiprocedures
such as higiperformance liquid chromatography (HPLC), and {pgHormance ion
chromatography (HPI@an provide more detailed informatiomy separatingspecific
compounds in a sampleased on their structure anthteraction with the stationary
phase of a separation colun{iles et al., 2011 difficulty with these methods is the
general requirement for acidic extraction of samples, as alkaline solvesyslamage
separation columns and cause interferen¢@ay et al., 2012)Furthermore, the
detection of phytate and otheinositol phosphates iglifficult as phytate lacksa
chromophore, meaning that traditional detection by UV absorption is not possible
(Rugova etl., 2014)Leytem et al., (2008nalysed P compounds in poultry manure by
HPLC of acidic extractand determined phytate concentrations by pestlumn
derivatisation with FeG| followed by spectrophotometric detection. Their results
correlated well withparallel sample analydisy alkaline extraction and solutioP NMR,
likely due to the high extraction effency achieved by botmethods More direct
detedion has been achieved recently Bycintyre et al.,(2019) who developed a
method for the separation and quantification of phytate in alkaline extractsoil by
anionexchange chromatography with detection blyigh-resolution electrospray
ionisation mass spectrometryChromatographic separation andetction by mass
spectrometry is a promisingnalytical technique, as it highly sensitive and able to
provideboth structural and quantitative informatio(Mcintyre et al., 2017)andit will

undoubtedly gain populdty in coming years for phytate andider Ry research.

11
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1.3.4Solution®P NMR

Solution®'P NMR analysis of Na€E#DTA extracts isy farthe most popular analytical
method for the detection and quantification of organic phosphate compounds in

environmental samples such as manure, sludge andsadilprovides the most detailed

and accurate datavailable(Doolette & Smernik2011)

Atomic rucleithat have an odd number of protons and neutro&P, *H, 13C) have
magnetic propertiesacting aglipoles due to their positive charge asgin properties
(CadeMenun, 2011) When these nuclei are exposed to an external magnetic freld
NMR their orientationceases to beandom and thg aligneither parallelor antiparallel
(precisely 180in the opposite directionjo the magnetic field Theseorientationsare
described asow or high energy configuratianrespectively, with the lovenergy state
being the most favourableat thermal equilibrium(James, 1998)At this thermal
equilibrium, nuclei may spontaneouslgut infrequently transition between the two
energy stats. Fbwever, when a radiofrequency(RF)pulsewith energy equal to the
difference between the twoenergy statess applied to the nuclei, they can absorb
energy andéesonateQtransitioningbetween the twoenergy states with much greater
frequency(Figurel.3). The absorption of enerdyy the spinmg nuclei induces a voltage
that can then be detectedsasigna) with the signal displayeaks a free induction decay

(FID)(James, 1998; Caddenun, 2011) Different compounds withima sample have

Thermal Equilibrium RF Pulse FID Signal Detection

1
i High _ - 9
i energy state [
L e /
|
IIII
————————————— 1 |
Low Y - o @ . ETR 7 . - ,':_

Figure 1.3Transitions of nuclei (blue) between energy states in NMR. At thermal equilibt
there is a small excess in the population of nuclei in the lower energy state (dark blue
infrequent transitions between the two states (bkaarrows). On application of the RF puls
resonating nuclei transition between energy states at the same rate, but with much gr
frequency. Due to the excess population in the low energy state at thermal equilibrium, 1
are more transitions from l@ to high energy state, creating a nequilibrium population of
nuclei at the high energy state. Following the RF pulse, the FID is produced only from
in this excess population as they transition back to the low energy @tadearrow) because
the other nuclei effectively cancel each other out. Figure adapted from James, (1998).

e

12



Chapter 1: General Introdtion

varying electron configurations which can shi¢h& nuclei, meaning the amount of
energy required fotheir resonance is different depending on the chemical environment

of the nudei. Therefore,nuclei in different environments absorb and emit energy in
different ways producing different resonance signatsthe FIDTheFIDisthen Fourier-
transformed to prodice an NMR spectrurwith peaksfor nuclei in each chemical
SYGANRYYSyYy (G LI 20 {CadeMdnun, 2MOKSYA Ol AKATOQ

As3P is the only naturally occurrirsgableisotope of P3P NMR is theoretically able to
detect all P species in a sample in a single analysis, and under the appropriate
experimental parameterss robustly quantitative asthe area under each spectral peak

is proportional to the number of P nuclei in a particular molecular configurdGaude
Menun, 2005) However,3'P NMR suffers from limitations of both low sensitivity and

low resolution

Sensitivity in NMR is inherently Idvecause the=ID signatan onlybe detected inthe
smallexcesgopulationof nucleithat existsin the lowenergy state relative to the high
energy stateat thermal equilibrium(James, 1998}or example, in a population wdiclei

at thermal equilibriumthe ratio between the nuclei in the low and high energy states
might be0.99B72 This meanthat in apopulation of 2,000,000 nuclei, there would be
1,000,000 nuclei in the high energy state, and 1,000,128 in the low energy ¥lhtn
the RF pulse is applieduclei resonate between the low and high energy states at the
same rate, butasthe population ofnuclei s greater in the low energy statethere will

be more transitions from low to high, resulting in nonequilibriggopulations(Figure
1.3). The resonance of only the 128 excesgleiis detectedwhen the RF pulse is
appliedbecause theother nucleieffectivelycancel each other oufFigurel.3; James,
1998) Sensitivity can bemproved byincreasing the sample concentratipthereby
increasing the population of nuclei in a sampénd this is commonly achieved in

analyses of soil extracts lieezedryingand resuspemling extracts

Resolution irf’P NMR can also be an issBgurel.4shows a typical'®P NMR spectrum
of a soil extractMany peaks are clearly separated and well resolved. However, some
signals, particularly those generated by orthophosphate monoesters such as phytate,

are denselypacked into a small region, and often overlap, leading to difficultyeizk
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Figure 1.4A typical solutior¥’P spectrum of a NaGHDTA extract of soil. For some compou
groups, peaks are sharp and well separated. However, the orthophosphate monoester |
can often be crowded and poorly resolved. Figure adapted from -®aein et al., (2012).

assignment and quantificatior{Doolette & Smernik, 2011)Compounds can be
quantified bymeasuring theareas underpeaks generated fornuclei ina particular
compound and compang them to the ped area ofan internal standard of known
concentration. A major consideration with this procedureis that for quantitative
experiments nuclei must be allowed to relaxo thermal equilibriumbetween scans.
Larger molecules haveshorter relaxation timeconstant (T1}han smaller molecules,
meaning that thé nuclei returnto equilibriumat a faster rateafter the RF pulseThis
means that an experiment usingadequatelyshort relaxation delg times between
scans is likely tgenerate less signal for small molecules relative to larger molecules, as
the small molecules are less likely to have reached equilibrium béfersubsequent
application of a RFsigna] and means that some compoundsealikely to be
underestimated relative to otheréDoolette & Smernik, 2011Yhis is often overcome

by using long delay times betwe®&F pulses (scarns)allow full relaxation, but because

of the low inherent sensitivity of NMR, many thousands of scans are commonly required

to generate an acceptable signal to noise ratio in the spectrasuylting in unacceptably
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long analysis timeRobertson,(2018)developed &P NMR method that enabled the
guantitative measurement of both orthophosphate and phytasmnga shortdelay time

of 1s In this method, short experiments were rymior to soil analysisn soil extracts
spiked with orthophosphate and phytate, which spectra were producedver setsof

100 scansvith increasing delay timesA correction factocouldthen be calculated ©
predict the peak area of the fully relaxed compound relative to that produced at 1s
allowing bothan increase in sensitivity due to the facilitation of a greater hamof
scans when using a short delay time, aehntitative interpretation of the spectra

producedwhenemploying a relaxation delay time of 1 second
1.4 The behaviour of phytate in environmental samples

1.4.1 Phytate in livestock manure

The development obktandard methods for phytate analysed their application to
wide-ranging environmental sampldgsresulted in amuchiimproved understanding
of the behaviour ofphytate in environmental samplesnd the role it playsin the
anthropogeric P cycleThe abundance of phytate in manures dependstmphysiology

of the animal, and the amount of phytate in its diéthe manure ofjrainfed poultry
typically has the highest phytate concentratigAjiboye et al., 2007; Giles & Cade
Menun, 2014) due to their monogastriadigestive system, which has low phytase
enzyme activity compared to rumant animals Swine are also monogastriand it
would be assumed that their manure would be rich in phyte tolargely grain based
dietsin commercial farmsHowever_eytem & Thacker, (2008)easured onlyow levels
(<6%)of phytate inmanure from swine fed range ofhigh-phytate diets, suggesting
that microflora present in the pigs hind gut are able to produce phytase enzymes to
dephosphorylate phytateDespite this phytase activity the hind gut, modern swine
diets are often supplemented with commercpiytase enzymeand the benefits of this
are two-fold. There is little evidence thgbhosphate is absorbed in the hindglieytem

& Thacker, 2008) meaning that swine gain little benefit from phytate
dephosphoryation occurringthere. Supplementationvith phytasereleases phosphate
from phytate earlier in the digestive tractwhere it can be abstwed in the small

intestine, reducing the need for supplementation of feed with exogenous phosphate
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Furthermore, phyta¢ degradation reduces its tendency to compleimportant
nutritional cations such as calcium, iron and ziagain reducing the need for

supplementation of diets with these minergl¥orquera et al., 2008)

Due to the vast global population of cattle and their greater rate of excretion, bovine
manure is responsible for a greater inputmfytate to soil than monogastric animals,
despite the presence of phytase in theiminantgut (MenezesBlacklurn et al., 2014)

The gut microflora of cattle is able to produce phytase enzyrmasdephosphorylate
ingested phytat€§MenezesBlackburn et al., 2013put phytate isdegraded surprisingly
inefficiently. Toor et al., (2005)oted a reduction irphytate from 32% of total P in feed

to 18% in manurgwith the persistenceof phytatepossibly due to its high concentration,
its rapid passage through the gudr via its precipitation to insoluble sal{dlenezes

Blackburn et al., 2013)
1.4.2 Phytate in human excreta

As with livestock, the amount of phytate in human excreta depends on the amount
consumedin diets. Phytateis the main P compound in grain, and so is abundant in
human dietsandparticularlyso inthose high in graiiRaboy, 2003Phytate cannot be
directly absorbed in the human gut, and being monogastric, humans lack phytase
enzymes for its efficientephosphorylationDespite the large amount of studies that
have quantified phytate in animal manures, very little work has focused on the phytate
content of human excretaJoung et al.,(2007) used HPLC to measure phytate
concentrations infaeces of wmen consuming highand lowphytate diets.They found

that like in swine,a considerable amount (743%) of consumed phytaie degraded in

the human gut, concluding that much of this degradation takes place in thercolo
Despite this level of degradation, faecal phyt&econcentrations varied between 4

11mg P g excreta congituting between 2454% of total faecdP.

In many modern societiebuman excreta is processed in wastewater treatment plants
(WWTPSs) in which solids nutrients and pathogensre removed fromwaste water
which canthen be cleaned andeturned safely to the environmeé(DEFRA, 2012)his
process produces a large volume of selidste known as sludge, which is then often

processed via anaerobic digestion to reduce its voluthesiroy pathogens, and to yield
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methane gasvhichcan be used aan energy resourcd he resulting digested solids are

rich in nutrients and organic matter, and in the B®8% of tlese arereturned to land as

a soil conditioner and nutriendource(DEFRA, 2012ndustry and stakeholder agreed

gA RSt AYySa (y2sy a GKS W{IFS {fdzRIS al (N
application of sludge in the UMvater UK, 2010; BRC et al., 20@4pngside government
guidelinesthis ensures that application is stricttpntrolled, withthe requirement that

soilistested prior tosludgeapplication to provide an indication of nutrient requirement

and to ensure that heavy metal concentrations remain within limits. Untreated or low

quality sludge containing unacceptable pthogen or heavy metal load are not

permitted to be spread and must undergo further processing or be subject to alternative

routes of disposalWater UK, 2010)

The increasing adoption of P recovery and direct application of sludge to land has
brought elevated interest in the characterisation of P species within wastewater and
sludge. Considering that plants are only able to take up biedo inorganic
orthophosphatemuch ofwhichcan be rapidly immobilised within the soil environment
much likephytate, it is important to understand P speciati@md concentratiorwithin
sludge prior toits application to soil§Peng et al., 2010With human faecal phytate
content measured aR4-54% of total RJoung et al., 2007}t is likely that wastewater
sludge is rich in phytatdn anaerobically digested sludgesorganicorthophosphate

has been found to bthe predominantP form(Hinedi et al., 1989; Escudey et al., 2004;
Li et al., 2018; Caddenun, 2005)whereasaerobically digested sludges tend to have a
greater variety and concentration of organispeciegPeng et al., 2010; Hinedi et al.,
1989) In anaerobically digged sludgeAnnaheim et al., (201%)sed 3P NMRo analyse

P speciationand revealed 91% to be present as inorganic orthophosphate, with the
remaining 9% identified as phytateew studies have attempted to assess the speciation
of phytate throughout the variousreatment stagesin a WWTPSmith et al., (2006)
characterised P compounds in undigested ligsiddge anaerobically digested liquid
sludge and dewatered cake from a single WWTPP NMR analysis identified
orthophosphateas the dominant pool of P in all three sludge types, making up/85

of the total extracted Pbut theyalso foundthat levels of phytate remained unaltered

by anaerobic d@jestion,comprisingclose to 10% of the total P content in all sludge
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extracts.In contrast,despite not measuring phytate concentration specificdliyet al.,
(2019)found that orthophosphate monoestekgere completely degradethy anaerobic

digestion with orthophosphate being the only P compound detected in digested sludge

These potentially contradictory results show that it is unclear whether phytate
persistence during anaerobic sludge treatment @se is ubiquitous, and further work

IS required to measure phytate concentration through the multiple stageshef
process. Recentlyarge, Y2 RSNY 22 ¢t a KI @S 06S3dzy (2 SYL} 28
RAISA0GA2y Q LINE OSdnal Sutige hydnglysis steip @ erfornged prijr oA G A
digestion This step hydrolyses cells within the sludgea thermal, chemical or
mechanical processesmproving the destruction of pathogens, and releasing cell
contents, resulting in an improvedfficieng/ of AD and increasiemethane production
(Carrere et al., 2010Yhere are currently no studi¢isat have assessed the impact that

the introduction of this hydrolytic step has had on P speciation in digested sludgds,

it is possible thaimproved cell lysis, and the resulting increased microbial degradation

of released compoundsill have a large effect oanaerobicallydigested sludge P.
1.4.3Phytate in soil

Phytate enters the soil in plant residues aamdmalfaeces, and is often the dominany P
species in the soil due teelatively low lability caused byits tendencyto form strong
interactions with the soil solid phag@grgensen et al., 2019}he six phosphate groups
of phytate and its resulting high anionobarge density mean that phytates can bind
much more strongly to soil solids than most otltompounds. For example, on a per
molecule basis, phytate sorption capacity is in the region of four times that of the
orthophosphate anionRichardson et al., 2006ptrong adsorption of phytate to soil
compounds such as metal oxidesalso governed by the negative charges of the
phosphate moieties.Shang et al.(1990) found that fully phosphorylated phytate
(containingb phosphate moieties) adsorego an aluminium oxide muamore rapidly
than the largely dephosphorylated phytateubsidiarymyo-inositol monophosphate (1
phosphate moiety), due tas greater affinity for the aluminium oxide surfacehich
indicatesthat phytate may compete for adsorption sites with othé& compounds.

Phytate als@ssociatesvith clays in soil @interaction of the multiple phosphate groups
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with positively charged multivalent bridging cations suchFa% and AF* on the clay

surface(Giaveno et al., 2008)

Due to thelow lability and low degradation ofhytate relative to other organic P
compounds, phytateindergoes preferential stabilisation, and it is often stated that it
preferentially accumulates in so($urner et al., 2002; Menez&dackburn et al., 2013;
Celi et al., 2001 or exampleDao, (2004)eported thatseven repeated applications of
dairymanureat a rate of 30 kg P hiéincreased soil storage cbmplexed phytaséabile
Pto a concentration of approximately 80 mg P'kgowever in the past decadestudies
have shown that phytate appliet soilscanalsobecomerapidly hydrolysedDoolette
et al., (2010)demonstrated thatwhen applied tocalcareoussoils,only 12% ofinitial
applied sodium phytate wagresent afer 13 weeks of incubatigrandLeytem et al.,
(2006)similarly showed thatphytate in poultry manure added to a calcareous atsb
declinedover time indicating thatphytate was mineralised during incubatiofhese
findings are not limited to calcareous soégher, as whenAnnaheim et al., (2015)
comparedacidic so# that had received continuouadditions of compost, manure and
dried sewageamendments they foundno differencebetween the soil B content,
despite differences in &content of the a@ganic amendments, indicating that no

significant accumulation of specific P formsliwecurred.

These findings indicate that there is no common pattern to the tendency of phytate to
accumulate, and that its persistence or lability in soils is governedragge of complex
factors that may be specific to each soil studidds possible that phytate accumulation

iIs exacerbated in soils in which microbial turnover is limit8tutter et al., (2015)
analysed soil P forms in a wide range of British soils, reporting that arable soils were
dominated by orthophosphate, with a large fraction of monoester P. In the same soills,
P compounds that arendicators of microbial turnover such as nucleic acids and
phospholipids were much lower than grassland soils. The authors concluded that the
natural ability of soil, plants and microbes to cycle organic P had hemmessedn areas

of high fertiliser inputs. Crop monocultures can reduce the soil microbial diyers
(Stutter & Richards, 2012and this may therefore cause accumulation of organic P such
as phytate that is strongly sorbednd therefore sparingly mineralisdoly microbial

phytase enzymesSoil management practices may alsodan effectasCadeMenun
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et al., (2010)measured greater phytateoncentration inno-till soils than traditionally

tilled soils at all depths measured.
1.5 Phytate mobilisation

1.5.1Phytase enzymes

Phytases are a broad group of phyteteecific phosphatase enzymaeshich are
widespread in naturand areproduced byplants, animals, bacteria and fungidatalyse
the stepwise dephosphorylation of phytate into its lower ester derivatinggo-inositol
pentakis, tetrakis, tri-, bis, and monephosphate whilst liberahg inorganic phosphate
(Figure15; Jorquera et al., 2008Four sub-classes ophytase enzymes are known
histidine acid phosphatas€BlAPS); cysteine phytases (CPhy); purple acid phosphatases
Ot !t aoITINRWYRE i SNJ ;LOHe8 @tl ali, 201D Eatht clasvaries in its
mechanism of dephosphorylatiomhich can depend on pH and-&actor cationgGiles

& CadeMenun, 2014) Phytase enzymes are kéy the cycling of phytatd® and are
responsible forliberating phytate-P in a number of key processes, including seed
germination,digestion and nutrient acquisition in plantShey have also been isolated
and commercialisednd arenow commonly usedo aid phytate digestion in livestock

fed grainbased dietgJorquera et al., 2008)
1.5.2Mobilisation of soil phytate by phytases

Phytases in soil predominantly angte from microbialsources, with smaller inputs
from phytase endogenous to animal manures, and smaalbunts from plant roots
(MenezesBlackburn et al., 2013; Giles & Cadenun, 2014) andthese extracellular
phytases can be pduced by ntrobesin response tdimited available Roncentrations
(Konietzny & Greiner, 20047he activity of these enzymes in the soil can be governed
by a wide range of factors, atuding soil pH, temperature, water conteand soll
chemical anghysical conditionsand iftheseconditions aresub-optimal, enzymescan
become rapidly immobilized or denaturé@George et al., 2005&iles & Caddlenun,

2014). The solwbility of both the phytate substrate and the phytase enzyme in soils is
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Figure 1.5: Phytate and its partially dephosphorylated subsidiaries. Phytate is sequentially
dephosphorylated by enzymatic hydrolysis of the ester bond between the phosphate groups

and the central 6-carbon inositol ring.
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keyfor phytase activity in soil®hytate that is strongly adsorbed tiee soil solid phase,
or precipitated with metal cations and no longer soluble is afforded a leyaodéction
from hydrolysis(Dodd & Sharpley, 2015khzymes have been shown to exhibit an
affinity for the interface betweerthe soil solid and solution phases due to complex
hydrophilic and hydrophobic molecular forcg3uiquampoix et al., 2002andthus can
also become immobilised in soils via adsorption to mineral surfaces and organic matter
by electrostatic interactior(George et al., 2005aAdsorption of fungal phytaseseems

to be dependent orboth soil pH and the isoelectric poifthe pH at which the enzyme
carries no net electrical chargspecific to the enzyméGeorge et al., 2005aJ hese
factorsdetermine the extent of electrostatic attraction or repulsion of enzymes to the
soil solid phase, and so have a significant impact on adsorptive tendendiesir study,
George et al.(2005a)found that adsorption ofAspergillus nigephytasewas gregest

at a soil pH of 4.%elow its reported isoelectric poinand decreased as pH increased
until all phytase was in solution at pH t&e to greater electrostatic repulsion above
the isoelectric pointAdsorptionreduces the mobility of enzymes in the soil solution and
can therefore reduce their interaction with substratel$ can alsocause irreversible
deactivation of enzymes due t@rformational changes within themolecular structure
(Leprince & Quiquampoix, 19963 lternatively,adsorption mayalsomaintain phytase
activity in some circumstances by providing protection agajpsttease activity and
microbial degradatior{Naidja et al., 2000 and may be a mechanism that enables the
persistence of enzyme activity in soils in the long t¢Biles & Cad&lenun, 2014)For
example George et al.,(2005a) found that the activity of an Aspergillusphytase

adsorbed to soil declined-2 times slower tharn the absence of soil.

Soil phytase activity is supported in the rhizosphkyethe exudation of organiacids
from plants and microbefGiles & Caddlenun, 2014; Giles et al., 201These organic
acids such asscorbate, citrate andxalate enhance the solubility of phytate by
chelation or dissolution ophytate complexes with metals and miner4(Siles et al.,
2012) making phytate available in the soil solution for enzymatic degradation. In
addition, organic acids may enhance the solubihityphytase enzyme<seorge et al.,
(2005a) found that in low-sorption capacity soilA. niger phytase adsorption was

reduced inrhizosphere soil compared to bulk soivthich may be due tancreased
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organic acid abundance in this seiich hasbeen shown to improve the solubility of
other phosphatase enzymébluang et al., 2003The complementary nature of phytase
and organic acid exudation was recently demonstrated@les et al.,(2017) who
showed that transgenic plants thakkibited combined phytase and citrate exudation
accumulated more P, andepleted a greater proportion of soil phytatasbile P than
plants that exudeckither phytase or citrate individuallyVork such as this shows that

as our understanding dhesecomplex soil molecular interactions increasg®y wuld

yield promisingnechanisms for increasing the uptake of P from accumulated organic P

sources potentially reducing our reliance on chemical fertiliser inpuatshe future.
1.5.3 Applications of phtase enzymes

Due to the ubiquity of phytate irenvironmental andagricultural samples such as grain,
manure, excreta and soihere has been a great deal witerest during the past two
decades in thepplicationof phytase enzymet samplesPhytase emymes are now
commonly appliedas a supplemento the grainbasedfeed of livestock, particularly
monogastrics, where they serve to gtlytate dephosphorylatiomn the gut, providing
otherwise unavailable P tine animal(Jorquera et al., 2008Yhedephosphorylation of
phytate in this application has further benefits, asd#creases theanti-nutritional
chelaion of valuabledivalent cations ég. Z@*, F&*3*, C&*) by phytatein the diet,
decreases the need for supplementation of diets with extra bioavailable phosphate, and

therebycandecrease tle concentration of P in mamesby 50%(Jorquera et al., 2008)

As well as animal feeds, there is great potential for the manipulation of phytase enzymes
in soil plant systems tincrease P uptake fromccumulated phytate. However, as
discussed in section 1% the heterogeneity of soils, and the tendency of both ptgt

and phytase enzymes tmecome bound to the soil solid phageses a challengeGeorge

et al., (2005bpeneratedNicotiana tabacunplants that expressed a chimemptytase

gene from the soil fungu®A. niger and found that plants grown ira phytate
supplemented sterile agar accumulated 3old more P than nosiransgenic plants.
When grown inphytate amended soil, this translated to a more modest 50% increase
compared to controplants butwhen grown irunamended Rieficient soilsno benefit

was demonstrated in transgenic plants, indicatingttphytate availability is a limiting
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factor. As discussed in thgrevious sectiona greater understanding of the complex
chemistry of the rhizospheres yielding improved resultsas a transgenic plant
simultaneouslyexudingboth organic acideandphytas enzymeganabsorbmore P than
plants euding either individually (Giles et al., 2017)Thisshows that there is great
promise for the manipulation of soil phytase enzymes forgh®vision of phytoavailable

P from organic P compoundén alternative approach involves the direct application of
phytase enzymes to soile order to increase phyta&sactivity artificially Menezes
Blackburn et al.(2011)demonstratedthat high enzyme activitycould be maintained
when E. coliand A. nigercommercial feeeadditive phytaseswere immobilisedon
allophanic nanoclaysThey proposed that these phytasenoclay complexesould
provide a novel biofertilisation strategy by maintaining and supporting the exogenous
phytase activity in complex manur@ soil environmentsin a subsequent paper, they
evaluatedthe ability of these complexdas dephosphorylate phytate in dairy manutes
They found thathe stabilised phytases were not ablehgdrolyse a significant amount
of Ryin unbuffered manure dued the alkaline pH, but when & phytasetreated
manure was added to saiinder greenhouse conditionphytase hydrolysis proceeded
to influence both P nutrition and plant growttproviding an increase in available P
equivalent to 151 kg P HdMenezesBlackburn et al., 2014\Work such as this highlights
the potential benefitsthat could be gained by thase ofphytasein biofertilisation

strategies and further work under field conditions will be of great interest.
1.6 Aims and objectives of this thesis

This thesis aims tase a range of analytical methods itovestigatethe behaviour and
concentration ofphytate through the wastewater treatment process,assessvhether

it constitutesa substantial proportion oP in thedigestedsludge that is commonly
spread on agricultural land in the UK. Whether phy@teumulates upoits application

to soils is disputed, anthis accumulation maye affected bya range of factors.
Therefore this thesis aims to assess phytate levelagnicultural and natural grassland
soils including a soil recently converted from arable land to alffedusing monogastric
swine, to understand whether theontinuousapplication ofphytate in monogastric
manure has resulted iaccumulationFinally, fnytase enzymes are a promising tool for

improving P sustainability, and are now commercially availadslese in animal feeds.
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There is potential for their use to mobilisecumulated phytate in soils, btlie use of
enzymesn soils is challenging due to the low solubility of both enzyme and substrate
This thesis aims tmvestigate whether a commercialyvailable phytase enzyme is able
to provide phytoavailable Rom phytate when applied to a simple stike substrate

and investigate the effect of clay content on this abilitye following sections provide
an overview of the subsequent chapters inghihesis, and the research questions

addressed in each.
1.6.1 Phytate analysis by EB0FMS

Solution 3P NMR spectroscopy is well established as the standard method for the
analysis of phytate and other organic phosphates in environmental samples, but suffers
from inherent issues of low sensitivity and low resolutidicintyre et al., 2019)In
Chapter 2the alternative analysis of phytate bglectrospray ionisation timef-flight

mass spectrometry (ESbFMS)is investigated to assess whether it gaovide a more
sensitive method for the detection of phytate and its dephosphorylated subsidiaries
than 3P NMR Solutions of sodium phytate and potassium phytate are analysed, along
with lower inositol phosphates generated during the reaction of phytaith a phytase
enzyme. Despite optimisation of the procedure, the occurrence ofkource

fragmentationprecludesthe application of this methoth subsequent chapters
1.6.2 Phytate in sewage sludge

Relatively little work has been carried out to assebgtate content in sludges. As
discussed in section 1.4.2, some evidence suggests that phytate is able to persist through
anaerobic sludge treatment process@€mithet al., 2006) although some work also
suggests that all organic P is hydrolysed during digestion to leave only inorganic
orthophosphate in the sludgf.i et al., 2019)As 80% of processed sludge in the UK is
applied to agricultural landDEFRA, 2012}t is important to understand the fate of
phytate through modern advanced anaerobic treatment processesChapter 3,
sewage kidge sampled from 5 stages ah advanced anaerobiceatment processs
analysed by both solutiod’P NMR, and enzymatic hydrolysisith colorimetry to

address the first major research question:
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1. Is phytate present in sewage sludge, does it persist through a modern advanced
anaerobic digestion sludge treatment process, and does it constitute a
substantial NI Ol A2y 2F G20t t Ay GKS FAYIl f

1.6.3 Phytate in soill

The common assumption that phytate accumulates in soils has recently been
questioned, with some research indicating that freshly applied phytate is rapidly
hydrolysed in soil§Leytem et al., 2006; Doolette et al., 201G)phytate applied in
organic amendments does accumulaite soils, then this phytate could present a
reservoir ofP which could be mobilised for plant uptake, thereby reducing reliance on
inorganic P fertiliserdn Chapter 4, pytate concentrationgare measued in agricultural

and grassland soils with varying lanse historiesby solution3!P NMR and enzymatic

hydrolysiswith colorimetryto address the second major research question:

2. How does the landse history of agricultural and grassland soils affea th
concentrations of phytate in soil? Does phytate accumulate in a previously arable

soil that has been converted to a pen housing monogastric swine?
1.6.4 Enzymatic biofertilisation of phytatéreated plants

Phytase enzymes ammmercially produced foraeas a supplement for the improved
digestion of grairbased livestock feeds, and have had a marked effectbothn
productivity andP sustainabilitypy combatting the antinutritional effects of dietary
phytate, reducing the need for exogenous P inputs, and reducing manure P
concentrationgJorquera et al., 2008T heir usén biofertilisation strategies to mobilise
accumulated phytatd® shows great promise buis lessadvanced In Chapter 5, a
greenhousebased experiment is developed to test the efficacy of a commercially
available phytase enzyme in the provision of phyiBt¢o plants with or without the
presence of clay ia simplesubstrate.A number ofplant and substratevariablesare

measuredn order toaddresgshe third major research question

3. Can a commercially available fesdpplement phytase enzyme be used to
release phytoavailable phosphate frgohytate in a simple soil substrate, and

how does clay content affect this ability?
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2. Analysis of phytate and the lower inositol
phosphates by ESTOFMass Spectrometry

2.1 Summary

Solution®'P NMR is by far the most established and successful method for the analysis
of organic P in environmental matrices, and has enabled a greater understanding of the
types and quantities of the major P compounds in these samples. HowBReNMR
suffers fromboth issues of inherent low sensitivity, and low resolution, particularly in
the orthophosphate monoester region of spectra. This makes the identification and
guantification of P compounds that are present at low concentrations, such as the
partially deplosphorylated esters of phytate, either difficult or impossible. Electrospray
ionisation timeof-flight Mass Spectrometry (EB0FMS) holds potential as a highly
sensitive alternative analytical method that may enable further advances in our

knowledge of he dynamics of these compounds.

Very few studies have used H®IFMS for the analysis of phytate, but in those that
have, the occurrence of isource fragmentation during phytate ionisation has been
reported. This fragmentation involves the removal ofopphate groups from the
phytate to produce fragment ions with coincidental mass charge ratios with true
dephosphorylated phytate esters, therefore precluding the accurate quantification of
these lower esters in mixed samples. Electrostatic conditions nvithé ionisation
process have been shown to affect the severity of phytate fragmentation. The aim of
this chapter was to optimise the conditions within HBFMS to reduce or eliminate

the occurrence of irsource phytate fragmentation in order to develagighly sensitive
method for the analysis of phytate and its dephosphorylated esters. Despite the
optimisation of the source voltage and cone voltage within ionisation, the occurrence of
fragmentation could not be eliminated, and thus seems to be depehdeamumerous
emergent factors. As demonstrated via the analysis of phytasdiated
dephosphorylation of phytate, the direct analysis of mixed samples by d&3IlS can
provide valuable qualitative information, but interpretation of quantitative infornoati

must be approached with caution.
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2.2 Introduction

2.2.1 Detection of Inositol Phosphates #P NMR

Solution®*P NMR has become established as the standard method for orlganilysis

in environmental sample@CadeMenun & Liu, 2014)and is a powerful analytical tool
becausée®'P is the only naturally occurring noadioactive (stable) Botope. The short
half-lives of radioactive P isotopes (maximum 25.34 d&ahinson, 1969%ffectively

means that P is monoisotopic and thus all P species in a sample can be detected in a
singke analysis. Great success has been achieved in the detection and quantification of
phytate in extracts of environmental matrices, due to its relatively high concentrations
within these samples, and its relatively straightforward identificatioffhNMR pectra

by the presence of its 1:2:2:1 peak ratio. However, less success has been achieved in the
detection of lower order inositol phosphates P NMR. These compounds, the
products of hydrolysis of phosphate groups from the phytate molecule (Figureateb)
highly likely to be present in soil and manure samples, albeit at much lower
concentrations than phytate, due to the activity of phytase enzymes in the rhizosphere
or in the gut. However, their detection in these samples BY? NMR is
underrepresente, with a handful of papers describing their presence, or putative
presence in extracts of feed and ileal digesta in monogastric livegkmkme et al.,

1999; Leytem et al., 2008nd an apparent absence of their detection and identification

in 3P NMR in extracts of soil.

As discussed in Chapter 1, Section 1.3.4, NMR suffers from the inherent issues of both
low sensitivity and low spectral resolution within the orthophosphate monoester region.
Sensitivity issues can be somewhat eased bycpreentrating samples prior to the
analysis, but compounds that are present at low concentrations may still not reach th
limit of detection. Resolution of the orthophosphate monoester region is also a
significant issue, particularly in complex soil samples where there are likely to be a wide
array of organic P compounds present, leading to significant overlapping of (sesks
Figure 1.4). Resolution and sensitivity can both be improved by signal averaging, where
a sample is run over many, sometimes thousands, of pulse cycles to increase signal to
noise ratios, but this then leads to very long analysis time, particularignwbng
relaxation delay times are employed between pulses. A further complication in soil
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monoester region, which is particularly prevalent in high organic matter soits,san

believed to be produced via the association of orthophosphate monoesters with high
molecular weight organic compoun¢Boolette et al., 2010; McLaren et al., 2019his

peak would obscure the small monoester peaks that would be generated for lower IPs,
making their detection ad quantification complex or impossible if they were present at
detectable concentrations. An alternative technique would therefore be beneficial for

the detection of lower inositol phosphates when they are present at low concentrations.
2.2.2Electrospray ionisation timeof-flight Mass Spectrometry (ESIoFMS)

Mass Spectrometry (MS) is one of the most sensitive analytical techniques for the
characterisation and quantification of molecules and would appear to be a promising
approach for the detction of inositol phosphates in low concentrations. In mass
spectrometry, an analyte in solution is transferred to a gaseous state and is ionised via
0KS FTRRAGAZY OWLRAAUGADOS Y2RSQU 2NJ f2aa ow
molecular ions wh a positive or negative charge. For clarity, this section will discuss the
production of negatively charged molecular ions in ESI. lons are then transferred to a
detector, which can record their intensity by their mass:charge ratio (m/z) to produce a

mass spectrum. A number of ionisation techniques exist, but electrospray ionisation

(ESI) has become the most popular, particularly in studies of large macromolecules, as

AG Aa F Wa2FGQ A2yAalaAz2y GSOKyYyAldzsS& 6KAO

molecules to fragment during ionisatigBanerjee & Mazumdar, 2012)

Figure 2.1 is a simplified schematic diagram illustrating the ionisation process in ESI. The
analyte of interest is dissolved in a polar solvent (e.g. water, methanol) anarnipgal

into the ionisation chamber via a capillary. The orifice of the capillary is highly charged,
with this charge known as the source voltage, and in negative mode, the solvent
undergoes reduction reactions supplying negative ©fk to the solutionBanerjee &
Mazumdar, 2012)Electrostatic repulsion between the negatively charged capillary and
the solution causes the formation of a meniscus at the orifice which is then drawn into

a cone due to competing electrostatic forces and solvent surfansid@. From this

cone, a fine jet of solvent droplets carrying the negative charge is ejected as an aerosol
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N, carrier gas lonisation Chamber
(Atmospheric
pressure)
Charged droplets
—
. Analllyt.e e undergoing
in solution - - coulombic fission

E . Sampling cone
Capillary S S ping

‘ - .~ Extraction cone
‘ Gaseous analyte

High vacuum  —mj — ions to detector

T (High vacuum)

Figure 2.1:Schematic diagram of Electrospray lonisation (ESI). Analyte in soluti
introduced through a thin capillary. The tip of the caill is highly charged and create
highly charged spray droplets. Solvent evaporates from these droplets which disinte
into smaller and smaller droplets by coulombic fission, until fully evaporated. The an
atoms take on the charge of the droplets&ecoming naked molecular ions, which then pe
down an electrical potential gradient and pressure gradient through the orifice of
sampling cone. From here they are directed through the extraction cone into the 1
analyser. Figure adapted from Bareajet al., (2012).

towards the sampling cone, which acts as a counter electrode. During the passage of
droplets between the capillary and the sampling cone, the negative charges are equally
distributed on the droplet surface. This means that two forcesptet surface tension,
which acts to maintain the spherical shape of the droplet; and Coulomb forces of
repulsion, which act to distort the shape of the droplet; are in direct competition with
each other. The nitrogen carrier gas facilitates solvent exatm from the droplets,
reducing their volume and increasing the Coulomb repulsive forces until they are no
longer sustained by the surface tensi(Banerjee & Mazumdar, 2012\t this point,
known as the Rayleigh limit, Coulomb fission occursyhith droplets spontaneously
collapse into many smaller charged droplets (Figure 2.1). This process is repeated many
times as the aerosol moves towards the sampling cone, until droplets have disintegrated
to highly charged nanodroplets. With the final @esation of solvent from these
nanodroplets, the negative charges are passed from the solvent to the analyte

molecules via proton log8anerjee & Mazumdar, 2012)
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The ions are propelled through the orifice of the sampling cone and into the mass
detector via the extraction cone, moving along both an electrical potential gradient and
a pressure gradient as the mass detector is held at high vacuum relative to the
atmospheric pressure of the ionisation chamber. Tiofdlight (ToF) mass
spectrometers dtect different ions based on their velocity in the electrostatic field. As
all ions are moving through the same field, they have the same kinetic energy, so
become separated only by their mass and charge. Detection is therefore achieved by
monitoring thearrival of ions at the detector, which will depend on their m/z ratio as a

function of time(Cooper et al., 2006)
2.2.3 Inositol phosphate analysis by ERIFMS

Despite the high sensitivity offered by H8IFMS analysis, there are few studies that
have employed it in the analysis of inositol phosphates. The first direct analyais of
mixture of inositol phosphates by EBYFMS was carried out b§ooper et al., (2006)

A mixture of phytate (IP6) and mymositol monophosphate (IP1; Figure 1.5) were
introduced to the ion source, but upon detection, the authors were surprised to record
the abundant appearance of peaks atzmatios that are coincidental with the m/z ratios
that would be generated by inositol bjdris- tetrakis- and pentakisphosphates (IP2

IP5; Figure 1.5). Although the authors could not exclude the occurrence of significant
contamination of their standals with these other IPs, they concluded that phytate
fragmented during the ionisation poess via the breaking of the phosphoester bond
(O-P), releasing P&from the moleculg/Cooper et al., 2006 he consequence of this is

the production of fragment ions that have the same m/z charge ratio as would be
expected for true ions of lowelPs, which therefore complicates the quantification of
IPs in mixed samples. Of the few studies that have aimed to identify and quantify IPs
using ESToFMS, most employ a chromatographic separation step prior to analysis in
order to exclude potential antaminant IPs from samplefParaskova et al., 2015;

Mclintyre et al., 2019)

The cone voltage, which is the voltage of the courglerctrode in ESI, is important in
the ESI process as it guides-ghasse ions into the mass spectrometer, but it has been

shown to be a critical parameter affecting the fragmentation of iprian et al., 2003)
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The voltage at the cone should be sufficient to guide enough ions into the detector and
maintain ion intensity, but should be low enough to prevent fragmentation that might
occur when the voltage is too high, resod in increased ion velocity and collisions with
other gas phase molecules. Indeed, cone voltage has been found to have a clear effect
on the fragmentation of the inositol phosphates in ESI, withoper et al., (2006)
describing significant fragmentation of all IPs at high cone voltagesrezhated but
varying degrees of fragmentation at low cone voltage with a pattern of increasing

fragmentation in more phosphorylated IPs.

The source voltage, the high charge at the orifice of the capillary from which the charged
droplets are produce, has #so recently been shown to affect phytate fragmentation in
ESIl.Mcintyre et al., (2017)dentified a pattern of increasing fragmentation with
increasingly negative source voltage betwedn6kV and-3.6kV, with the relative
proportion of IP6 ions decreasing, accompanied by increasing proportions of IP5 and IP4

ions.
2.2.4 Aims and Obijectives

It therefore would seem that there are potentially numerous factors in ESI that affect
phytate fragmentation, but of the very little work carried out on inositol phosphates in
ESIToFMS, none has sought to optimise more thamemf these factors. The aim of this
chapterwas to develop a method for the direct identification and quantification of
phytate and its lower inositol phosphate subsidiaries by E&&#MS. The adjustment of
various ionisation conditions including sourceltage, cone voltage and analyte
concentrationwascarried out in order to optimise the system and minimise or eliminate
the occurrence of irsource fragmentation. To assess the effectiveness of the optimised
analytical procedure on a range of inositol gpbates, the systewasused to analyse

the production and dephosphorylation of the various inositol phosphates over the
course of a reaction between phytate and a phytase enzyme in a continuous flow, real
time analysis. From the results obtained, a disows follows as to whether this method

would be effective for the analysis of inositol phosphates in environmental samples.
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2.3 Methods

2.3.1 Solutior’'P NMR

For3!P NMR analysis, solutions of 0.5, 0.05 and 0.005mM phytic acid sodium salt hydrate
(Na2GsH1206(HPQ)s; Sigma) were prepared by dissolution of the appropriate mass into

a solution containing 9 parts 0.5M NaOH + 0.1M EDTA and 1 part deuterium oxide.
0.5mL of the sodium phytate solution was transferred to a 5mm NMR tt#iFeNMR
spectroscopywas performed on a Bruker Advance 500 Spectrometer with a magl
console (Bruker, Germany). Spectra were recorded at a frequency of 202.456 MHz with
a 5mm broadband probe at a temperature of 298 K (24035 During each sample
analysis, the following paramets were unchanged: acquisition time = 0.845s; pulse
width of 22> & T LJdzf a $lelaly yhie & $s; tdtal eumber of scans = 16,384; pulse
program = zgig®!P NMR data was processed in Bruker Topspin 4.0.3.

2.32 ESITOFMS of phytate

Electrospray ionisédn time-of-flight mass spectrometry (E30FMS) was performed

on a Waters Synapt G2 (Waters Corp., USA). MS analysis was performed in negative
ion mode over a mass range of-B00 Da, and the apparatus was tuned to the singly
charged phytate ion (m/z58.8; [M-H]). For all analyses, source temperature was set to
350°C, cone gas (nitrogen) flow rate was 10, and desolvation gas flow rate was 700

L H. Source voltage was varied betwedn5kV and-3.3kV. Cone voltage was initially

set to 30V, and as reduced to 20V for cone voltage optimisation.

For phytate analysis, solutions of sodium phytate were prepared in a solution of 5%
methanol in UHP water to concentrations of 0.5, 0.05, and 0.005mM. Phytic acid
dipotassium salt (#GH120s(HPQ)s; Santa @iz Biotechnology) was prepared to 0.5mM

in 5% MeOH in UHP. For the generation of phytate spectra, phytate solutions were
added to a 25mL PTFE vessel and drawn into the 250 pL internal syringe of the mass
spectrometer, then injected into the ESI sourceaafiow rate of 10 uL mih Spectra

were acquired as an average of 100 individual scans with a scan time of 1 second. To
assess the effect of varying source voltage on phytate spectra, an experiment was
programmed into the MassLynx software (Waters, USAgutomatically increase the

source voltage betweerl.5kV and-3.3kv at increments of 0.2kV after each 1€an
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analysis. To assess the effect of changing the cone voltage, this process was repeated
after adjusting the cone voltage from 30V to 20V.

Datawas processed in MassLynx (Waters Corp., USA) software to provide an average
spectrum. Total intensity of separate inositol phosphate esters (IPs) was calculated in
Microsoft Excel by summing the total counts for peaks identified at m/z values
representingons and their respective sodium or potassium adducts.

2.33 ESIToFMS ofthe phytate-phytase reaction

For analysis of the phytassnzyme mediated dephosphorylation of phytate, an
analytical process was designed in which the reaction coulthbé/sed in realime via
ESIToFMS. A 2 FTU milenzyme solution was prepared by dilution of a 20,000 FTU mL

! stock solution of RONOZYME HiPhos (DSM Nutritional Products, Switzerland) in UHP
water. 20mM sodium phytate was prepared in UHP water. Pritheéaeaction analysis,

the ESITOFMS system was first purged with the enzyme solution. 250 pL of enzyme
solution was drawn into the internal syringe from a 25mL PTFE vessel, and pumped to
the ESI source at a flow rate of 10 pL thaver a period of 25 imutes. The internal
syringe was then emptied and theTHE vessel was replaced. The reaction vessel
contained 9.75mL 2 FTU rhphytase, to which was added 0.25mL of 20mM sodium
phytate, giving a final concentration of 0.5mM phytate. The reaction solutvas
manually agitated for 2 seconds then was connected to the mass spectrometer. 250 pL
of the reaction was drawn into the internal syringe and was introduced to the ESI source
at a flow rate of 10 puL mih The reaction was then analysed over an2iaute period
comprising a total of 1288 scans with a scan time of 1 second, with ionisation achieved
at a source voltage 68.1kV, and cone voltage of 20V. Peaks were identified for each IP
and their respective sodium adducts, and the total ion counts data&oh identified

m/z value per scan was transferred into Microsoft Excel. Total ion counts for each IP
(IP&1P1) was then calculated for each scan by summing the total counts for each ion and
its respective adducts. Data was then smoothed by calculatingeannon count for each

set of 10 consecutive scans. A total of three replicate reactions were analysed in an
identical manner, and a mean reaction was presented over time. Error was calculated
as SEM and is presented for each IP separately in individuak$. Figures were

produced in GraphPad Prism v7.04 (GraphPad Software Inc, San Diego USA).
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2.4 Results & Discussion

2.4.1 Phytate irf!P NMR

The low sensitivity off'P NMR analysis is demonstrated in Figure 2.2. Three
concentrations of sodium phytate at5, 0.05, and 0.005mM were analysed over a total
of 16384 scans with a scan time of 1s in order to maximise the signal to noise ratio.
Phytate (IP6) can be clearly identified in the 0.5mM solution by the presence of four
distinct peaks in a 1:2:2:1 intsity ratio at chemical shifts of 5.63, 4,73, 4.37 and
4.24ppm(CadeMenun, 2015; Watson et al., 2019)hile the four phytate peaks are
clearly visible at the 0.5mMoncentration, these peaks are much smaller at 0.05mM
and are barely visible above the baseline noise in 0.005mM solutions.

What is notable about the 0.5mM concentration is the presence of smaller
contaminating peaks within th&P NMR spectrum of the pure phytate standard. These
peaks have been tentatively identified as orthophosphate (5.78ppm)nayaiinositol

0.5mM Naphytate :
0.05mM Naphytate : IP6 ... ..

6 ' ' ' ' 5 ' ' ' ' 4 ' ' ' ' 3
| KSYAOlLf {KAT

Figure 2.2Solution®*P NMR spectra of three concentrations of sodium phytate. Spectre
presented on the same intensity scal@ighlighting the low resolution 6fP NMR at low
analyte concentrations. At 0.5mM, the phytate appears to have a small amount of inc
pentakisphosphate (IP5) impurity (10% of total peak area), which is not visible in
concentrations. Identifidégon of IP5 peaks was based on peak identification of Watson €
(2019).
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pentakisphosphie (IP5; peaks at 5.08, 4.63, 4.04 & 3.90ppm) by comparison of the
relative chemical shifts of IP5 measured \Matson et al., (2019)Table 2.1). In their
study, the major IP5 isomer generated by thermal degradation of IP6 was
unsymmetricd and so generated a separate peak of equal intensity for each P nucleus
of IP5 in the NMR spectrum. The chemical shift of these five peaks show the same
approximate spectral distribution as those found in this work, although the third
potential IP5 peaks obscured by the IP6 peak at 4.37ppm (Table 2.1). Whilst the sum
integral of these IP5 peaks is approximately equal to 10% of the sum of IP6 peaks in the
0.5mM phytate spectrum, these IP5 peaks are not detected in the 0.05mM and
0.005mM dilutions (Figur@.2). This IP5 contamination may be present in the original
standard, as the phytate originates from rice, but could also originate due to
degradation of the IP6 in the alkaline sample necessaryfmMMR analysi€Cade
Menun & Liu, 2014)

This result highlights an inherent issue with the detection of IFSNMR, which is the

low sendiivity of NMR as an analytical technique. The main reason for this low sensitivity
is that the ratio of nuclei in the sample at the grounded energy level is almost equal to
those in the higher energy state (see Section 1.3.4). In NMR, only the differetnwoedn

these two nuclei populations is detected, meaning that to gain a greater signal, a greater
number of nuclei (or higher analyte concentration) is requif@@mes, 1998; Doolette &
Smernik, 2011)

The poor sensitivity of NMR is overcome in the study of environmental samples-by pre
concentrating samples, via lyophilisation and resuspension of soil extrat#8 MMR
analysis of soil fCadeMenun & Liu, 2014)in soils with appreciable concentrations of
phytate, this method is usually sufficient for quantitative analysis. However,hier t

analysis of soils with low concentrations of phytate, or quantification of partially

Table 2.1 Chemical shift (ppm) of IP6 and IP5 peaks measured by Watson et al., (2019),
measured in this study

IP6 IP5
Watsonet al, 2019 5.55 4.64 4.28 4.15 501 454 428 394 3.83
This study 563 473 437 424 508 4.63 - 4.04 3.90
Difference +0.08 +0.09 +0.09 +0.09 +0.07 +0.09 - +0.1 +0.07
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dephosphorylated phytate such asyo-inositol pentakisphosphate (IP5), which may be
present in low concentration$!P NMR lacks sufficient sensitivity for quantifioati

2.4.2 ESToFMS of Phytate (Sodium phytate and Potassium phytate)

0.5mM sodium phytate was then analysed by-E&FMS (Figure 2.3). Compiled as a
mean spectrum of 100 individual scans, the spectrum revealed a complex mixture of
ions, withpeaks present for both singly B} and doubly [M2HF charged anions o

range of IPs with varying degrees of dephosphorylation, as well as numerous peaks for
each IP that represent ieadduct formation with one or more sodium cations. The

major peakghat were identified for 0.5mM sodium phytate are presented in Table 2.2.

The spectrum generated contained substantial amounts of ions at m/z values that would

be expected for the multigl dephosphorylated phytate subsidiaries (F&), which

indicates wo potential issues: contamination of the phytate standard with these lower
Ay2ariG2f LIK2aLKIGSaTa2dNO6KSF N2 QOEYNB Y Qg y @
ionisation conditions in ESI lead to the loss of phosphates\Rffoups producing

fragment ions inhe mass spectrum with coincidental m/z ratios with those of true lower

inositol phosphates; and these possibilities are not mutually exclusive. FrorftRhe

NMR data, it was found that there is likely to be a small but notable contamination of

the sodiumphytate standard with IP5. In the absence of fragmentation, this would be
expected to be reflected in the mass spectrum by the presence of a small amount of IP5
alongside a dominance of IP6 ions. However, this spectrum shows a dominance of IP4

and IP5 ionswith smaller representation of IP6 ions and IP3 ions (Figure 2.3). This
suggests that either the contamination of the sodium phytate standard is massively
underrepresented by thé’P NMR spectrum, which is unlikely due to the dominant
presence of the foucharacteristic peaks of IP6 in the spectrum (Figure 2.2), or that

during the electrospray ionisation process, the high charge state of the phytate molecule

Ol dzaSa AlQa RAA&A20AIFI0GA2Yy Ay GKS 3AFa LKIFAS
moieties [MxHPQ-H] (Mcintyre et al., 2017)Additionally, there are also peaks present

in the mass spectrum thandicate the loss of water from the ion MHPQ-yH.O-HJ,

which is a common occurrence in the 48 analysis of organic compounds in negative
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Table2.2: Peak identities for the mass spectrum of 0.5mM sodium phytate

(Figures 2.3 & 2.7)

Peak m/z lon Identity

1 328.9486 [M-2HF IP6

2 339.9397 [M-3H+Naf IP6 + Na

3 350.9394 [M-4H+2N&} IP6 + 2Na

4 361.9310 [M-5H+3N& IP6 + 3Na

5 372.9232 [M-6H+4N&} IP6 + 4Na

6 400.9785  [M-3HPG-H.O-HJ IP3-H0

7 418.9928 [M-3HPQG-HJ IP3

8 422.9688 [M-3HPGQG-H.O-2H+Na] IP3-H0 + Na
9 440.9780 [M-3HPQ-2H+Na] IP3 + Na

10 4449460 [M-3HPGQG-H.O-3H+2N4d] IP3- H:O + 2Na
11 462.9605 [M-3HPQG-3H+2Na] IP3 + 2Na

12 480.9583 [M-2HPG-H.O-HJ IP4- H,O

13 498.9670  [M-2HPQG-HJ IP4

14 502.9420 [M-2HPQ-H,O-2H+Na] IP4- HO + Na
15 520.9545 [M-2HPQ-2H+Na] IP4 + Na

16 524.9257 [M-2HPQ-H,O-3H+2Na] IP4- HO + 2Na
17 542.9369 [M-2HPQ-3H+2N4] IP4 + 2Na

18 564.9160 [M-2HPQ-4H+3N4q] IP4 + 3Na

19 578.9441  [M-HPQ-HT IP5

20 600.9253 [M-HPQ-2H+Na] IP5 + Na

21 622.9120 [M-HPQ-3H+2Na] IP5 + 2Na

22 644.8939 [M-HPQ-4H+3Na] IP5 + 3Na

23 658.9102  [M-HJ IP6

24 666.8840 [M-HPQ-5H+4Na] IP5 + 4Na

25 680.8964 [M-2H+Na] IP6 + Na

26 702.8839  [M-3H+2Na] IP6 + 2Na

27 724.8673  [M-4H+3Na] IP6 + 3Na

28 746.8546  [M-5H+4Na] IP6 + 4Na

29 768.8428 [M-6H+5Na] IP6 + 5Na

mode (Lu et al., 2013)and was also a feature of the phytate spectrum produced by

Mcintyre et al., (2017)

To compare the fragmentation pattern of phytate in an alternative salt form, a mean

spectrum was compiled of 0.5mM potassium phytate under the same ionisation

LJ NI YSGSNA

0 CA 3dzNB
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of separae peaks, the fragmentation of potassium phytate seems to be more severe

than that of sodium phytate under the same conditions. The major spectral peaks are

identified in Table 2.3. Neither IP6 nor IP5 were detected in the potassium phytate

spectrum. Togdter, IP3 and its respective potassium adducts made up the dominant

fraction of ions, with peaks detected for IP4, IP2 and even IP1. The difference in severity
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Table 2.3Peak identities for the mass spectrum of 0.5mM potassium phyte
at 3.1kV source voltagéigure 2.4)

Peak m/z lon Identity
a 259.0424  [M-5HPQG-H} IP1

b 296.9986 [M-5HPQ-2H+K] IP1+K
c 321.0001  [M-4HPQ-H.O-HT IP2- H,O
d 339.0129  [M-4HPQ-HT IP2

e 358.9579  [M-4HPQ-H,O-2H+K] IP2-HO + K
f 376.9720 [M-4HPQ-2H+K] IP2 + K
g 396.9245 [M-4HPQ-H,O-3H+2K] IP2-H0O + 2K
h 4149311 [M-4HPQG-3H+2K] IP2 + 2K
i 418.9839 [M-3HPG-HT IP3

] 456.9471 [M-3HPQG-2H+K] IP3 + K
k 494.9008 [M-3HPQG-3H+2K] IP3 + 2K
I 498.9573  [M-2HPQG-HT IP4

m 532.8629 [M-3HPQ@-4H+3K] IP3 + 3K
n 536.9197 [M-2HPQ-2H+K] IP4 + K
0 570.8250 [M-3HPQ-5H+4K] IP3 + 4K
p 574.8781 [M-2HPQ-3H+2K] IP4 + 2K
q 612.8434  [M-2HP@-4H+3K] IP4 + 3K
r 650.7947  [M-2HPQ@-5H+4K] IP4 + 4K
S 688.7606 [M-2HPQ@-6H+5K] IP4 + 5K
t 726.7175 [M-2HPQ-7H+6K] IP4 + 6K

of fragmentation indicates that the salt environment of the phytate solution influences

phytate fragmentation patterns in source.

Little work has focused on the direct analysis of phytate by mass spectrometry with
electrospray ionisation. The first work hote the unusual behaviour of phytate in this
analysis was that aCooper et al., (2006who described the presence of HE25 and a
number of sodium adducts in the spectrum of a solution purportedly containing a
mixture of only IP6 and IP1. More recentMcintyre et al., (20173imilarly identified
numerous dephosphorylated esters of IP6 withieittphytate standard when analysed

by high resolution ESI mass spectrometry. To rule out contamination, they purified their
standard by collecting a pure IP6 fraction from an anion exchange column separation,
confirming the occurrence of isource fragmerdtion in ESI with the continued
appearance of these peaks at coincidental m/z ratios in the mass spectrum of the

purified sample.
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The dissociation of phosphate groups during ESI has been studied previously in
phosphorylated peptidetEdelsorAverbukh et al., @06; Palumbo et al., 2011; Banerjee

& Mazumdar, 2012and polyphosphate$¢Choi et al., 2000EdelsorAverbukh et al.,
(2006)proposed a mechanism to explain theanirrence of phosphate fragmentation in
negative mode electrospray ionisation. This mechanism has been adapted in Figure 2.5
to explain the dissociation of phosphate groups from phytate, to produce an ion with
coincidental m/z with the IP5 product of IP6aymatic hydrolysis. Under the conditions

of ionisation and collision in the gas phase, a phosphate group can become doubly
deprotonated to produce a phosphate moiety with a double negative charg2Hipt.
Electrons migrate from one oxygen to produce aible bond, with the phosphoester
(GO-P) bond breaking between-P to yield two singkgharged fragment ionfM-2H

(PQ)] and [PQ]". As phytate is mulphosphorylated, this process can happen within
multiple phosphate groups, to yield fragment ichat have coincidental m/z ratios with

ions of the various partially hydrolysed lower inositol phosphates. The conditions that
produce this double deprotonation are likely influenced by numerous factors including
the charge supplied to the aerosol dropletsthe source, which is dependent on the
source voltage at the capillary, the concentration of the analyte (i.e the number of
Y2f SOdzA Sa (KId WakKlI NBQ (GKS OKINBS 2F (UKS
voltage, which can control the internahergy of ions, and the occurrence of collisions

in the gas phase.
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Figure 2.5:Mechanism for the fragmentation of phytate, adapted from the mechani
proposed by EdelseAverbukh et al., (2006) for the fragmentation of phosphorylat
peptides. The doubly deprotonated phosphate group of phytate produced in the ion sc
decomposesd form complementary fragments [MH-(PQ)] and [PQ] via the shift of an
electron pair.
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2.4.3 The effect of concentration and source voltage on fragmentation patterns

In order to optimise the analysis and attempt to minimise or eliminate the occurrence
of fragmentation, the wltage at the orifice of the metal capillary at the inlet stage of ESI,
known as the source voltage, was varied, and the mean intensity of ions over 100 scans
was measured at each level (Figure 2.6 A). The data is also presented as the intensity of
the molecular ion and its fragment ions relative to the most abundant (Figure 2.6 B). At
the 0.5mM concentration, a clear trend can be seen for decreasing signal intensity of
IP3 and IP4, whereas IP5 intensity remains stable, decreasing only slightly between
2.7kV and-3.3kV (Figure 2.6 A). IP6 became detectable2atkV, increasing to a
maximum at2.3kV and remained relatively unchanged before decreasing betwz@n

and -3.3kV. In terms of relative intensities, which provides an idea of the degree of
fragmentation occurring in ionised analyte, the overall trend is for decreasing
proportions of IP3, accompanied by increasing proportions of IP5 and IP6 with
increasingly negative source voltage. The degree of fragmentation is lowektlRY,

which has the greaist proportion of both IP6 and IP5 (Figure 2.6 B).

This analysis was repeated at dilutions of 0.05mM and 0.005mM phytate to assess
whether the fragmentation pattern is affected by analyte concentration. The pattern at
0.05mM phytate was much the same ag tmore concentrated phytate, with an overall
dominance of IP3 and IP4 at less negative source voltages. Their intensities decreased
with increasingly negative source voltage, whilst IP5 and IP6 increased slightly (Figure
2.6 C). In relative terms, the imtsity of IP3 decreased with increasingly negative source
voltage, whilst that of IP5 and IP6 increased (Figure 2.6 D). However, in the lowest
concentration analysed, 0.005mM phytate, absolute intensity of all ions was stable
between-1.5kV and2.1kV, afte which the intensity of all ions began to increase (Figure
2.6 E). The spectra were dominated by IP3 and 1P4 up-8ritkV, at which point there

was a sharp drop in intensity of both. Despite the difference in the pattern of absolute
ion intensity, thepattern of relative ion intensity is remarkably similar to those of the
greater concentrations, with the dominance of IP3 at less negative voltages replaced by
dominance of IP4, and accompanied by increased proportions of both IP5 and IP6 (Figure

2.6 F).
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This analysis showed that the fragmentation pattern of phytate follows approximately
the same pattern regardless of the concentration of analyte. At less negative source
voltages, the degree of fragmentation is greatest, with an abundance of IP3 ant#héP4. T
severity of fragmentation decreases when increasingly negative voltage is applied to the
capillary, with IP3 levels decreasing, and levels of IP5 and IP6 increasing. However, at
higher analyte concentrations, this increase in negative voltage is accoetphy an

overall decrease in ionisation efficiency, with the intensity of all detected ions
decreasing. This is reversed in the lower concentration, with ionisation efficiency

increasing betweenr2.1kV and2.9kV.

Mcintyre et al., (2017provided the first detailed study of the occurrence ofsource
phytate fragmentation during electrospray ionisation. In their study, source voltage was
similarly varied, and it was found that the degree of fragmentation increased at more
negative source voltage betweefh.6 and-3.6kV, with a fall in the relative abundance

of the IP6 ion accompanied by an increase in fragment ions with coincidental m/z ratios
with IP5 and IP4. Their results contrast the findings of the present study, where
fragmentation was instead found to decrease with more negative source voltage. This
suggets that phytate fragmentation patterns in ESI are not easily predicted with regards
to the source voltage, and are affected by potentially multiple additional factors that
might include the carrier solvent, salt species and concentrations, and instrumental

variations.
2.4.4 Cone Voltage

The sampling cone is the orifice which a portion of the gaseous ionised analyte passes
through into the mass analys@fenn et al., 1989)The cone voltage is the difference in
electrical potential between the sampling cone and the extraction cone, and can be used
to control the internal energy of the gaseous iof¥&an et al., 2003)The potential
difference is necessary in order to direct ions into the detector vacuum to achieve
sufficient ion transport to the detector. However, high cone voltage can induce
significant insource fragmentation as it increasdise internal energy of the ions,
resulting in an increase in energetic collisions with neutral molecules in the nitrogen

carrier gagYan et al., 2003; Waters, 2015)
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In the previous assessment thfe effect of source voltage and analyte concentration,
cone voltage was set relatively low by default to 30V in order to maintain the flow of
ions from the ion source to the vacuum of the mass analyser whilst minimising the
potential for energetic collisns. To assess whether the fragmentation of phytate could
be improved by reducing the cone voltage, the-ESFMS analysis of 0.5mM sodium
phytate was repeated over a range of source voltages, with cone voltage reduced from
30V to 20V (Figure 2.7 A). Rawas not collected at a cone voltage of 10V as there was
a large drop in sensitivity. Interestingly, a similar pattern of increased fragmentation at
less negative source voltages was observed, but the severity of the fragmentation was
greatly reduced, wh IP6 present in the spectra even at the lowest applied source
voltage. A sharp proportional increase in IP6 was found betwe®&kV and2.1kV, with

IP6 becoming the most abundant ion in the spectrum (Figure 2.7 B). The proportional
prevalence of IP4 antP3 simultaneously fell frorl.5kV to-2.9kV, followed by an
increase. At this cone voltage, the optimal source voltage was found 2.9kV as the
proportional abundance of both IP3 and IP4 was lowest relative to IP6. The mass
spectrum for 20V cone Wtage and-2.9kV source voltage is presented in Figure 2.8, with
major peaks listed in Table 2.2. This was the optimal source voltage when a cone voltage
of 20V was used, and in this spectrum the IP6 ion and its sodium adducts are present as
predominantlydoubly deprotonated ions [MHF-, whereas fragment ions are singly
charged (egIM-2H(PQ@)]). Cooper et al., (2006)riginally identified cone voltagas a
significant factor affecting phytate fragmentation. In their study, a mixture of each
inositol phosphate (IRIP6) was analysed at a low cone voltage of 20V, and a high
voltage of 60V. At 60V, they found that all IPs were fragmented to a signifiggerite

but at 20V, the overall intensity of ions was increased, with a pattern of increasing
fragmentation with greater phosphorylation. Although the present optimisation was
only performed on fully phosphorylated phytate rather than a mixture of IPs, the
reduction of cone voltage in this analysis has reduced the occurrence of phytate
fragmentation, yielding a much greater proportion of the IP6 molecular ion than at 30V.
This result is logical, as a reduction in cone voltage reduces the internal eneomg of i

as they are propelled into the cone orifice, reducing the collision energy between ions

and carrier gas moleculé¥an et al., 2003)
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Overall, these results shows that the fragmentation of phytate in electrospray ionisation
is affected by both source voltage and cone voltage, with the greatest reduction in
fragmentation achieved by reducing thermvoltage, thus reducing the frequency of
dissociative collisions within the gas phase between charged ions and the nitrogen
carrier gas. The differences observed between this work and thiiadhtyre et al.,
(2017)for the effect of source voltage, ardooper et al., (2006pr the effect of cone
voltage, suggest that the fragmentation of phytatehighly variable and may be a
function of many emergent factors unique to each experiment and the apparatus

employed for its analysis.

At both the optimal cone voltage and source voltage identified in this system, whilst it
was not possible to eliminategggmentation, it was possible to dramatically reduce it.
However, the continued presence of fragment ions that have coincidental m/z ratios
with true hydrolysed inositol phosphates means that their quantitative measurement in
solution is unlikely to be addved by ESToFMS without their prior chromatographic

separation and purification.

2.4.5 Application of ESToFMS to the analysis of the enzymatic dephosphorylation of
phytate

An objective of this chapter was to test the ability of -E8FMS to analysethe
dephosphorylation of phytate in redgiime as true dephosphorylated IPs are generated
by enzymatic hydrolysis. An analytical process was designed in which the molecular
composition of the reaction between 0.5mM sodium phytate and 2FTt phiytase
enzyme could be analysed in retine. Upon addition of phytate to the phytase
solution, the reaction mixture was drawn into the internal syringe of the mass
spectrometer and was pumped continuously into the ESI source for mass spectrometric
analysis. There vgaa small amount of datp-day variation in optimisation settings, so
minor optimisation procedures were carried out prior to each analysis. With the cone
voltage set to 20V, a slightly more negative source voltage3dikV was found to
produce the leasfragmentation on the day of the reaction, so was used for each
analysis. A total of three 2@inute replicate reactions were run, amassing a total of

1320 scans for each, and from the resulting data set a mean trace for each IP was
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calculated by summing the peaks for each along with their respestdium adducts

over each scan. The data from sets of ten consecutive scans were then averaged to
increase signal:noise ratios. A composite figure tracing the abundance of each IP over
time was then produced by calculating an average from the three @@ (Figure 2.9).
Standard error of the mean is presented separately for each IP in Figure 2.10. As much
of the reaction occurs within the first two minutes of analysis, the reaction is presented
on a log2 time scale for clarity. Due to the time takentfer reaction solution to reach

the ESI source, and the initial very low signal:noise upon initial ionisation, the reaction

is presented from 0.7 minutes (42 seconds).

Figure 2.9 shows the pattern of dephosphorylation of phytate measured irtinealby
ESIToFMS. Initially IP6 is the most prevalent ion in solution, along with substantial
amounts of IP5 and IP4. Levels of IP6 and IP5 fall rapidly within the first 90 seconds of
the reaction, accompanied by a rise in IP4 and IP3 to peaks at 1.14 minuted-(68s)

this peak, IP4 falls to near zero by approximately 6 minutes. IP3 levels also fall, but at a
slower rate than IP4 until IP4 levels are low at 4 minutes, at which point the rate of IP3
decline increases until it reaches nezaro at 8 minutes. IP2\els remain stable from

the beginning of the reaction, beginning to steadily rise as IP3 levels fall from 3 minutes,
reaching a peak at approximately 9 minutes. IP1 levels remain-zezar until
approximately 8 minutes when IP2 is the predominant IP remgim the reaction. IP1
becomes the predominant IP in the reaction at approximately 13 minutes. IP2 levels
continue to fall over the remainder of the analysis time, but IP2 is still present in solution

at 22 minutes.

This analysis provides valuable gualite information about the reaction, highlighting
that the rate of dephosphorylation by the phytase enzyme is initially rapid for IP6 and
IP5, but decreases for each of the remaining IPs, with a likely final product of IP1. No
evidence was found for thexestence of fully dephosphorylatedyo-inositol (IPO) in the
spectra. However, a quantitative interpretation of the reaction from this figure may be
misleading, owing to the fragmentation of IP6 at the beginning of the reaction. As the
fragment ions produed by the dissociation of [RPhave a coincidental m/z ratio with

the true products of enzymatic hydrolysis, it is not possible to distinguish between the

two, and therefore it is not possible to account for the proportion of each IP trace that
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is generated by #source fragmentation. Furthermore, there is a distinct decrease in the
overall ion intensity throughout the reaction, which could be interpreted as lower
concentrations of the lower IPs than the initial IPs at the beginning of the oeacti
However, as the initial reaction solution taken into the internal syringe pump is a fixed
volume and the infusion rate is constant throughout, there should be no change in the
total ion intensity throughout the reaction, despite changes in the compwsiof the

reaction mixture. This suggests that the ionisation efficiency within ESI declines as IPs
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become increasingly dephosphorylated. Each dephosphorylated IP is likely to be
optimally ionised at different source voltages, so within the optimised treac
conditions of 3.1kV source voltage and 20V cone voltage, the ionisation efficiency of IP6
and IP5 is high, but this decreases with each further dephosphorylation as the conditions
are suboptimal for ionisation of the different IPs. The consequencéhi is that the

analytical conditions are not optimal for the quantification of all IPs in a single analysis.
2.5 Conclusions

In this chapter, it was demonstrated that the sensitivity and resolutiofR®NMR is not
sufficient for the determination ophytate or its dephosphorylated esters when they
are present at low concentrations. EBRIFMS is able to resolve phytate and all of its
dephosphorylated esters, even at low concentrations. However, a significant amount of
in-source fragmentation of phytat was encountered during electrospray ionisation,
which produced a spectrum with fragment ions that have coincidental m/z ratios with
lower IPs. This fragmentation could be reduced by reducing cone voltage, and increasing
source voltage, but could not bdiminated. Via the generation of lower IPs by the
enzymatic dephosphorylation of phytate, it was shown that it is not possible to quantify
all IPs in a mixture, for two reasons. Firstly, there is no way to determine the amount of
lower IP esters that arerpsent in a sample as it is not possible to determine the
proportion of that signal that has been erroneously generated by fragmentation.
Secondly, the ionisation efficiency of each IP ester seems to vary, demonstrated by the

successive loss of ion intetysthrough the reaction.

This evidence suggests that the simultaneous quantification of all IP esters within a
single sample is not possible by E8FMS. A potential alternative approach would be

to separate the esters chromatographically, prior to d#ien by ESToFMS. If
complete separation was achieved, then any peaks occurring within the spectra at
coincidentalm/z ratios with lower IPs could be confirmed as fragment ions. In a recent
paper, Mcintyre et al., (2019)described the development of a method for the
quantification of phytate in manure and soil samples. They achieved separation of IP6
from IP5 and contaminants within the extractant solution by ion chromatography, and

analysed eluate for the IP6 peak by ESI high resolution mass spectrometry.
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Quantification of phytate by this method was well correlated with result$'ByNMR

but achieved anuchrimproved limit of detection, at 0.7mg Rgompared to >10mg kg

1 by 3P NMR. This paper also suggests that chromatographic separation prior to IP
analysis is necessary for the removal of contaminants from the extracts samples that
interfere with ESI. However, the above work does not attempt to quantify lomgesitol
phosphdes, and they are not identified in the chromatographic separation. In order to
successfully quantify lower IPs, a method that achieved clear separation of each IP
would be necessary, and further, the ionisation conditions within the mass

spectrometer woull need to be optimised separately for each fraction.

For these reasons, it was concluded that quantitative analysis of lower IPs is unlikely to
be achievable in the complex environmensamples that are to be analysed in this
thesis. Building upon a successful method developed within the lab for the analysis of P
compounds in so{lRobertson, 2018%P NMR will be used for the analyses undertaken

in subsequent chapters. Despite the recognised limitation§'BfNMR, it remains the
most powerful technique for the analysis of phytate and other organic phosphates in
environmental samples, and using this method, the results generated will be

comparable wih the majority of work in the wider field.
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3: Analysis of phytate through an advanced
anaerobic sludge treatment process

3.1 Summary

Like other monogastric animals, humans lack the production of endogenous phytase
enzymes in our guts, meaning that we areable to efficiently digest the phytate found

in grains in our diets. Therefore, there is likely to be a high concentration of phytate
entering the sludge treatment process in human excreta. Nearly 80% of digested sludge
in the UK is spread on arable tgrwhich returns valuable nutrients and organic matter

to the soil. However, plants can only absétin its inorganic orthophosphate form, and
there is evidence to suggest that due to the high charge density of phytate, it can
become strongly adsorbed the soil and preferentially accumulates as it is afforded a
level of protection from microbial degradation. If phytate is abundant in the digested
sludge that is applied to land, this would therefore represent a potential waste of

valuable phytateP.

Few studies have analysed the behaviour of phytate through the sludge treatment
process, and there is conflicting evidence regarding the survival of P other than
orthophosphate in anaerobic digestion. In this chapter, sludge samples from five stages
throughout an advanced anaerobic sludge treatment process are analysed foPotal

orthophosphate and phytate by both colorimetric methods, and solutithNMR.

Total P concentration is found to increase through the process, reaching its greatest
concentration following anaerobic digestion. Sludges are dominated by orthophosphate
throughout, making up approximately 80% of extractaBlePhytate is found to be
present insludge, but at a relatively low proportion of approximately 4.5%. However,
phytate does persist through the various stages of the treatment process, and is present

in the final product, cake, which is spread to land.
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3.2 Introduction

Global phosphate f#ilizer demand for 2019 is forecast to stand at 45 million tonnes,
with demand increasing annually by 2.2% between 2015 and @00, 2017)With the

finite nature of phosphate rock sources widely recognised, and the possibility of a peak
in phosphate production forecast within the next centordell & White, 2014t is
essential for future global food production thalternative sources d?can be identified

and adopted.

Municipal wastewater streams provide one such opportunity for resource recovery and
reuse. Wastewater is rich iR, with an average typical P load of 2§ per person
entering the wastewater str@m daily in Europe via inputs from human excreta, food
residues and industrial outpui&gleet al,, 2015) The primary purpose of wastewater
treatment is the removal of contaminants to produce water clean enough to be
discharged to watercourses, whilst safeguarding both human and environmental health
(DERA, 2012)This translates to a wide variety of processes that are designed to remove
organic matter, pathogens, nutrients, chemicals and metals that are detrimental to both
humans and the natural environme@ppels et al., 2008)The impacts of untreated
wastewater entering the environment can range from hypoxia/anoxia and
eutrophication ¢ waterways due to the aerobic break down of organic matter and
unnaturally elevated levels of nitrogen arlg through to health risks posed by
pathogens such agscherichia coliln many countries a secondary purpose to
wastewater treatment is evolving,sait is now commonly seen as a key intervention

point for the recovery and recycling of valuable nutrient resources.
3.2.1 Wastewater treatment in the UK

A simplified wastewater treatment is depicted in Figure 3.1. The process begins with the
inflow of raw wastewater from industry and households to a wastewater treatment
plant (WWTP). Wastewater at the inlet stage is first screened for large debris that wou
not be readily degraded in the process, and sand and grit is settled out. Water then
moves to primary settlement, in which organic solids sink to form a sludge layer and fats
and oils float to the top. The middle layer of sewage water is then siphoffeid @

secondary treatment stage. Secondary treatment effectively carries out the natural
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aerobic breakdown of organic matter and contaminants in an artificially aerated and
controlled process, rather than in water bodies where it may contribute to hypoxia and
eutrophication. Organic debris settles out at this stage, aftbich the treated water is
generally considered acceptable and is returned to a water H&@frardi, 2003)In

some instances, tertiary treatments are required, particularly in waste streams with
specific pollutants, or if the effluent is to be discharged into an environment that is
particularly sensitive. A consequence of both primary and secondary water treatment is
the generation of large volumes of residual organic matter, or sewage sludge. Before
the introduction of the EU Urban Waste Water Treatment Directive in January 1999,
much of the sludge produced in the UK was dumped at sea, or sent to landfill (Table 3.1),
but since 1999, sea disposal has ceased, landfill rates have decreased and the reuse of
sludge by agriculture has increased from 440,000 tonnes per year in 19921&d00
tonnes per year in 201(DEFRA, 2012)

Sludge generated by primary and secondary wastewater treatment is generally treated
prior to its use in agriculture to reduce its volume and create a product that is free of
pathogens such &s. colandSalmonellaspp. In the UK, sludge treatment predorairly
involves anaerobic digestion, with 73% of sludge currently treated in this way.
Alternative aerobic techniques include composting, thermal drying, or lime stabilisation,
in which lime (CaO) is added to liquid sludge to produce an exothermic readtich

both dries and pasteurises the slud@aynes et al., 2009)

Table 31: UK sewage sludge disposal 198210 (tonnes dry solids; from DEFRA, 2012)

Disposal| Sludge Sludge Reuse Sludge Disposal Total
Route | to Sea

Agriculture Other Landfill Incineration Other

1992 281,588 440,137 32,100 129,748 89,800 24,300 997,673
2008 - 1,241,639 90,845 10,882 185,890 1,523 1,530,779
2010 - 1,118,159 23,385 8,787 259,642 2,863 1,412,836

3.2.2 Anaerobic digestin (AD) of sludge

AD is seen as an optimal treatment technique for sludge due to its ability to transform
organic matter into methaneich biogas, simultaneously reducing the volume of
biosolids by 3&b0%, destroying pathogens and reducing the environmiemtad
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operational costs of sludge dispog@ebreeyessus & Jenicek, 2018Bpgas can be used
to fulfil the energy requiremets of the process, and in larger plants can also contribute

to national energy suppli€®ppdset al.,, 2008)

Sludges from primary and secondary settlement are often combined before being
dewatered, with the excess separated water returned to the inlet stage of the treatment
process (Figure 3.1). AD requires tightly controlled anaerobic tonsliand depends

on a complex and delicate association between certain groups of microorganisms to
convert organic matter into GGand CH (Gerardi, 2003)The AD process begins with
the hydrolysis of insoluble organic material and high molecular weight lipids, proteins,
polysacchades and nucleic acids into soluble constituents, which are further degraded
by acidogenic bacteria to produce volatile acids and alcohols, ammoniand®4S.
Organic acids and alcohols produced at this stage are then subject to acetogenesis,
producing acetic acid, as well as €¢@nd H. The final stage, methanogenesis, is
performed by two groups of methanogenic bacteria, producing methane either by the

splitting of acetate, or the reduction of GOy H (Appelset al., 2008; Gerardi, 2003)

AD can be operated at both mesophilic temperatures-388C) or thermophilic
temperatures (5667°C), wih mesophilic AD most commonly usé@erardi, 2003;
Appelset al.,, 2008) Thermophilic AD is a quicker process than medmpiigestion due

to increased rates of reaction and produces fewer solid outputs and greater destruction
of pathogens. However, as well as a greater energy requirement, it has a greater
potential for odour production, produces a poor quality supernatanthwhigher
dissolved solids, and is a much less stable process, with thermophilic bacteria much
more sensitive to fluctuations in temperature than mesophilic bactédippelset al.,

2008) Despite the clear advantages presented by AD, there are some drawbacks to the
process that can include insufficient decomposition of sludge, long retertiioas
necessitating the use of large volume tanks, the vulnerability of the process to changes
to conditions and inhibitors, impurities in the biogas produced, and the increased
concentration of indigestible products in the final digestate (heavy metatijstrial
organics, pharmaceuticals) due to the reduced volume of the digeg¢fgipelset al.,

2008)
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3.2.3 Sludge préreatment

Hydrolysis of the influent is commonly recognised as the-liatéing step in AQLI &

Noike, 1992; Vaviliat al., 2008. During hydrolysis, cell walls are broken down to release
organic constituents for acidogenesis, but cells are relatively unfavourable substrates
for microbial degradation and are slowly degrad@ppelset al., 2008) In order to
reduce AD solid retention times and increase the conversion of organic solids to
methane, many processes are2ndA y 31 (2 WI RGFYyOSRQ !5 gKAOK
pre-treatment of the AD influent to hydrolyse cellular structures within the sludge,
effectively bypassing the ratiémiting hydrolysis steggFigure 3.1; Carreret al., 2010;
Appelset al., 2008) Many different forms of préreatment exist, and include biological,
mechanical, chemical and thermal processes that aim to enhance the hydrolysis process
to compkement AD. Of these processes, thermal hydrolysis is favoured due to its
efficiency in sludge solubilisation and the resulting improvement of methane yield
(Bougrieret al., 2008; Kinet al., 2003) and it has since become widely used, with many
commercial thermal hydrolysis plants (THPs) currently in operation in the UK, including
Cambi THPKeppet al., 2000)and BioTHELY& Veolia Water Technologies, 201@)ich

claims to produce 380% more biogas and Z5% less dry solid waste than
conventional digestionTreatment temperatures of between 16080°C are maintained

by hot steam injection over a period of B0 minutes under pressures ranging from
600-2500kP&Carrereet al., 2010; Bougrieet al., 2008)and these conditions have the

additional advantage of effectively pasteung sludge prior to AD.
3.2.4 Sludge phosphorus recovery and reuse

Municipal wastewater in central Europe contains a P load that could, if fully recovered
and recycled, replace 480% of the annually applied roghosphate derived P
fertilizers(Egleet al., 2016) Many technologies exist for P recovery, but these are often
targeted at different Rcontaining flows (i.e effluent, anaerobic digester supernatant,
digested sludge, and ash from incinerated sludge), and various treatmentsvargéa

in different countries according to policy and regulations.

Anaerobically digested sewage sludge contains high levels of P and other nutrients.

Various techniques are used to deal with the large amounts of sludge produced
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depending on the prioritie of the plant and government regulations. Some WWTPs opt
for incineration, which yields further energy while destroying all pathogens and organic
matter, greatly reducing the mass of the end product. However, P contained in sewage
sludge ash is poorly aNable for uptake by plants and must be processed much in the
same way as phosphate rock ore, but can yield a high quality P fertiliser with the added
advantage of low heavy metal content once it has been proce@sgt: et al., 2015)
Alternatively, sewage sludge can be directly applied to agricultural landrewihas
incorporated into the soil to provide nutrients and organic matter that can have positive
benefits for soil health. In the UK, since the ban on dumping of sludge at sea, and
discouragement of landfill disposal, this has become the most populée fousewage
sludge disposal (Table 3DEFRA, 2012 owever, despiteits widespread use in the

UK, theapplication of sludge to agricultural land is strictly controlled according to the
My d 'Y WAYIZRINAOUWA 8 dzNBOQ NBIdzA FGA2yas
guidance in order to ensure high standards of food safety and livestock wéR€ et

al., 2001) For example, it is stated that untreatedudge must not be spread on
agricultural land used for food production. Treated sludge can be applied to land
growing cereal crops, and may be spread on land growing vegetable crops, provided that
12 months has elapsed between sludge application and har#es salads that are
eaten raw, this elapsed time is extended to 30 months. Furthermore, treated sludge may
not be spread on grazed grassland, but may be used provided that it is injected deep

into the soil at a minimum of three weeks prior to graz{B@RC et al., 2001)

The fate of P compounds in digested sludge is likely dependent on many factors,
including the source of the wastewater (domestic/agricultural/industrial), digestion
processes, and subsequent P recovery treatments. PhRateakes up the majority of

P in gain, and is therefore abundant in human di¢Raboy, 2003)However, phytate
cannot be directly absorbed and is not efficiently digested in the human gut, so a
significant proportion passes through into excreta, witbung et al., (200#eporting
faecal phytateP concentations between 4 11mg g', equivalent to 2464% of faecal
phosphorus. This leads to the assumption that phytate should therefore be abundant in

sludge, comprising a significant fraction of the total P in untreated sewage solids.
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The fact that some papsrhave noted the persistence of phytate in the sludge effluent
after AD(Smith et al., 2006; Annaheim et al., 20ib)mportant when considering that
this sludge is often applied to agricultural soils. Phyfatis not available for uptake by
plants wthout prior dephosphorylation by phytase enzymes, but its high charge density
means that it can become rapidly immobilised in soil via the formation of insoluble
precipitates with metal cations, or interaction with the organic and clay fract{@iles

et al., 2011) This means that if phytate survives thwastewater treatment process
intact and in abundance, a significant fraction of sludge P could be lost to the sail,
potentially accumulating rather than being bioavailable for crops as would be intended.
However, a recent paper observed the mineralisatiball orthophosphate monoesters
during anaerobic digestion, with inorganic orthophosphate the only P compound
present in®P NMR spectra of digested sludge extrdtist al., 2019)Despite phytate

not being specifically measured in this gy it may indicate its mineralisation during
AD. Furthermore, there are currently no papers that have measured phytate
concentrations in WWTP processes that include a modern hydrolytic step. This is
potentially important, as cell lysis could release phgtato the digester solution, where

it would be more bioavailable for microbial degradation in AD, should there be a

resident phytaseproducing microbial population.
3.2.5 Aims and Obijectives

The aim of this chapter thereforavas to confirm the presenceabundance and
persistence of phytate in sludge throughout an advanced anaerobic sludge treatment
process through to the final cake destined for land application. Sludge total phosphorus
concentration (P, and concentrations and proportions of orthophospd® and
phytate-P in sludge extractsere measured at five consecutive stages in the treatment
process. Solutiod'P NMRwasused to measure orthophosphate and phytateP, and
datawascompared to colorimetric measurements of identical samples using a phytase
enzyme assay in order to assess the suitability of this-depensive and higher

throughput method for future samples.

It was hypothesised that sludger Rould be lowest in the pmary sludge, increasing

with the addition of secondary sludge, and peaking following anaerobic digestion due to
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the inherent reduction in sludge mass. Orthophosphatswexpectede the dominant
P-fraction in all sludges, with phytate making up a smailgrsignificant fraction. There
wasexpected to be good agreement betweélP NMR and colorimetric data, but the
measurement of phytas&abile Pcouldoverestimate phytate due to the broad substrate

specificity of the enzyme.

Phytatewas hypothesized to psist throughout the treatment process due to its lower
bioavailability compared to orthophosphate, with little variation in its concentration and
wasexpected to be present as a small (~10%) fraction of total extractable P in the final

dewatered sludge.
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3.3 Methods

3.3.1 Wastewater treatment plant (WWTP) & Sampling

Sludge samples were obtained from Esholt wastewater treatment plant near Bradford,
UK. A schematic of the Esholt wastewater treatment process with sampling points is
presented in Figure 3.2. The plant is owned and operated by Yorkshire Water Ltd, serving
a population equivalent of 750,000 (350,000 people, and an equivalent of 400,000
designated to industry), and imports both liquid sludge and cake to the site (ratio
imported:indigenous 34:66). The final sludge mixture following addition of secondary
sludgecomprises 70% primary sludge and 30% secondary sludge. The plant handles a
maximum of 82 tonnes of drgolid throughput per day, employing advanced AD with a
BioThelys thermal hydrolysis plant (THP) supplied by Veolia Water Technologies. Within
the THP, sidge is heated to 16® at 6 bar pressure for 20 minutes, prior to introduction

to digesters, in which mesophilic AD is carried out with a solid retention time of 11 days.
There are currently no P removal or recovery techniques employed at the plant,
(Personal communication, Yorkshire Water, 208Widge was sampled on a single day

in March 2019 at five successive points in the treatment process (Figure 3.2). These were
primary sludge (PS), secondary sludge/THP feed (SS), digester feed (DF) digdpted s
(DS), and dewatered cake (CK; Figure 3.2). At each sample point, a single 5L bucket of

sludge was taken, transported to the University of Sheffield and refrigerated until use.
3.3.2 Sample Processing

A summary of the sample preparation and analysmcedures can be found in Figure
3.3. All samples apart from CK were in liquid form and had to be largely dewatered in
the lab. Due to the high solids content of the samples, filtration was not a viable option
for solid separation. Samples were insteadltspto 50mL falcon tubes and centrifuged

at 4,700 xg for 5 minutes. Supernatant was discarded and solid material was removed
and spread into large plastic weighing boats. Solid samples were then left to air dry for
2 days in a fume cupboard. Once dgigples were broken up and ground. The fibrous
and tacky nature of the samples meant that ball miling was not an adequate

homogenisation method. Instead, coarsely ground samples were subsequently frozen
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Air-dried, ground
sludge sample

v

Digested in conc.
H,S04, H;0,

|

Sludge P; measured by

Extracted in 0.25M

NaOH + 0.05M EDTA

molybdate colorimetry

Supernatant
lyophilised

Sample re-ground

v

Extract digested in
conc. H,50,, H,0,

Extract Py measured by
molybdate colorimetry

v

Extract
resuspended in
0.1M acetate buffer
(pH 4.5)

l

Incubated with 10
FTU mL? phytase or
denatured phytase

for 24hr at 37°C

l

Enzyme-labile P measured
by molybdate colorimetry

v

Extract
resuspended in 90%
0.5M NaOH + 0.1M

EDTA, 10% D,0

i

Extract analysed by
solution 3'P NMR

Figure 3.3: A sclematic diagram of the methods used to determine Total

Orthophosphate P and Phytatein sludge and extracts

under liquid nitrogen and homogenised with a pestle & mortar to pass a 2mm sieve.

Homogenised samples were stored in 50mL falcon tube8Gp¥or to use.

For each sampling point, three 1g replicates of each sludge were extracted in 50mL
falcon tubes with 20mL 0.25M NaOH + 0.05M EDTA for 16 hours in aovenend

shaker. Extracted samples were centrifuged for 10 minutes at 4700 x g, and the

supernatant filtered through Whatman No. 1 filter paper into fresh tubes. These were

then frozen at-80°C before lyophilisation with raEdwards Modulyo Freeze Dryer.

Lyophilised extracts were 1ground with a pestle and mortar, weighed, and stored at

5°C.
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3.3.3 Colorimetric Analyses

3.3.3.1 Sludge & Sludge Extract Total P) @Pr of sludge and 0.25M NaOH + 0.05M
EDTA extracts were measured colorimetricadliowinga modified version of theacid
peroxidedigestionprotocol devised byLindner,(1944) Three 20mg replicates of each
dried sludge, and one 20mg replicate of each sludge extract were weigteagaid
washed digest tubes. Samples were then subject to-peidxide digestion anevere
subsequenty measurel for Pr by a modified version of the molybdate blue reaction
(Murphy & Riley, 196250mgy samples were digested in 1mL concentrate8@ifor 30
minutes at 350C under reflux. Tubes were then cooled and 0.2mL 380 &tided to

the tube, which were uncapped and returned to 360 Samples were heated until
vapour production ceased, afterhich they were removed from the heat.® addition

was repeated if necessary, before samples were left open overnight to cool. Digests
were then diluted to 10mL with UHP water, transferred to 15mL falcon tubes and
centrifuged for 5 minutes at 4700 x g-Was measured by the addition of the following

to a 4mL cuvette: 0.5mL digest, 0.2mL 0.1Mscorbic acid, 0.5mL developer
(ammonium molybdate antimony potassium tartrate in 2iy8@), 0.5mL 3.44M NaOH,
and 2.1mL UHP water. Colour was left to develop 40rminutes and absorbance

measured at 882nm on a Cecil CE 1020 spectrophotometer.

3.3.3.2 Colorimetric determination of extract MRP & phytatabile P ¢ A bespoke
method was designeith order to measure extract MRP and phytdabile P based upon
similar enzymatic quantificatiomprocedureg(He et al., 2009; Meneze&lackburn eal.,

2014) 10mg samples of extracted sludge were resuspended in 10mL of 0.1M acetate
buffer (pH 4.5). Each suspension was then split into two 5mL aliquots, to which was
added 1mL of either 10 FTU thhhytase enzyme, or 1mL of 10 FTU'ndenatured
phytase enzyme that had been autoclaved in a Prestige 2100 Benchtop Autoclave with
an 11min hold cycle at 12C at 15 psi, then centrifuged for 5 minutes at 4,509t®
remove precipitated protein. Mixtures were incubated at°G7with shaking for 24
hours, before molybdateeactive P (MRP) was measured by molybdate colorimetry.
Extract Pwas estimated as MRP of the suspension treated with denatured enzyme.
Phytaselabile P was calculated as the difference in MRP between phytasd

denatured phytasdreated suspensions. Each colorimetric sample was measured
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against an identical sample in which colour development was prevented by replacing
100uL 0.1M Eascorbic acid wh 100uL UHP. Absorbance of this blank sample was
subtracted from primary sample absorbance to account for the colour of the

resuspended extract.
3.3.4 Solutior®'P NMR

Solution®'P NMR was carried out according to the method developg®obertson,
(2018) according to the recommendationef CadeMenun & Liu,(2014) for the
guantitative analysi$® compounds irsoil samplesThis method wasdapted for use
with sludge samples containing comparatively higtpRcentrationsand optimisation

of the method was validated with a spikecoveryprocedure.

3.3.4.1 Sample preparatiom For solution3P NMR spectroscopy of 0.25M NaOH +
0.05M EDTA extracts of sewage sludge, 50mg of lyophilised extract was resuspended i
1mL of 1M NaOH + 0.1M EDTA. Due to the high P concentration of sludge extracts, and
viscosity of the concentrated sample, 0.2mL of this resuspension was then added to a
1.5mL Eppendorf tube and diluted to 2mL with 0.7mL 1M NaOH + 0.1M EDTA and 0.1mL
of 4mM methylene diphosphonate (MDP; internal standard) #@for signal lock. Tubes

were vortex mixed and left to settle for 5 minutes, before centrifuging at 9000rpm for 5

minutes. 0.5mL of the preparation was transferred to a 5mm NMR tube.

3.3.4.23P NMRparameters ¢ 3P NMR spectroscopy was performed on a Bruker
Advance 500 Spectrometer with a magl console (Bruker, Germany). CK samples and
spiked samples were analysed following an upgrade of the NMR magl console to an Avll
console. This increased senstivand signal:noise ratio within spectra, but integration
was not affected, and data&ve comparable. Spectra were recorded at a frequency of
202.456 MHz with a 5mm broadband probe at a temperature of 298 K (Z2).850%

DO was included in all samples a signal lock. During each sample analysis, the
following parameters were unchanged: acquisition time = 0.845s; pulse widiB>0& T
pulse angle 90Yelay time = 1s; total number of scans = 16,384, pulse program = zgig.
Peak areas of signals were integrated using Bruker Topspin 4.0.3, and calibrated to the
peak area of the MDP internal standard for absolute quantification. Calculation of

orthophosphateand phytate concentrations was achieved by integration of their peaks
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at 6.0-5.6 ppm and 4.784.68ppm respectively, relative to the peak of the MDP internal
standard at 17.19 16.92ppm, followed by correction to account for the proportion of
signal dserved for each compound at 1s relaxation delay. For phytate, the second peak
was used for integration as this was the most clearly defined peak and was well
separated from the orthophosphate peak. This peak accounts for 2 of tRawlei

within the mokcule, so the integral was multiplied by three.

3.3.4.3%P NMROptimisation - An optimisation procedure was carried out for sludge
extract samples to provide a correction factor for integrals due to the insufficient but
necessary relaxation delay tim@f 1s, and the method was validated with a spike

recovery assay.

As the delay time of 1s is insufficient to allow full relaxation of P compounds between
scans, an optimisation procedure was carried out prior to integration in which delay time
was increasedSludge samples were analysed according to the parameters described
above, but over 100 scans. In a series of seven analyses, delay time was set to 1, 2, 5,
10, 20, 30 and 40s. Integrals for each compound were plotted over increasing delay time
to calculde the proportion of the signal produced with a delay time of 1s compared to

the signal produced when nuclei are allowed to fully relax.

Spike & Recoveryg Following sample analysis, three sludge sample extracts were
selected, and spiked with 10uL of 7m@®l (0.0725 pmol) sodium dihydrogen
orthophosphate, and 5uL of 15mM (0.4Bol) phytic acid sodium salt dihydrate. Spiked
samples originated from the original resuspensions and were analysed following the
same3!P NMR parameters to be directly comparablec®ery of spiked compounds

was calculated as the observed increase in concentration abovepiked values,
divided by the expected increase. The three replicates of CK sludges were spiked, as un
spiked samples for these sludges were also recorded dftemtachine console was

updated, meaning that the analysis would be directly comparable.
3.3.5 Statistical Analysis

Concentrations ofPr, along with orthophosphaté and phytate® measured by both
colorimetry and3'P NMR were compared between sludge sampleig oneway

ANOVA. Absolute concentrations of orthophosphate and phy®ateere also converted
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to percentage contribution to total extracted P. Percentage contributions were
compared between sludge samples by emay ANOVA. Where significant differences
were present, onavay ANOVAs were followed by Tukey multiple comparison tests.

Statistical analysis was performed using GraphPad Prism v.7.04 (GraphPad Software Inc,
San Diego USA).
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3.4 Results

3.4.1 Total Phosphorus @&ludge

Prcontent of sludge was measured by30-H.O; digestion, followed by molybdate
blue colorimetry. There was a statistically significant difference between measured
total P levels in each of the sludges (Gmay ANOVA, p < 0.0001; Tukey multiple
comparisons testh =0.05; Figure 3.4Prof PS was the lowest found throughout the
process, with an average P content of 8148P ¢ sludge. This increased sharply in
SS to an average of 1594 P ¢t and increased again after THP in the DF sludge to
1876 ug P d. The digested sludge (DS) collected after anaerobic digestion had the
greatest level oPrat 25997ug P ¢, which then fell slightly in dewatered cake (CK)
to a final concentration of 23263g P d¢-

3.4.2 Total Extractable Phosphorus

Total exractable P was measured by$0Q-HO; digestion, followed by molybdate

blue colorimetry of the lyophilised 0.25M NaOH + 0.05M EDTA sludge extracts. The
extraction efficiency of sludge samples was high, with P recovery of betwe@8%1

of sludgePr (Figue 3.5). Total extractable P therefore followed the same pattern of

P concentration as unextracted sludge (PS < SS < DF < CK < DS). A statistically
significant difference in P concentration of sludge extracts was observed between all
sludge types (Onavay ANOVA, p < 0.0001; Tukey multiple comparisons te=d,05;

Figure 3.5).

3.4.3 Colorimetric determination of sludge MRP and phytdabile P

Absolute content of P compounds in sludge extracts were measured colorimetrically
OrthophosphateP was estimated as molybdateactive P (MRP) in extracts,
phytaselabile P was calculated as the increase in MRP after phytase incubation. The
difference between total extractable P and the sum of MRP and phydsle P was

designated & WNBXAARdzZEf t Q O6CAIdzZNE odcOd ¢ KSNB
absolute concentration of MRP between sludges (@@ ANOVA, p<0.0001; Tukey

multiple comparisons test, I' n FigyreT3.6 A ), which made up the largest fraction
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of total extractable P in all samples increasing in the same pattern as total extractable

P levels (PS < SS < DF < CK < DS).

The greatest concentration of phytatabile P was found in SS, and a significant
decrease was observed in DS and CK sludtiewing anaerobic digestion (Orveay
ANOVA, p<0.0001; Tukey multiple comparisons tesk, n dRigprd 3.6 A). No
significant difference in calculated residtRlwas observed between sludges prior to
digestion. However, a sharp and significant increasas wbserved following
anaerobic digestion in DS, which then fell slightly in the final CK sludgen@®ne
ANOVA, p<0.0001; Tukey multiple comparisons tes.05; Figure 3.6A).

Absolute levels of P were then expressed as a proportion of total extrad®aplgure

3.6 B). Thersvas no significant difference in proportional levels of MRP, whictlana

up approximately 80% of total extractable P in all sludge {@ag ANOVA, p>0.05).
Therewas a significant difference in the proportion of phytdabile P, whsh is
greatest in the PS at 12.6% and SS at 8.9%, before falling significantly following THP
treatment to 3.6% in DF. Following digestion, the proportion of phytabde P éll

slightly to between 1.2.5% in DS and CK (Gmay ANOVA, p<0.0001; Tukey
multiple comparison testh I' n ®Tihpréwas also a significant difference in the
proportion of residualP (Oneway ANOVA, p<0.05), which incredsdightly from
6.9-8.9% between PS < SS < DF, before making up 20.2% in DS, then falling slightly to
16% in CKTukey multiple comparison test=0.05).

3.4.43P NMR Optimisation

Prior to the integration of NMR signals in sludge spectra, an optimisation procedure
was carried out to calculate the proportion of the total signal that is produced using

a 1s delay time, relative to the maximum signal produced when compounds can relax
fully at longer delay times. Spiked samples were analysed with 100 scans at delay
times of 1, 2, 5, 10, 20, 30 and 40s, for each compound, integrals were measured and
presented as a percentage of the largest measured (Figure 3.7). Methylene
diphosphonate (MP) was used as an internal standard to represent a peak of 0.4
pmol P. In sludge samples, the MDP peak was found to increase to a plateau at a

delay time of 5s, with the integral observed at 1s found to represent 81% of the fully
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Figure 3.7: Integrals of P NMR peaks relative to the largest o& MDP; B.
Orthophosphate andC Phytic acid, with increasing delay times. Figures A & B s
relative integralsfor the single peaks produced by each compound, figure C show:
mean relative integral of theoir phytic acid peaks SEM. No error bars are present
the maximum integral as each replicate was set to 100.
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relaxed signal (Figure 3.7A). For phosphate, the increase in integrals was a smooth
curve rezxhing plateau by approximately 20s, with the signal at 1s representing 47%
of the total signal (Figure 3.7B). For phytate, integrals were measured for each of the
four spectral peaks, which were treated as replicates. The increase in integral area
appearsto reach maximum at 10s, with the 1s signal representing 84% of the total
expected signal (Figure 3.7C). These percentages were used to adjust the integrals
measured in each sample spectrum to correct for the loss of signal when using a 1s
delay time. Themethod was validated in a spikecovery assay on CK sludge.
Percentage recovery of spiked orthophosphate and phytate in three CK sludge
extracts by3'P NMR were 103.782.14% and 104.7F 5.17 % respectively (Figure
3.8).

Percentage recovery:
Orthophosphate: 103.782.14%
N Phytate: 104.725.17%

<+«— Orthophosphate peak

Phytic acid peaks

Chemical shift (ppm)

Figure 3.8%P NMR spectra &lack Sample CK; andRed Sample CK spiked with fiL
7.25mM sodium dihydrogemrthophosphate and gL 15mM phytic acid sodium sa
dihydrate. Integration of original and spiked samples enabled the calculatiol
percentage recovery. Mean percentage recovergD for orthophosphate and phytat
are shown in the figure (n=3). See Apperd for remaining spikescovery figures.
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< Orthophosphate
Phytic acid peaks
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Mﬂ Phytic acid standard

Dewatered Cake (CK)

Digested Sludge (DS)

it PPy

Digester Feed (DF)

Secondary Sludge (SS)

Primary Sludge (PS)
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4

Chemical shift (ppm)
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Figure 3.9:Selected®P NMR spectra of sludge extracts between 7ppm and 2ppr
phytate standard is included to indicate phytate peaks. Sludge phytate was integ
using the second phytate peak, as this was at sufficient distance to avoid distorti
the large orthophosphat peak, and was the best separated from other peaks. Sign
noise ratio in CK was improved due to the installation of a f#i&ANMR console during
the analysis periodSpectra for all samples are shown in Appendix A.

3.4.531P NMR determination of sludgjorthophosphate and phytate

Typical spectra from a single replicate of each sludge sample are presented in Figure
3.9. Full spectra for each replicate are presented in Appendix A. Orthophosphate was
found to be the most abundant P compound 3 NMR angkis of all sludge
samples. There was a significant difference in absolute orthophosphate
concentration between all sludge types (Gway ANOVA, p<0.0001), which
increased from PS < SS < DF < CK < DS (Tukey multiple comparisbr§ {5,
Figures 3.10 &.12A). There was a strong positive linear relationship between
orthophosphate concentrations measured by NMR and colorimetfy=(R 98, p <
0.0001; Figure 3.13A). As a proportion of total extractable P, orthophosphate
comprised between 74.3% and 86.5%g(re 3.12 B). Despite having the highest
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Figure3.10: Concentration of orthophosphate measured b$*P NMR of sludge extracts
expressed agg P d¢ dry weight of sludgeSamples are represented as individual poit
(n=3)with horizontal arsindicatingmean+ SEM. Results of ongay ANOVA armset
Significant differences are represented as different letters above @arkey multiple
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Figure 3.11: Concentration ofphytate-P measured by'P NMR of sludge extracts
expressed asglg P ¢ dry weight of sludgeSamples are represented as individual poit
(n=3)with horizontal larsindicatingmean+ SEM. Results of ongay ANOVA armset
Significant differences are represented as different letters above @arkey multife
comparisonh = 0.05)
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Residual P, F4 10, = 19.79, p<0.0001
Phytate P, Fy 1, = 27.48, p<0.0001
Phosphate P, F 1o, = 397.2, p<0.0001
Total extractable P, F, 1) = 328.5, p<0.0001
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Figure3.12 A: Mean absolute concentrations of P fractions in sludge extracts measuréPk
NMR (1ig P ¢ extracted sludge: SEM, n=3). Total extractable P is presented above eaclBb:
Mean concentrations of P fractions in sludges as a proportion of total extractabletPSE¥gl,
n=3). Results of onway ANOVA are shown for each P fraction. Results of Tukey mu
comparisortest for each fraction are shown with means to the right of bars 0.05). Different
letters indicate a significant difference between values for that P fraction.
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Figure 3.13: Linear regression oA: PhosphateP of sludge extracts measured t
molybdate colorimetry and®P NMR; and3: PhytateP measured colorimetrically a
phytaselabile P and by'P NMR. Points represent single samplesamil p values
presented on graphs. Where a linear relationship exists, the equation of the regre
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absolute orthophosphate concentration, the proportion of orthophosphate was joint
lowest in DS, whereas the highest proportion was found in DF sludgew@ne

ANOVA, p<0.05, Tukey multiple comparisors).05).

Absolute phytate concentrations measured By NMR were much lower than
orthophosphate levels and were lowest in PS at g% ¢. There was a significant
difference between phytate concentrations (Oma&y ANOVA, p<0.0001), with all
other sludges having a significantly greater concentration tHaat found in PS,
increasing between 712 and 9[u§ P ¢ in the order DF < CK < SS < DS (Tukey multiple
comparisons test) =0.05; Figures 3.11 & 3.12A). As a proportion of total extracted
P, phytateP ranged between 3.9% and 6.1% in the order DS < DK<PGK SS (
Oneway ANOVA, p<0.05; Figure 3.12B). Interestingly, despite containing the highest
absolute concentration of phytat®, DS contained the lowest proportion of phytate

P of any sludge. There was no linear relationship between phytate levelsunadas

by 3k baw FyR (GK2aS YSI ad2NBR- 02X 2NA Y Qi NaK
measured by linear regressior?(R0.07, p = 0.34; Figure 3.13B).

There was no significant difference observed in absolute residuaVels calculated

in PS, SS, DF, and CK which ranged between 1625 anqu@Z® sludge (Figure
3.12A). However, levels in DS were significantly greater than all others, standing at
5040ug P ¢ (Oneway ANOVA, p<0.0001; Tukey multiple comparisons'te€t,05).

This was o the highest proportion of residual P found in all sludges, at 21.7% of
total extracted P, with the lowest proportion found in DF, and increasing through SS
& CK <PS < DS (@Gmay ANOVA, p<0.05; Tukey multiple comparisons tes,05;
Figure 3.12 B).
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3.5 Discussion

This is the first study to employ a combination of colorimetric methods and soléifon
NMR to specifically measure the concentrations and proportions of orthophosphate and
phytate in sludge samples taken over five consecutive points adaanced anaerobic
digestion sludge treatment process. Overall it was found that orthophosphate makes up
the greatest concentration and proportion of extractable sludBe standing at
approximately 80%, with good agreement between analytical techniquegatedP
measured colorimetrically as phytatabile P was found to be initially high at ~12% in
PS, but fell dramatically following digestion to 1.2%. However, when measur&@ by
NMR, phytateP proportions were found to remain relatively stable throughde
process, and there was no linear relationship between results of the two methods.
When compared to evidence from spikecovery experiments witf'P NMR, this
suggests that colorimetric measurement of phytdabile P in sludge samples may be
inaccuate, both over and underestimating phytate levels depending on sludge
sample Persistence of phytat® in the final digested sludge cake may have important
impacts on soil P stoichiometry when applied to agricultural soil, which is the preferred
route ofdisposal in the UK. The 4.5% fraction of total sluBlgaeasured as phytaie is
likely to become rapidly and irreversibly immobilised in soil, accumulating in a form

inaccessible to crops.
3.5.1 Sludge Total Phosphorus & Extraction Efficiency

Sludge Pr concentration increased through consecutive stages of the wastewater
treatment process, peaking in the product of anaerobic digestion (DS), before falling
slightly in dewatered cake (CK). As there are no current P removal techniques used on
sludge at EsHg the change in P concentrations can be explained by looking at the
changes within the sludge during processing. PS is the product of primary gravitational
settlement of suspended solids in the wastewater, meaning that a portion ofPthe
contained in tle wastewater is settled out at this stage. However, the remainder,
comprising unsettled suspended solids, dissolved organic matter and soluble P moves
with water to secondary treatment, where it is stripped from the water and metabolized

by aerobic microagganisms. The biological floc produced is settled out to produce
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secondary wast@activated sludge, which is then returned to the sludge treatment
process. At Esholt, sludge has a final ratio of 64:36% primary:secondary sludge when
mixed. The increase iAr from PS to SS can therefore be explained by the addition of

the nutrient-rich activated sludge to the mix.

Prwas greatest in DS, following anaerobic digestion. Over a retention time of 15 days,
sludge solids undergo mesophilic digestion, resulting irptiegluction of methane gas,

and a reduction in sludge mass of approximately 50% on a dry solids basis (personal
communication, Yorkshire Water Ltd, 2019). This therefore coincides with an increase
in concentration oPwithin the solids fraction to its péeat almost 2600Qig P ¢ sludge.

Pr concentration then decreased slightly with dewatering to 23268P ¢ in CK.Pr
content of Esholt sludge is similar to concentrations found in other stuSiegh et al.,
(2006)measuredPr of undigested sludge, digested sludge and cake at 9000, 21000 and
16000 ug P d respectively, whereas the concentration of P in dried anaerdlyica
digested sewage sludge measured Aynéheim et al., (2015was slightly higher at
33200ug P d¢. Phosphorusconcentrationof sludge extracts followed the same pattern

as that of sludgér, and extraction efficiency was high, ranging between 81% in CK to a
high of 93% in PS. This indicatbattthe range of P compounds and their proportions
within the extract are likely to be highly representative of the actual range within

unextracted sludge.
3.5.231P NMR Optimisation

To improve the signal:noise ratio 87 NMR spectra, it is necessary to increase the
number of scans to increase the amount of signal. Background noise is random, and
improvement of sensitivity is proportional to the square root of the number of scans
(Binemann et al., 2011)his means that to double the signal:noise, the number of scans

must be quadrupled, kding to long analysis times.

With a relaxation delay time of 1s and 20,000 scans, analysis time was over 8 hours per
sludge sample. This delay time is insufficient for the full relaxation of compounds
between scans but is necessary, as any longer detayd have meant unacceptable
analysis time. The level of relaxation achieved for each separate compound is dependent

of their individual relaxation constants, or T1 values, which decrease with increasing size
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of molecules. Using a relaxation time that dorot enable full relaxation causes a
proportional underestimation of signal obtained for each compound, depending on the
level of relaxation achieved. For example, whereas full relaxation would produce 100%
of the expected signal, 50% relaxation wouldutes 50% of the expected signal. When
comparing the signals of multiple compounds with different T1 times, this may lead to
overestimation of one compound compared to one that has not been allowed to relax
to the same degreeTo overcome this issue, th@oportion of signal achieved by the
three compounds of interest (MDP standard, orthophosphate and phytate) was
measured in spectra over relaxation times ranging betweedQ seconds, enabling the
calculation of a correction factor for integration andsatute quantification. Previous
work in this lab found T1 times for solutions of orthophosphate and phytate of 9.04 and
1.09s respectively(Robertson, 2018) As the smallest compound of interest,
orthophosphate has theohgest T1, and this was reflected in the finding that a delay
time of 1s recovered only 47% of the total orthophosphate signal. MDP and phytate,
being larger molecules, were able to relax to a greater degree at 1s, but the signal
generated was found to benly 81% and 84% of total signal respectively. The analysis
of spiked sludge samples produced recovery values for orthophosphate of 183.78
2.14%, and for phytate of 104.475.17 % when using this method to adjust integrals
according to relaxation deldymes. This indicasthat the above technique successfully

enables the absolute quantification of these compounds within sludge extracts.
3.5.3 OrthophosphateP in sludge treatment

OrthophosphateP was identified as the major P constituent in all 5 shsdgith both

the colorimetric assay antdP NMR, comprising approximately 80% of total extracted P.
The observed domination of thé'P NMR spectra by orthophosphate is typical of
anaerobically digested sludges, and similar to the patterns reportetibgdi et al.,
(1989)and Escudey et al., (200#4) anaerobically digested sludges. Furthermore, these
resultsagree with those ofSmith et al., (2006)who measuredhe orthophosphate
fraction at between 6678% of total extractedP in both undigested sludge and

anaerobically digested sludges from the same process.
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There was a positive linear relationship between orthophosphate concentration
measured by molybdate colorimetry arfdP NMR (Figure 3.13A), and both methods
indicated that absolute orthophosphate concentrations increase with consecutive
sludges from lowest in PS to greatest in DS, before falling slightly in CK. This pattern
reflects that of both sludgér and sludge total extractable P concentrations. Despite
absolute orhophosphate concentration peaking in DS, when expressed as a proportion
of total extractable P, the orthophosphate fraction is in fact lower in DS than in DF,
significantly so according 8P NMR data, and is accompanied by an increase in the
fractonded Ay G SR a4 WNBaARdzZf tQd LYy GKAA 62NJ]
between total extractable P and the sum of orthophosphate and phyRteand
represents the contribution of other P compounds that might include polyphosphates,
non-phytate nonoester P and diester P. The increase in residual P during digestion may
be explained as an increase in diesters such as phospholipids and DNA resulting from
the metabolism of orthophosphate by the rich microbial community within the digester
(Smith et al., 2006 Between DS and CK, the absolute concentration of orthophosphate
remains relatively stable, but increases proportionally as the residéralcRon falls. It

is possible that this is due to the loss of microfflaln the dewatering of DS by
centrifugation, which would indicate that much of the orthophosphate is bound within

the solidphase of the digested material as it was not lost in sotuti
3.5.4 PhytateP in sludge treatment

Whilst orthophosphate was by far the most abundant P compound in all sludge extracts,
phytate P was detectable in all extracts by both colorimetric #&fdNMR methods.
Within the literature that has attempted to idaify and measure P compounds within
various sludges, phytat@nnaheim et al., 2015; Smith et al., 200&) orthophosphate
monoesters that could include phytafeluang & Tang, 2015; Escudey et al., 2004

been detected in anaebically digested sludges. Evidence for the loss of
orthophosphate monoesters during anaerobic digestion was presented in recent work
byLi et al., (2019)but it is impossible to say whether this was daghe loss of phytate

or the loss of more bioavailable monoesters during AD, as no attempt to was made to

identify specific compounds.
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Faecal phytate concentrations have been measured at between-20000ug P ¢
(Joung et al., 2007and can constitute between 284% of faecaPr (Joung et al., 2007,
Kim et al., 2009)so it was expected that phytate levels would be abundant in primary
and secondary sludges (PS & SS). Rednitial levels in PS and SS, phytate was expected
to persist hiroughout the treatment process due to its relatively lower bioavailability in
comparison to the abundant orthophosphate. As a proportion of total extracted P,
phytate was expected to comprise approximately 10% of total extractable P throughout
the processreflecting the findings of similar work Bynnaheim et al., (2015) and Smith

et al., (2006)

3.5.4.1 Phytasdabile P ¢ Figure 3.6 A & B show the fractions of P measured by
molybdae colorimetry. Phytate content was estimated as phytieale P, and was
calculated as the increase in molybdatactive P following 24 hours incubation of the
extract with a phytase enzyme. The absolute concentration of phylase P was
calculatedat 946ug P ¢ in PS, increasing to its highest recorded concentration in SS at
1274ug P d. From this peak, phytadabile P then fell in DF, and fell again following
digestion to its lowest concentration of 2§ty P ¢ in both DS and CK. As a propont

of total extracted P, phytaskbile P was greatest in PS at 12.6% of P, and fell to 8.9% in
SS. This trend continued again in DF, which exhibited a significant reduction in phytase
labile P at just 3.6%, accompanied by an increase in the orthophasghétaction.
However, phytate fractions were lowest following digestion, making up just 1.2% and
1.5% of total extracted P in DS and CK respectively. These results indicate that phytate
is initially abundant in undigested sludge, but is negatively aftebteth by sludge pre
treatment by thermal hydrolysis, explaining the decrease in concentration between SS
and DF, and by anaerobic digestion, causing a 10.5x decrease in the proportion of

phytaselabile P between PS and DS.

These results would suggest thedther than phytate remaining relatively constant
throughout the process as observed in similar studies, phytate is actually degraded in
this treatment process, causing a significant drop in terms of both concentration and
proportion. However, there is nqoositive linear relationship between phytate
concentrations of identical samples when measured by molybdate colorimetry and by

31p NMR (Figure 3.13B>R0.07).
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3.5.4.231P NMR¢ The absolute phytate concentration of sludge extracts was measured
by integration of the second of the four phytate peaks present in the orthophosphate
monoester region of*!P NMR spectra. According to this data, absolute phytate
concentration was loweshiPS at 34%g P d¢ sludge, increasing to 87ty P ¢ sludge

in SS after the addition of sludge from secondary settlement. Phytate levels then
remained relatively constant throughout the process, with no significant difference
between concentrations in&§ DF, DS or CK. As a proportion of total extractable P, the
phytate fraction constitutes between 3.9% and 6.1% in DS and SS respectively (Figure
3.12B). Taken together, théP NMR data indicates that phytate levels increase from PS
to SS but fall slightlupon thermal hydrolysis preeatment in the DF sludge. The
proportional reduction of phytate from DF to DS is not reflected by the absolute
concentration of phytate, which increases, but is instead caused by the contribution of
the large proportional inorease in the residud® fraction to the increase in total

extractable P during anaerobic digestion.

The3'P NMR data is consistent with the workSrhith et al., (2006who found phytate
levels to remain constant between undigested and digested sludge. However, at 10% of
total extracted P, the sludges studied $mnith et al., (2006) and Annaheim et al., (2015)

had over twice the level of phytate as the Esholt sludges studied in this work.

3.5.4.3 Methodological comparisoq With no positive linear relationship existing for
the measurement of phytat® between colorimetric and'P NMR methods, it is not
possible to conclude how phytate behaves in the wastewater treatment process without

further evidence.

Under ideal conditions*P NMR enables the user to identify specific compounds within
a sample ad allows their quantification, as the area under the compounds peak(s) are
directly proportional to the number of P nuclei in a particular molecular configuration
(CadeMenun, 2005) Analysis of spiked sludge samples$t®/NMR showed an average
recovery of spiked orthophosphate of 103.#¥2.14%, and of spiked phytate of 104.77

*+ 5.17 %.These values indicate thahe quantification of the orthophosphate and

phytate concentrations within sludge extracts is highly accurate by*th&IMR method,
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with only a slight underestimation of absolute concentrations occurring for both

compounds.

By comparison, measurementf gpohytate by enzymatic dephosphorylation and
subsequent colorimetric quantification of the released orthophosphate is a less direct
approach. In this chapter, phytaseediated quantification of phytate was tested in
order to assess whether it could providereliable, cheaper and less time and labour
intensive method to estimate levels of phytate in sludge, compared to traditi®ial
NMR. Within the sludge extracts, colorimetric estimation of inorganic orthophosphate
was achieved by measurement of MRP xtra&cts incubated with denatured phytase

and agreed well with the®P NMR determination of orthophosphate. Molybdate
unreactive P (MUP), the difference between extract total P and MRP, contains a wide
variety of organic P forms including orthophosphate mesiers (phytates, sugar
phosphates), diester P (DNA), organic condensed phosphates and phosphonates, as well
as inorganic polyphosphaté&eorge et al., 2018; Turner et al., 2@D3t was expected

that a phytase enzyme could be used to dephosphorylate phytate, enabling its
guantification as the measurement of phytakbile P. However, the disparity between

the 3P NMR results, and calmetric results for phytate quantification indicate that this

is not the case. It is likely that there are many factors that cause the apparent
overestimation of phytate in PS and SS, and underestimation in DS and CK by-phytase

mediated quantification whe compared to*'P NMR.

Commercially produced phytase enzymes such as that used in this study often belong to
the histidineacid phosphatase (HAP) family of phytases. HAPs have a broad substrate
specificity for phytate and can sequentially dephosphoryléte five equatorial
phosphate groups of phytate to produce a final product aiyo-inositol
monophosphate, but they can also dephosphorylate various other phosphate esters
(Wyss et al., 1999; Oh et al., 200@3her phytase enzymes such as the alkaline phytases,
exhibit a strictsubstrate specificity for phytate, but are often only able to partially

dephosphorylate phytate tonyo-inositol trisphosphat€Oh et al., 2004)

The use of HAP phytases wittohd substrate specificity is an advantage for commercial

feed enzymes, allowing greater dephosphorylation of phytate in the gastrointestinal
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tract. This characteristic may however be disadvantageous for its use in quantitative
assays, as the tendency tactanot only upon phytate, but other orthophosphate
monoesters like sugar phosphates dndndi 3f @ OSNR LIK2 A LK 1 S&% YSI vy
froAfS tQ R2Sa y20 2dzad O2yadAaiddziS LIKedGl G
that in PS and SS, the overnesation of phytate by this method is due to this broad
specificity and the degradation of other phytaksdile compounds. 18P NMR spectra

of PS and SS sludge extracts, there is a large broad peak present directly between the

2nd and 39 phytate peak (Fjure 3.9). Whilst this peak was not specifically identified, it

lies within the orthophosphate monoester region of the spectrum, and may be derived

from the products of phospholipid hydrolysis in the alkaline extraction,
glycerophosphategDoolette et al., 2009)With ks broad substrate specificity, the

phytase enzyme is likely to be able to dephosphorylate glycerophosphate as well as
phytate (Wyss et al., 1999and this may help to explain the overestimation of phytate

observed.

In contrast to the overestimation of phytate observed in PS and SS, there was a distinct
underestimation of phytate with this method in D&d CK following anaerobic
digestion. It is possible that many of the alternative substrates that phytase enzymes
can target have been hydrolysed during thermal-pmeatment, or metabolized during
anaerobic digestionLi et al., (2019hoted a complete loss of detectable monoester P

3P NMR spectra of an anaerobically digested sludge, suggesting that this loss resulted
from their hydrolysis and degradation due to their greater bioavailability duringAD. |
this study, the peak tentatively assigned to glycerophosphate in PS and SS is no longer
present in DF, DS and CK sludge extracts (Figure 3.9), which might indicate that
phospholipids are degraded and metabolized within the thermal hydrolysis and AD
processes. Additionally, phytase activity within extract solutions may be inhibited due
to the difference in the chemical composition of digested sludge. Due to the loss of solids
mass within the digester, the concentration of metal cations is likely to betgréa
digested sludgelgamnazarov et al., (1998judied the effect of elevated metal cation
concentration on extracellulaBacteriumsp. phytase enzymes, and found that 2mM
concentrations of Cifand Fé*reduced phytase activity to 8% and 29% of their original

activities.Wyss et al., (199%joted a similar inhibitory effect of metal cations on phytase
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activity, and suggested that this is most likely due to the formation of poorly soluble
phytate-metal salts rather than direct binding of cations to the phytasesherefore
appears that this method of enzyrmaediated estimation of phytate concentration is
unsuitable for use in the complex chemical environments of sewage sludge, due to
reasons including the presence of additional substrates, and the potentiattedf

increased concentrations of inhibitory agents such as metal cations later in the process.
3.5.5 Implications for soils amended with AD sludge

As of 2010, 79% of the sludge derived biosolids produced in the UK are applied directly
to the land(DEFRA, 2012Being rich in macronutrients and organic matter, they can
both reduce the requirement for chemical fertilizer inputs, and have been demonstrated

to increase productivitySingh & Agrawal, 2008; Haynes et al., 2009)

Analysis of the extract of anaerobically digestettl dewatered biosolids produced at
Esholt (sample CK) revealed it to contaiRraoncentration of almost 19000g P g.

83% of this was present as orthophosphate, which is typical of other anaerobically
digested sludgegSmith et al., 2006; Escudey et al., 2004; Annaheim et al., 2015)
whereas in aerobidly treated sludge the content of organic P compounds, including
orthophosphate monoesters and diesters, can be nearer to 50® @flinedi et al,

1989) Smith et al.,, (2006)measured the levels of bicarbonaextractable
(phytoavailable) P of sludges throughet sewage treatment process and noted that
whilst phytoavailable P was highest in anaerobically digested sludge, the vast majority
was actually removed during the dewatering step that followed. The slight decrease in
absolute phosphate concentration obsers between DS and CK in this work may
indicate that soluble, phytoavailable phosphate is being lost in the same manner. The
majority of the orthophosphate remaining in the final cake is not immediately
phytoavailable, being bound to minerals and cationgluding ferrihydrite and
aluminium hydroxides, hydroxyapatite and calcium phosphétis/nes eal., 2009) In

a study combining sequential fractionatiof!P NMR and XANES, more labile
orthophosphate forms in sludge included calciuamd some aluminiusphosphates,
whereas iron and most aluminiurphosphates were recalcitrarf\jiboye et al., 2007)

These phosphateation complexes are inherently kephytoavailable when they are
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applied to the soil, as they must first be solubilised and mineralised before they can be

taken up by plants.

Only a slight reduction of the absolute phytate concentration was observed in this study
during the dewatering stepetween digested sludge (DS) and final cake product (CK),
and this may be due to the loss of soluble phytate in the sludge solution. The retention
of the vast majority of phytaté indicates that phytate is also bound within sludge,
either within organicconstituents, or associated or precipitated with metal cations.
When applied to the solil, orthophosphate, nphytate monoester P and diester P are
more phytoavailable than phytatéSmith et al., 2006)For phytateP to be absorbed by
plants and microbes, the surrounding phosphate groups must first be enzymatically
cleaved from the inositol ring by phytase enzymes. Due to the presence of 6 phosphate
groups, phytatehas a high charge density and thus a high sorption capacity, forming
strong associations within insoluble salts of Ca, Fe and Al, and adsorbing to clay particles
in the soil(Turner et al., 2002) ¢ KSNBF2NB:X AGQa fA1Ste (KL
applied biosolids is rapidly immobilized, whereas other phosphates and phosphate
monoesters are more mobile and susceptible to microbial metabpligsulting in a
preferential accumulation of an unreactive phytate fraction over time. This was
demonstrated bySmith et al., (2006 the repeated analysis of sludge amended soils

by 3P NMR, where phytateoncentratiors were found tchave stabilized in the soil 81

days after amendment, in which time concentration of DNA and other monoesters had

fallen.

Biosolids contain approximately twice as much nitrogen (N) as P, but agricultural crops
typically sequester four times as much N tHRafHaynes et al., 2009Yhis leads to an
overall accumulation in the amount of P relatiteeN, and importantly, increases the

risk of leaching and eutrophication once the soil P sorption capacity has been exceeded.
A net accumulation of P compounds from this irputput imbalance may reinforce the
tendency for phytate accumulation, as higtvéls of more labile P compounds such as
orthophosphate and monoester/diester P will discourage the production of phytate
degrading enzymes by the microbial population, which are often only produced in

response to P limitatiofGiles et al., 2011)
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Assuming the CK phytate concentration of 84j7P ¢ is typcal of all UK sludge, based

on 2010 levels of land applicatigpEFRA, 2012947 tonnes of phytat® is applied to

soil every year in sludge amendments. This is of course dwarfed by the application of
17,584 tonnes of orthophosphate appliedn sludge under the same assumptions, but

IS nevertheless a significant amount®fmuch of which is likely to become immobilised

and accumulate in soil.
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3.6 Conclusions

Understanding the abundance of the kegompounds orthophosphate and phytate in
anaerobically digested sludge is important considering that the vast majority of sludge
produced in the UK is returned to agricultural sddkidgePris lowest in primary sdge,
increasing through the process to a peak of almost 26Q9C0P ¢ after anaerobic
digestion, likely due to the reduced mass of sludge resulting from the digestion process.
Prthen falls slightly to 2326@g P d¢ after dewatering in the finadludge cakeUsing3!P

NMR and colorimetric techniques, orthophosphate was identified as the major P
containing compound in all sludges sampled through the advanced sludge treatment
process of Esholt WWTP, making up approximately 80% of total extractadrie Bood

agreement was achieved between results of the two methods.

Phytate levels were measured by botf® NMR and as phytadabile P, but there was

no linear relationship between results. With supportive evidence from spakevery
analysis irfP NVIR, it was concluded that phytadabile P is likely to be an unsuitable
method for phytate estimation in sludge samples. This method has the potential to both
overestimate phytate, owing to the broad substrate specificity of the enzyme, and
underestimatephytate due to inhibition by metal cations in the extrdlgjamnazarov et

al., 1999; Wyss et al., 1999)

3P NMR analysis revealed that the proportion of phyiBteelatie to total extractable

P remains relatively stable throughout the sludge treatment process, comprising 4.5%
of total extractable P in the final dewatered sludge cake. This suggests that phytate is
able to withstand both the high temperature and pressuffetermal hydrolysis pre
treatment, and the 1Bday mesophilic anaerobic digestion process. If phytte
comprises 4.5% of the final lassppread product, this means that in the UK, 947 tonnes
of phytateP are spread to agricultural land every year (accaydon2010 data for the
mass of sludge spread to lafM/ater UK, 2010) Much of this phytate is likely to become
rapidly immobilised insoil and could preferentially accumulate relative to other P
compounds due to its high charge density and tendency to adsorb to clays and
precipitate with metal cations. In Chapter 4, a variety of soils with varied-u@ed

histories will be analysed, tosaess the effect that land use history has on phytate
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concentration. Of particular interest will be the analysis of an agricultural soil from a
field that has recently been converted from an arable soil to a pig pen, and as such

receives high input of phgte-rich monogastric manure.
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4. Measurement of phytate in soils with varied
land-use history

4.1 Summary

Phytate can enter the soil in organic amendments such as plant residues, animal manure
and human wastewater sludge, and is often the most abundant org2ommpound
identified in®'P NMR analyses of soil extracts, leading to the assumption that phytate is
preferentially stabilised and accumulates. However, some work has also demonstrated
the rapid degradation of phytate when applied to the solil, indicating that the tendency
of phytate to accumulate may be affected by a wide range of soil factors. Theaggdes
guantities of P species in soil are governed by local environmental factors and land
management, with agricultural practices such as cultivation, fertilisation and harvesting
having a major effect on soil health and natural P cycling. In this chaptembination

of 3P NMR and colorimetric techniques are applied for the analysis of orthophosphate
and phytate content of a range of UK agricultural and grassland soils, to understand how

land-use can affect P speciation.

Vast differences exist in P spation between the natural grassland soils and agricultural
soils. In grassland soils, less than half ofRheontent is comprised of orthophosphate,
with P forms other than orthophosphate and phytate making up the greatest
proportion, which is reflecteé by the high organic matter content of these soils. In
contrast, agricultural soils including arable, pasture, and a pig pen soils are dominated
by orthophosphate, making up approximately 80% in each. Phytate levels are lowest in
the arable soil, likelywk to detrimental intensive management practices, which have
denuded the soil also of organic matter. Phytate concentration increases in pasture soil
but is greatest in the pig pen soil. The high phytate concentration of the pig pen soil is
of most interes, as it may indicate an accumulation of phytate derived from inputs of

pig manure and suggests a recovery of the soil since its conversion from arable land.
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4.2 Introduction

4.2.1 Phytate accumulation in soil

Phytate enters the soil in sludge, manure and plant residues, and is often the most
abundant organic P compound in sqilgrgensen et al., 2015; Turner et al., 2002ith

six phosphate groups, phytate has a high charge density, and thus has a propensity to
adsorb to surfaces in soils via electrostatic interactions and form insoluble precipitates
with polyvalent metal cationéTurner et al., 2002)This high charge density means that
phytate dten undergoes stronger interactions than other P forms, with phytate sorption
capacity in the region of four times greater than that of orthophosph{&teli & Barberis,
2006; Richardson et al., 2006This strong adsorptive capacity, and the relative
abundance of phytate when compared to most other organic P species in the soil, has
led to the general conclusion that phytate preferentially accumulates in soils as it is not
immediately available for plant or microbial uptake, has low lability, and is afforded a
degree of protection from enzymatic degradation in its adsorbed f¢Forner et al.,
2002; Menezeslackburn et al., 2013)

However, two studies that assessed soil P speciation after phytate addition show that
this is not always the case. When phytate iamare(Leytem et al., 2006) and in solution
(Doolette et al., 2010) was added to calcareous soilsaccumulation was observed

after many weeks, suggesting phytate had become rapidly degraded in the soil. Similarly,
in more acidic soilsAnnaheim et al., (2015pund no evidence of accumulatiarf P
species in soils receiving a range of organic amendments despite variation in P speciation
within the amendments applied. This suggests that the tendency of phytate and wider
organic P forms to accumulate in soil is not universal, and accumulatielisto be
governed by a wide range of soil and environmental factors such as soil chemistry and
pH, metal cation and clay content, organic matter content, moisture, microbial diversity

and landuse history.
4.2.2 Landuse history

The speciation and @untity of P forms in soil are governed by biological, chemical, and
physical factors which themselves can be influenced by environmental factors and land

use history(Condron et al., 2005).and use history has a major effect on soil P speciation

96



Chapter 4Phytate in Soil

and accumulation, particularly in agricultural s¢futter et al., 2015)These soils can
often be subject to large inputs of chemical fertilisers, which add large amounts of
phytoavailable orthophosphate (HEDand HPQ), and can also reog organic
amendments such as manure and sludge solids, which also predominantly add
orthophosphate, but include other complex inorganic and organic P forms, including
phytate (See Figure 1.2) which are not immediately phytoavaik@aeleMenun et al.,
2017)

Organic P compounds are formed within biomass, and enter the soil via the
decomposition of @nt detritus, animal wastes, and soil microbidghash et al., 2014)

In arable soils, these natural processes are often vastly reduced, as P absorbepsby ¢

is removed from fields during harvest and is replenished by the addition of
predominantly inorganic orthophosphate fertilisers to the soil. Furthermore, arable soils
can also experience disruptive management practices including soil cultivation and
fallow periods which may have a significant impact on the soil microbial mineralisation
processegLiu et al., 2018)in an analysis of 32 UK so8sutter et al., (2015jound that
arable soils were dominated by orthophosphate and exhibited nocumwlation of
organic P forms. This is likely due to the predominant addition of inorganic P fertilisers,
and the promotion of organic matter degradation via the aeration of soil during tillage
(McLauchlan, 2006)Liu et al., (2018)ound that genes encoding phytase and
phosphoesterase enzymes were abundant in arable soils, which may indicate that
microbial populations adapt to the high temporal variability in bioavailable P in these

soils by degradingrganic P in #imited or fallow periods.

Liu et al., (2018)ecently found a greater concentration of phytate, along with its
stereoisomer forms;scylle, neo, and D-chiro- inositol hexakisphosphatén cattle
grazed grassland soils compared to arable soil. Accordilash et al., (2014up to

85% of P absorlakby plants in grazed pastures is returned to the soil in manure. Despite
being ruminant animals with phytase enzymes present in their gut, phytate digestion in
cattle is surprisingly inefficier{MenezesBlackburn et al., 2014¥%0 a large amount of
phytate is likely to enter the soil from manure in grazed pastures. As these soils suffer a
lower degree of inorgnic P inputs, and less structural disturbance from tillage, the

cycling of P is likely to be more representative of natural soils, with P derived
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predominantly from manure and plant litter, and driven by plant and microbial P
demands(Liu etal., 2018) Stutter et al., (2015gnlso recorded higher proportions of
orthophosphate monoesters in intensively grazed soils than in cultivated arable soils.
However, they also found that orthophosphate diesters such as DNA and RNA, and
polyphosphates like A7, which are indicators of healthy microbial turnover, were only
abundant in more natural, extensively grazed grasslands, indicating that the natural
ability of the soil to cycle organic P is negatively affedctg8doth chemical fertilisation

and intensiveorganic manure fertilisatiofStutter et al., 2015)This loss is even more
prominent in arable soils, where crop monocultures have been shown to reduce

microbial diversity(Stutter & Richards, 2012)
4.2.3 Aims & Objectives

LiQa Of SI NJ 6KSNBET2NBE {KdependankKdh man@ Qaawsdii | (G A 2y 2
this chapter, both the orthophosphate and phytate content of UK soils with varied land

use histories and physiochemical characteristiese compared. Three agricultural soils

(arable, pasture, and pig pen) and two natural grassland soils (acidic and calcareous
grassland)vere analysed by solutiod'P NMR to investigate how various agricultural

land management practices influence both orthogpbate levels and phytate

accumulation in comparison to more natural systems. Enzymatic hydrolgsslso

assessed as a potential alternative ¥ NMR, to see whether it can provide more

accuracy in soil extract samples than was found in sludge exaaaples.

Of particular interestvas the pig pen soil, which was previously an arable field under a
similar management regime to that of the nearby permanently arable field, but was
converted to a pig pen in 2016. Since that date, the field has expedamzeultivation,

no crop monocultures, no harvest and no chemical fertilisation, with the sole nutrient
input to this soil therefore derived from pig manure. Pigs are monogastric livestock with
similar digestive systems to humans, abdng et al., (2018)ecently measured pig
manure orthophosphatd® and phytateP content at 90.7% and 8.5% of total manure P
respectively. Proportionally, these proportions are similar to the digested sludge
measured in Chapter 3, in which orthophosph&enade up 83.4% and phytaemade

up 4.5% of total extractable slge P. This soil thereforgas expected trovide useful
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insight to the recovery and accumulation of P stocks and organic matter when organic

amendments similar to sewage sludges are applied to a previously arable field.

It was hypothesised that landse hstory would have a major effect on orthophosphate
and phytate content of soils. Arable soigere expected to be dominated by
orthophosphate due to inorganic fertiliser inputs, butowd have the lowest
concentration of phytate of all soils due to low argc P inputs, regular harvest outputs,
and conventional cultivation practices, whictowd also result in low organic matter
content. In contrast, pasture soils with greater organic matterevexpected tdave an
intermediate level of phytate due to retar inputs of organic livestock manures,
absence of cultivation and lack of significant P outputs, with orthophosphate content
lower in this soil. The pig pen soilasr expected tocontain an organic matter
concentrationintermediate between the arable anpasture soils as an indicator of
recovery, and wuld contain the greatest total P concentration of all soils, due to regular
inputs of Rrich organic fertiliser and lack of significant outputs. Phytate levels in this soll
were consideredikely to be the geatest measured in all soils due to the monogastric
nature of pigs, coupled with the legacy of low microbial turnover due to its use as an

arable soil.

Compared to agricultural soils, acidic and calcareous grasslagmgsexpected tdhave

a much greateorganic matter content due to the natural cycling in this soil. Grassland
soils would have lower total P due to the historical lack of P inputs to these soils. Organic
P (calculated in this chapter as phytd&eand residualP) was expected tdorm a greate
proportion of total P than orthophosphate due to the natural plant and microbial P
cycling in these soils. With this greater proportion of organic P, intermediate levels of
phytate-P were expected in these soils. Between the adjacent acidic and calcareou
grasslands, overall proportions of orthophosphate and phytadeerexpected to bée
similar between the soils, babuldbe greater in acidic soils, due to the increased cycling

of P in the greater aboveground biomass in acidic soil.
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4.3 Methods

4.3.1 Soil sampling

A total of five soils with varying langse history were sampled in autumn 2018. Three
agricultural soils were sampled from the University of Leeds Spen Farm, Tadcaster, UK
(53°51'45.3"N 1°20'37.2"WFigure 4.1A). Two extensiyaejrazed permanent grassland
soils were sampled from Wardlow Hay Cop, a conical hill in the Cressbrook Dale National
Nature Reserve in the Peak District National Park, Derbyshire, 58 5(45.0"N
1°43'59.4"WFigure 4.1BSampling sites were chosen printadue to their use as lorg

term study sites with well documented landse histories. For agricultural soils, difficulty
was encountered in locating a suitable soil that had received anaerobically digested
sludge amendments. Spen Farm, whilst not incogtiag sludge amendments, has the
advantage of holding detailed historical records on crop history and fertiliser inputs, and
exhibits a variety of landses within a small geographical area, enabling more
straightforward comparison between soils. Spenrfralso has an outdoor pig facility

that has been recently converted from an intensively managed arable soil. Pig manure
has been shown to contain comparable concentrations af phytateP and
orthophosphateP to anaerobically digested slud@eurner, 2004; Liang et al., 2018b

this soil was selected as a suitable proxy for a soil receiving human sludge amendment.
Wardlow Hay Cop was selected to represent a comparatively natural grassland
ecosystem, which experiencemly sparse, extensive grazing by sheep and cattle.
Wardlow also has the unique advantage of having contiguous calcareous and acidic
grasslands, enabling the comparison of P dynamics within adjacent but contrasting

natural grassland soils.

Spen farm is aommercial mixed pasture and arable farm, with brown earth soils of the
Aberford series of Calcaric Endoleptic Cambigtanfield University, 2019; Holden et

al., 2019) underlain by dolomitic limestone of the Cadeby formation. Soils are a sandy
calcareous loam, composed of a boulder clay parent material, limestone residue and
sandy millstone grit and reach a total depth of betweer®@m(Holden & Gell, 2009)

Soils were sampled as a single massdch field with an area of 50émand depth of

15cm. The first was an Arable Soil (SAra) which had supported crops since at least 2001

and had been sown with a monoculture crop of winter wheat two months prior to
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sampling. The second was a permanent pestsoil (SPas) which was dominated by
perennial ryegrass grazed intensively by both sheep and cattle, which had not been
cropped for at least 40 years. The final Spen soil was obtained from a pig pen (SPig),
which contained no vegetation due to intensivig fioraging. This field had been used as

a pig pen since 2016, before which it was an arable field supporting a range of crops
since at least 2001. SAra and SPig soils exhibited no soil horizons due to their history of
heavy transformation by total inveix@n ploughing. In SPas soil, the upper 30cm horizon

is a sandy clay loam, becoming finer below 30cm as the soil extends to the limestone
bedrock(Holden & Gell, 2009Each field was surrounded by hedgerows dominated by
Hawthorn Crataegus monogynaklder Sambucus nigraand Holly {ex aquifolium;

(Holden et al., 2019Crop history for Spen Farm soils is presented in Table 4.1.

Wardlow soils are well drained silty soils underlain by the Monsal Dale Limestone
Formation(BGS, 2019 he site has the unique advantage of having a shallow calcareous
(WCal) grassland adjacent to a deeper acidic (WAc) grassland, which receive no nutrient
inputs other than that provided by sparse sheep and cattle grazing and atmospheric
nitrogen depodion. The acidic grassland is located on the seedbtern slope of

2 NRf2g || & [ 2LJ -argflR bréwin Oadth i tBeANbrdrach series dfJ f S 2
chromic endoleptic luvisolCranfieldUniversity, 2019; Basto et al., 2018grived from
wind-blown loess deposited following the last glaciatiorh Q{ dzf t A G shat SG | f ¢
reaches up to 70cm in depth. The upper soil surface horizon reach&sct deep and

is a dark brown, humus rich, stoneless silty loam, and the lower nmliherezon extends

to the bedrock, containing clay and sesquioxides in an almost stoneless, silty clay loam
matrixd h Q{ dzf t A @I .YueSdithe thickhess of thisseilband high precipitation

levels, the limestone bedrock does not have an effect on soil surface pH, which is
therefore extremely acidic due to acid rainfdBasto et al., 2015)The acidic soil

supports aFestucaAgrostisGalium grassland, which is the most common type of
unimproved acidic grassland communitythe UK, supporting approximately 9 higher

plant species per square metie h Q{ dzf t A @ N)yTheScalcaredusbgiassiam ns

located adjacent to the acidic grassland on the south western slope of Wardlow Hay Cop

and extends to a depth of just 10cm to the limestone bedrock. The soil has a sandy loam

texture and was a humic rendzina of the Lutsg&omplex, but is transitioning to a
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A  Spen Farm

(53°51'45.3"N 1°20'37.2"W)

Spen Farm

Wardlow Hay Cop
(53°15'45.0"N 1°43'59.4"WV

Figure 4.1 Aerial view of sampling sites. A: Spen Farm, Tadcaster, UK. 8fable
soil, SPas = Permanent Pasture soil, SPig = Pig pen. B: Wardlow Hay Cop, De
UK. WACc = Acidic grassland, WCal = Calcareous Grassland. (Google Maps, July 2019).

ranker of the Wetton series due to acid depositi(fhoenix et aJ.2019) This soll
supports a speciesch FestucaAvenulagrassland comprised of a rich mixture of
grasses, sedges, forbs and herbaceous leguimesQ { dzf f A @|.BothSNardlbwi ®3 H A MM

grassland soils were sampled in November 2018 as a single mass with an areaf 50cm
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In WAc, sampling depth was 15cm, but in WCal, sampling depth was up to 1@dm du

the shallow nature of the soll.
4.3.2 Sample processing

Soils were transported to the lab and stored a€auntil processing. Soils were separated
from the turf layer (if present) which was discarded, after which five cores of 4cm width
and 10cm dept were taken from each soil mass. Cores for each soil were crumbled to
pass through a 5mm sieve to remove stone and root debris, and were then mixed
thoroughly and left to akdry for 5 days. Once air dried, each soil was milled to a fine
powder in a Fritsh Pulverisette Ball Mill and passed through a 2mm sieve. Subsamples

were taken and overried at 80C for 24 hours to obtain dry weight.

Soil pH was measured according to the methodHehdershot et al., (2008Briefly,
three 10g replicates of each airied soil was suspended in 20mL distilled water, and pH
measuredwith a JenwayPHM6 pH meter after 30 minutes of intermittent stirring,

followed by 1 hour settling time. Organic matter was estimated using the loss on ignition

Table 4.1Spen Farm crop history of sampled fields from 22019

Harvest Field
Year SAra SPas SPig
2001 Winter Wheat Pasture Spring Barley
2002 Potato Pasture Sugar Beet
2003 Winter Wheat Pasture Winter Wheat
2004 Oilseed Rape Pasture Oilseed Rape
2005 Winter Wheat Pasture Winter Wheat
2006 Sugar Beet Pasture Peas
2007 Winter Wheat Pasture Winter Wheat
2008 Winter Wheat Pasture Winter Wheat
2009 Potato Pasture Oilseed Rape
2010 Winter Wheat Pasture Winter Wheat
2011 Oilseed Rape Pasture Winter Wheat
2012 Winter Wheat Pasture Potatoes
2013 Peas Pasture Winter Wheat
2014 Winter Wheat Pasture Peas
2015 Winter Wheat Pasture Winter Wheat
2016 Summer Barley Pasture Pig
2017 Winter Barley Pasture Pig
2018 Oilseed Rape Pasture Pig
2019 Winter Wheat Pasture Pig
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method (Karam, 2008)Air-dried soils were desiccated overnight in arf@®ven, after

which 2g was weighed into dried porcelain crucibles. Soils weea teated in a
Carbolite AAF 1100 muffle furnace at 46Gor 4 hours. Once cool, samples were stored

in a desiccator jar before weighing was repeated. The reduction in mass was taken as an
approximation of the organic content of soil. For each solil, thrgereplicates of air

dried, milled soil were extracted in 20mL of 0.25M NaOH + 0.05M EDTA, then lyophilised

and reground as described in Section 3.3.2.

4.3.3 Colorimetric Analyses

4.3.3.1 Soil & Soil extract total phosphorustP

Soil R and soil extract Pwere measured as described in detail in Section 3.3.3.1. For
each soil, three 30mg samples of -difed, milled soil were digested in 1mL
concentrated HSQ and oxidized with KD,. Acid digested samples were then diluted to
10mL with KHP water before measurement of P by molybdate blue colorimetry. For
each of the three extracts of each soil, a single 20mg sample of dried homogenised
extract was subject to acid digestion and measured for extracbyP molybdate

colorimetry according tolte same method.

4.3.3.2 Colorimetric determination of extract molybdateeactive P (MRP) & phytase

labile P

Due to the lower P concentration of soil extracts than those of sludge, 100mg extract
samples were resuspended in 10mL 0.1M acetate buffer (pH SaByples were then
split into two 5mL aliquots and measured for molybda¢active P and phytasbile P

as described in Section 3.3.3.2.

4.3.4 Solutior*'P NMR

For solutior?’P NMR spectroscopy of 0.25M NaOH + 0.05M EDTA extracts of soil, 100mg
samples of lyophilised extracts in 1.5mL Eppendorf tubes were resuspended in 1mL of a
mixture containing a 9:1 (v:iv) of 0.5M NaOH + 0.1M EDTA, and 4mM methylene
diphosphonate internal standard (MDP) ie Tubes were vortex mixed and left for 5
minutes, kefore centrifuging at 9000rpm for 5 minutes. 0.5mL of this preparation was
then transferred to a clean 5mm NMR tul§é? NMR spectroscopy was performed on a
Bruker Advance 500 Spectrometer with a magl console (Bruker, Germany) according to
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the parameters dscribed in Section 3.3.4.2. The following parameters were unchanged

for all samples: acquisition time = 0.845s; pulse wRlzh & T LJdzf & Selaytfm8ft S n
= 1s; total number of scans = 16,384; pulse program = zgig. Peak integration was
performed in Brier Topspin 4.0.3 and calibrated to the peak area of the MDP internal
standard. Due to the existence of a broad peak in the orthophosphate monoester
region, to avoid overestimation, phytate was measured by integration of the first
phytate peak (5.5.65ppm) which represents the phosphate group at Carbon 2 of the

inositol ring, and lies outside of the region of this broad peak, whilst being clearly
separated from the orthophosphate peak. The integral for this peak was multiplied by

6, as it represents one difie six P nuclei of the phytate molecyBurner, 2004)

Peak areas were corrected to account for the underestimation ak@eas due to the
necessary but insufficient relaxation delay time of 1s, according to the method
developed byRobertson, (2018)Correction factors were calculated by runningeaies

of analyses in which soil extracts from one Spen soil (SPas2) and one Wardlow soil
(WCal3), both spiked with 10uL of 5mM phytic acid sodium salt hydrate, were analysed
over 100 scans with delay times of 1, 2, 5, 10, 20, 30 & 40s. Integrals in eatfusp

were then plotted over time to calculate the proportion of signal produced at 1s
compared to that produced when P nuclei can fully relax. A single delay time analysis
was carried out for each of the two sampling locations. SPas was used to repfspsent
soils, and WCal was used for Wardlow soils. Due to their production of a single peak in
the spectrum, a single integral was taken at each delay time for MDP and
orthophosphate. For phytate, a mean integral could be calculated from the four phytate

peaks.

To validate*P NMR determination using this method, three soil samples (SAra, SPas &
W(Cal) were used in a spikecovery analysis. Resuspensions of soil extracts were spiked
with 10uL of 7.25mM (0.072pmol) sodium dihydrogen orthophosphate, an@lL5of

5mM (0.15umol) phytic acid sodium salt dihydrate and analysed in an identical manner
to the original urspiked samples. Recovery was calculated as the observed increase in

concentration over expected increase.
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4.3.5 Statistical Analysis

Concentrationsof Pr and total extractableP, and both colorimetricand 3P NMR

measurements of orthophosphate and phytate concentrations were compared between

soils using onavay ANOVAs. Where significant differences existed;vomg ANOVAS

were followed by Tukey mupile comparisons testsh(f n®@np 0 ® aSl &dzZNBY Sy
orthophosphateP and phytateP by both techniques were compared using simple linear

regressions. Statistical analysis was performed in GraphPad Prism v7.04 (GraphPad

Software Inc, San Diego, USA).
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4.4 Results

4.4.1 Soil properties (pH and organic matter)

Soil pH of the three Spen Farm soils was &04€1, 7.1+ 0.01 and 5.3& 0.01 in SAra,

SPas & SPigspectively. In Wardlow soils, pH was measured at #2981 in WAc, and
6.54+0.01 in WCal (Table 4.2). Organic matter was markedly lower in Spen Farm soils
than in Wardlow soils, ranging between 4.36% in SAra to 8.17% in SPig and reaching
12.38% in Bas. In Wardlow soils, organic matter content was over double that of the

SPas soil, at 29.57% in WCal and 35.96% in WAc (Table 4.2).

Table4.2: pH and organic matter content of Spen and Wardlow soils

Soil
SAra SPas SPig WACc WCal
pH 6.94+0.01 7.10£0.01 5.38+0.01 4.25+0.01 6.54+0.01
Organic 4.36% 12.383+ 8.17+ 35.96+ 29.57+
matter (%) 0.067 0.155 0.169 0.143 0.266

4.4.2 Total Phosphorus of Soil

There was a statistically significant difference betweenoP soils measured by
molybdateblue colorimetry (Onavay ANOVA, p<0.0001; Figure 4.2)ofPWAc was
lowest, with an average of 728g P ¢, and was closely followed by SAra, which
contained on average 764g P ¢¢. WCal and SPas contained intermediate levels of P,
averagingat 860 ug P ¢ and 887 ug P d respectively. SPig had the greatest
concentration of Pof any of the soils studied, at 1167y P ¢ (Tukey multiple

comparisons test! =0.05; Figure 4.2).
4.4.3 Total Extractable Phosphorus

There was a statistically sifioant difference between total extractable P of 0.25M
NaOH + 0.05M EDTA extracts of soil @ag ANOVA, p<0.0001; Figure 4.3). Extraction
efficiency ranged from a low of 43.9% of total soil P in SAra to a high of 60.8% in SPas
soil. Mean extract Pwas bwest in SAra at 335)g P ¢ soil and increased in the order
SAra < WAc < WCal < SPas to the greatest concentration of &L P.2} soil in SPig
(Figure 4.3).
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Figure 4.3 Extract total phosphorusi§ P ¢ soil) measured by molybdate colorimetn
Mean extraction efficiency (%) is presented for eachSaihples are represented &
individual pointgn=3)with horizontal larsindicathgmean+ SEM. Results of ongay
ANOVA arenset Significant differences are represented as different letters abi
bars(Tukey multiple comparisof,= 0.05)
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4.4.4 Colorimetric measurement of MRP and phytdsbile P

Absolute concentration of orthophosphate and phytate was measured colorimetrically
as MRP and phytadabile P. The difference between total extractable P and the sum of
MRP and phytase 6 Af S t gl a RSaA3ayrGSR |a WNB&AAR
statistically significant difference between MRP concentrations in soil extracts\(@ge
ANOVA, p<0.0001). Values for MRP concentration were significantly different between
Spen Farm soils, with absolute concentration of extractable MRP increasing front lowes
in SAra at 21Qug P ¢ to greatest at 42Jug P ¢ in SPig (Tukey multiple comparisons
test, =0.05). There was no significant difference between the absolute concentration
of MRP in WCal and WAc, which were the lowest of all soils tested at 80 audF7g

of extracted soil respectively (Tukey multiple comparisons tes@.05; Figure 4.4A).
There was also a significant difference between absolute concentrations of phytase
labile P in soil extracts (Oweay ANOVA, p<0.0001). Phytdabile P was greast in

WAc, WCal and SPas at 149, 138 and i@2P ¢ extracted soil. SPig contained an
intermediate level of 93ig P d, with the lowest value of all soils found in SAra aj1§6

P g' (Tukey multiple comparisons test=0.05). There was also a staitisily significant
difference in residual P concentration between soils, increasing from lowest jag FO

glin SAra < SPig < SPas < WACc to the highest concentration in WCalgP2§{One

way ANOVA, p<0.0001; Tukey multiple comparisons'te$t,(b; Figure 4.4A).

There was a significant difference in the proportional contribution of MRP to total
extractable P between all Spen Farm soils (@ag ANOVA, p<0.0001). MRP was found

to constitute the largest P fraction in each Spen soil, increasingeionter SPas < SAra

< SPig and making up 47, 62.6 & 68.8% of total extractable P respectively (Tukey multiple
comparisons testh=0.05; Figure 4.4B). There was a significant reduction in the
proportion of MRP from Spen soils to Wardlow soils, but no segmif difference was

found between the two Wardlow soils, in which MRP constituted 16.8 and 17.3% of total
extractable P in WAc and WCal respectively (Tukey multiple comparisons+e<5).

There was a significant difference in the proportions of phsdabile P (Onevay
ANOVA, p<0.0001), which was greatest in WAc soil at 35.5%, decreasing through WAc >
WCal > SPas > SAra > SPig, in which it made up 15.3% of total extractable P (Tukey

multiple comparisons test,=0.05; Figure 4.4B). The residual P faactvas greatest in
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=1 Phytase labile P, F, 4o, =43.06, p<0.0001
mm MRP, F, 40, = 1530, p<0.0001
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Figure 4.4A: Mean absolute concentrations of P fractions in soils measured colorimetri
(ug P d¢ extracted soitt SEM, n=3). Total extractable P is presented above eacBi)dean

concentrations of P fractions in soils as a proportion of total extractable £SEM, n=3).
Results of onavay ANOVA are shown for each P fraction. Results of Tukey mu
comparison ¢st for each fraction are shown, with means to the right of bars (0.05).
Different letters indicate a significant difference between values for that P fraction.
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Figure 4.5Integrals of'P NMR peaks relative to the largestAfMDP (SpenB. Othophosphate
(Spen);C Phytate (Spen)D. MDP (Wardlow)E Orthophosphate (Wardlow) an#. Phytate
(Wardlow), with increasing delay times. For MDP and Orthophosphate, relative integrals fi
single peaks produced by each compound are presented,Hgiage, the mean relative integra
of the four phytate peaks SEM is presented. No error bars are present in the maximum inte
as each replicate was set to 100.
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WCal at 54.3% of total extractable P, which was closely followed by WAc at 47.2%. In
Sren soils, SPas had the greatest fraction of residual P at 28.6%, with SAra and SPig
containing 20.8 and 15.9% residual P respectively {@sme ANOVA, p<0.0001; Tukey

multiple comparisons test,=0.05; Figure 4.4B).
4.4.5%P NMR Optimisation

Before soil NMR spectra were integrated, an optimisation procedure was undertaken to
calcuate the proportion of the total signal that is produced using a 1s delay time,
relative to the maximum signal produced when compounds can relax fully at longer
delay times. A spiked sample from a Spen soil and a Wardlow soil were analysed with
100 scanstadelay times of 1, 2, 5, 10, 20, 30 and 40s, and for each compound, integrals

were measured and presented as a percentage of the largest measured according to the

Mean spike recovery:
Orthophosphate: 107.8 +5.1%
Phytate: 94.6 + 10.4%

4+—— Orthophosphate

scyllo-IHP

Chemical shift (ppm)

Figure 4.6 Example spectrum of spiked soil extract. Red: Sample SAral; and
SAral spiked with B of 5mM phytic acid sodium salt hydrate anqul®f 7.25mM
sodium dihydrogen orthophosphate. Integration of original and spiked sar
enabled the caldation of percentage recovery. In total, three soil extracts (S/
SPas and WCal) were spiked in this way. Mean perceri&f® is presented in the
figure (n=3).
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method ofRobertson(2018)(Figure 4.5). At 1s, the MDP peak represents 87% and 75%
of the total signal measured with delay time of 40s for Spen and Wardlow soil
respectively (Figure 4.5, A & D). For orthophosphate, the peak produced with 1s delay
time represents just 45%nd 40% of the total potential signal for Spen and Wardlow
soils (Figure 4.5, B & E). At 1s delay time, the phytate signal produced represents 76%
and 77% of the total expected signal for Spen and Wardlow soil respectively (Figure 4.5,
C & F). Spikeecowery analysis of three soils (SAra, SPas & WCal) revealed a mean
recovery for spiked orthophosphate at 10A4&.1%, and for phytate at 946 10.4%.
(Figure 4.6)

4.4.6°P NMR Determination of Soil Orthophosphate and Phytate

A single spectrum for each salpresented in Figure 4.7 along with a spectrum for a
phytic acid sodium salt hydrate standard. Spectra for all replicates are presented in
Appendix B. In all soils, the orthophosphate peak at 685 ppm was large and well
separated from other peakd he four phytate peaks could be clearly seen for all extracts,
apart from SAra where signal:noise ratio was low. In these spectra, peaks could be seen
when intensity scale was increased for integration. In all extracts, the first phytate peak
at 5.7-5.65 ppm was used for integration and multiplied by six. This is because this peak
fASa 2dz0aARS 2F (0KS OKFNYOUGSNRAGAO WKdzYA C
monoester area (Figure 4.7), meaning that the potential for overestimation is reduced.
As well as the four characteristic phytate peaks, a large single peak was observed in all
spectra at 3.953.85 ppm, which is tentatively identified as the stereocisomer of phytate,

scylleinositol hexakisphosphat@ urner & Richardson, 2004)
4.4.6.1 OrthophosphateP

There was a strongositive linear relationship between levels of orthophosphate
measured by'P NMR, and MRP measured colorimetricalh=R.95, p<0.0001; Figure
4.8A). According t8'P NMR analysis of extracts, there is a significant difference in the
absolute concentrabn of orthophosphate between extracts of different soils (Qveey
ANOVA, p<0.0001; Figures 4.9 & 4.10A). There was no significant difference in
orthophosphateP between the two Wardlow soils, which had lower concentrations

than Spen Farm soils (Tukewltiple comparisons test =0.05). Within the three Spen
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Figure 4.7Selected®P NMR spectra of soil extracts between 6.5ppm and 2.6ppr
phytate standard is included to indicate phytate peaks. Soil phytate was integi
using the first phytatgeak, as this was at sufficient distance to avoid distortion
the large orthophosphate peak, and avoided the large humic peak seen in SPa:
and WCal between 5.4ppm and 4ppm. Dashed lines are overlaid to indicate bas:
Spectra are shown at the g intensity for each soil. SAra intensity was increa:
for peak identification. Spectra for all samples are presented in Appendix B.

Farm soils, there was a significant difference between each of the soils, with average
orthophosphate concentrations aneasing from 258ig P ¢ in SAra to 40Jug P ¢ in

SPas, and peaking at 588 P ¢ extracted soil in SPig (Tukewltiple comparisons test
h=0.05 Figure 4.9 & 4.10A). As a proportion of total extractable P, there was no
significant difference between the orthophosphate fraction in Spen soils, which made
up between 7588%. In Wardlow soils, the orthophosphate fraction made up
approximately 32% ofotal extractable P in both WAc and WCal (Tukewltiple
comparisons test'=0.05; Figure 4.10B)
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Phosphate-P measured by
colorimetry (ug P g1 soil)

colorimetry (ug P g'1 soil)

600

600
'
400 9/
200
R? = 0.95, p<0.0001
y = 0.8052x - 31.34
0 : ‘
0 200 400
Phosphate-P measured by 3p NMR
(Mg P g™ soil)
150
.0
)
o
100 e
@
4.-}':;
50- ®
R?=0.175
p =0.1208
0 T T T
0 50 100 150
Phytate-P measured by 3p NMR
(Mg P g™ soil)

SAra
SPas
SPig
WAc
WCal

SAra
SPas
SPig
WAc
WCal

Figure 4.8Linear regression dk: PhosphateP of soil extracts measured by molybda
colorimetry and®'P NMR; and: PhytateP measured colorimetricallys phytasdabile

P and by!P NMR. Points represent single samplésirid p values presented on graph
Where a linear relationship exists, the equation of the regression line is presented.
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Extract Phosphate-P (ug P g'1 soil)
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Figure 4.9 Concentration of orthophosphat® measured by'P NMR of soil
extracts, expressed gsgy P d dry weight of soil.Samples are represented ¢
individual pointgn=3)with horizontal arsindicatingmean+ SEM. Results of one
way ANOVA armset Significant differences are representeddifferent letters
above bargTukey multiple comparisoh,= 0.05)

4.4.6.2 PhytateP

There was no linear relationship observed between phyftedata obtained
colorimetrically as phytaskbile P and by'P NMR (R=0.175, p = 0.1208; Figure 4.8B).
Theae was a statistically significant difference in absolute phytate concentration
between soils according 8P NMR analysis (Oweay ANOVA,; p<0.005; Figures 4.10A
& 4.11). Phytateé® was lowest in SAra with an average phyfateoncentration of just 8
ug Pglextracted soil, increasing through WCal < SPas < WACc to a greatest concentration
of 47ug P d¢'in SPig (Tukeyultiple comparisons test =0.05; Figures 4.10A & 4.11). As

a proportion of total extractable P, the phytate fraction was smallest in SAra at just
2.4%. This increased from WCal < SPas < SPig to WAc, which had the greatest mean
proportion of phytateP at 8.7% (Tukeynultiple compaisons test h=0.05; Figure
4.10B).
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Residual P, F4, 10, = 38.8, p<0.0001
Phytate P, Fy 1, = 14.27, p=0.003
Phosphate P, F 10, = 153.7, p<0.0001
Total Extracted P, F, 10 = 125.7, p<0.0001

iNNN

< a0
)
°
2
T}
8 400
s 74a
e 8a
a 200
o
=X
253a
0
SAra SPas SPig WAc WCal
Soil

B = Residual P, F o, = 66.58, p<0.0001

== Phytate P, F 15 = 7.367, p<0.0049
mm Phosphate P, F, 1) = 74.69, p<0.0001

:\;

o

o 100~ 22.1a
<)

I

o 801 24a
b

x

@ 60

g

%’ 40-

=

.‘g 20

8_ 75.5a
o 0

o SAra SPas SPig WACc WCal

Soil

Figure 4.10A: Mean absolute concentrations of P fractions in soil extracts measurétPb
NMR (1ig P ¢ extracted soil:t SEM, n=3). Total extractable P is presented above eacBb:
Mean concentrations of P fréons in soils as a proportion of total extractable PH{&EM,
n=3). Results of oneay ANOVA are shown for each P fraction. Results of Tukey mu
comparison test for each fraction are shown with means to the right of bars Q.05).
Different letters indicate a significant difference between values for that P fraction.
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Figure 4.11 Concentration of phytat® measured by'P NMR of soil extracts
expressed aglg P ¢ dry weight of soil.Samples are represented as individt
points (n=3) with horizontal lars indicating mean + SEM. Results of ongay
ANOVA arénset Significant differences are represented as different letters ab
bars(Tukey multiple comparisoh,= 0.05)

4.4.6.3 ResiduaP

The residuaP fraction was calculated as thHe remaining after the subtraction of
orthophosphateP and phytateP from total extractable P. There was a significant
difference in residuaP concentration between soils (Ome&ry ANOVA, p<0.0001; Figure
4.10A). However, there was no significant differehetween the absolute residu# of
individual Spen soils, nor between the two Wardlow soils, but Wardlow soils were
comprised of a significantlhigher concentration of residudP than Spen soils, at
between 249298 g P d extracted soil (Tukesultiple comparisons test,=0.05). As a
proportion of total extractable P, residull is lowest in SPig at 4.2%. Residual P is
approximately 20% in SAra and SPas but comprises a highér 60-62% of total
extractable P in Wardlow soils (Figure 4.10B).
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4.5 Discussion

This is the first study to use a combination of colorimetric analysis and soR4##d¥MR
to determine the concentrations and proportions of phytate and orthophosphate in a

variety of British agricultural soils and natural acidic aaftareous grassland soils.

Large differences in P fractions were observed between the agricultural and grassland
soils, indicating that landse history has a significant impact on P speciation.
Orthophosphate was found to dominate Spen Farm soils, wiseYgardlow soils were
instead dominated by organic P, with orthophosphate making up only 32% of
extractable P. This likely reflects a more natural state in Wardlow soils relative to Spen
soils, where intensive agricultural practices have disrupted natuodl B cycling.
Application of pig manure, and a cessation in cultivation since its use as an arable soil
seems to have caused a recovery in soil organic matter in SPig soil, accompanied by an
increase irPr, orthophosphate and phytate concentrations. THeserved differences in

P speciation in SPig relative to SAra supports the hypothesis that pHyeeived from

organic inputs accumulates in soil.
4.5.1 Soil pH & organic matter

Within Spen Farm soils, SAra and SPas soil pH was found to be near metitrpH

values of 6.94 and 7.1 respectively. The SPig soil, which had been a permanent arable
soil prior to three successive years as a pig pen before sampling, was more acidic than
SAra and SPas at pH 5.6. Although the SPig soil was not sampled fgdrapsition

from arable land to pig pen, the fact that this soil is appreciably more acidic than the
nearby arable soil suggests that its conversion and resulting recipience of pig excreta
has caused a reduction in pH of the topsoil. A similar trendresrted byde Oliveira

et al., (2014)who found that pig slurrygplication reduced pH of the top layer of an
arable soil, suggesting that this could be due to increased organic acid production from
the biodegradation of applied organic matter. Its therefore possible that the increased
acidity of SPig soil compared t&i@ is caused by microbial degradation of the organic
matter excreted onto SPig soils. SAra had by far the lowest organic matter content of all
soils, at just 4.36% by mass, which is likely to be a symptom of the intensive treatment

of the soil. The repead growth and harvest of annual crops means that little organic
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matter is returned to arable soil in plant residues. Frequent tillage also aerates the saill,

increasing the rate of decomposition of organic matter, as well as disrupting aggregates

which canexpose previously inaccessible organic matter to microbial degradation
(McLauchlan, 2006)t@ probable that the cessation of arable farming on the SPig soil

and the resulting lack of tillage, as well input of pig excreta are the underlying causes of

the eSO SR 2NRAFYAO YIOGGSNI O2yiSyd Ay GKAA 4&:
considering it has occurred over only three years. As a permanent grassland, with an

absence of tillage and regular grazing, it is unsurprising that SRathéagreatest

organic natter in Spen soils.

In Wardlow soils, organic matter content was much greater, between 29.57% and
35.96% by mass in WCal and WACc soils. In the same soils, pH was 6.54 in WCal and 4.25
in WAc. Organic matter is much greater in these soils due to the riadtate of the
grasslands relative to Spen farm soils, with no recorded cultivation of the soil, and light
grazing by sheep and cattle. This means there are few outputs from the soil, enabling
the natural accumulation of soil organic matter via inputs frplant material. Such a

stark difference in the pH of the adjacent grasslands at Wardlow is primarily due to the
difference in soil thickness. The WCal grassland soil-50&rh deep soil meaning that

the shallow limestone bedrock has a significant inficeeon soil pH, whereas in the WAc
grassland, the soil depth reaches 70cm, with the limestone bedrock having little to no

effect on the pH in the surface lay@asto et al., 2015)

The availability of phosphate compountts plants and microbe# the soil is highly
dependent on the soil pH. The generally accepted view is that on a scale of soil pH
between pH 3 and pH 9, there aredwoints of maximum P solubility at approximately

pH 4.5 and pH 6.Appendix CPenn & Camberato, 2019\ ccording to this model, at

very low pH (<pl 4), much of the soil P is fixed in association with iron. Between pH 5
and pH 6, P is predominantly fixed by aluminium, and above pH 7, P is increasingly fixed
by calcium in the soil. P can be removed from the soil solution into the labile ard non
labile pools by a variety of mechanism$hese processes are very similar for both
inorganic phosphates and organic phosphates like phytate, however the strength of
phytate sorption is greater than that of the orthophosphate anion, owing to the number

of orthophosphate moieties that are able to interact with a surfgGerke, 2015)By
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testing a range of inositol phosphates with varied degrees of phosphorylation,
McKercher & Andersor(1989)showed that sorption capacity for inositol phosphates

increases with the number of phosphate esters bound within the compound, and
competitive isotherm studies have further shown that phytate can competitively desorb

phosphate bound to the soil solid phaf&erg & Joern, 2006)

The negatively charged phosphate anion can associate wttsaively charged surface
such as those of Fe and Al oxides and hydroxideswoa exchangéenn & Camberato,
2019) At low pH, these surfaces have a positive charge, which decreases with increasing
solution pH, meaning that the surface can retain less anionic phosphate. P adsorption
can also occur with Al and Fe oxides and hydroxides, anddbes of aluminosilicate

clay minerals vidigand exchangeUnlike anion exchange, this mechanism does not
depend on the surface charge, and instead involves a strong covalent bond between the
phosphate and surface metal ions, in which the phosphate maletylaces either an

H.O or OHgroup. This mechanism is favoured at lower pH, as the surface functional
groups tend to carry ¥D groups rather than Olgroups, which are less easily displaced.
OH groups are also more competitive for surfaces than the phosphate anion, so with
increasing pH and hence increasing  @bhcentration, the frequency of phosphate

ligand exchange decreas@2enn & Camberato, 2019)

At higher pH andin soils with appreciable concentrations of calcium, precipitation of
calcium phosphate compounds occurs when the ofu becomes saturated with
dissolved P and Ca@Penn & Camberato, 2019At high pH, calciurphosphates are
insoluble, and effectively remove phosphate from solution into the -fadoile pool,
rendering it unavailable for uptake until it is dissolved by a reduction in soil pH.
Phosphates can also precipitate with Fe and Al when pH is very low,thend
concentration of phosphates are very high. Decreased pH promotes the dissolution of
Fe and Al oxides and hydroxides by hydrolysis resulting in fréeaRd AF* ions in
solution which can themteractdirectly with phosphateéo produce insoluble Fand Al

phosphateqPenn & Camberato, 2019)

According to this model, in the neutral SAra and SPas soils, at pH 6.94 and 7.10

respectively, P solubility is likely to be increasingly influenced by calcium concentration,
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and thus phosphate and phytate may be more bound within calcium phosphates. In the
SPig soil, at the more acidic pH 5.38, P sorption is more likely influenced by amion
ligandexchange with Fe and Al oxides and hydroxides. Interestingly, the WAc and WCal
soils, at pH 4.36 and pH 6.54 respectively, each sit at one of the two pdoimtaximal

P solubility, at pH 4.5 and pH §Benn & Camberato, 201%lowever, in the Wardlow
soils, P solubility may be further impacted by the vastly greater organic matter content.
Orthophosphate and phytate in the soil solution bind to humic surfaces via Fe or Al
bridging cations, and in the case of phytate, can bind very strongly due totdragtion

of multiple phosphate groups. Over time, phytate can become incorporated into the
humic matrix, affording it protection from mobilisation and rendering it all but non
labile. This pool of immobilised phytate is not easily extracted with cumegthods,

and is often speculated to comprise part of a so called humic peak that is often observed

in solution3P NMR spectra of soil sampl@oolette et al., 2010)
4.5.2 Soil total phosphorus & épaction efficiency

Prvaried greatly between soils. Within Spen Farm soilsyd3 lowest in SAra, slightly
higher in SPas, and much higher in SPig (Figure 4.2). Within the SAra soll, it is likely that
soil Rvaries widely throughout the year, due to féiser inputs and uptake by intensive
cropping. Samples were taken in the autumn of 201®p tmonths after the
simultaneous sowing of a crop of Wintéfheat, and application of phosphate fertiliser

at a rate of 63.67 kg ha meaning that much of the sd# may have been absorbed by
germinating crops. In SPas, a permanent pasture, soils receive nutrient input from
grazing cattle and sheep, and there is colloquial evidence for an application of pig slurry
in 2016(Robertson2018) Pasture fields at Spdfarm are also mown up to twice a year

for silage which, along with grazing, is the only significant nutrient output from the soil.
It is unsurprising that the SPig soil had thghest levels of Pof all soils. Swine manure

is high in P, with asRoncerrations of 10.4 mg P-gand 14.62 mg P gmeasured by
Liang et al., (2018nd Turner, (2004yespectivelySince its transition &m an arable

field to pig pen in 2016, inputs to the soil have come from this high P swine manure,
with outputs minimised due to the low plant biomass within the pig pens, and an

absence of harvesting.

122



Chapter 4Phytate in Soil

Of the soils measured in this study, WAc soil was doianhave the lowest £ slightly

lower than was found in SAra soil. WCal contained more P than WAc and had
comparable levels to SPas soil from Spen. Light grazing of the grasslands by cattle and
sheep may present an input of P to the soil via excretathustis expected to be small

and relatively similar between the two grasslands. The difference @oritentrations
between the adjacent grasslands may be attributed again to the soil depth, as well as
the biomass cycling. In the WCal solil, with a shatlepth of up to 10cm, the limestone
bedrock has a greater influence on the soil chemistry than in the WAc grassland, where
soil depth can reach 70cm. Weathering of exposed bedrock in the WCal grassland may
therefore lead to a slow accumulation in soildver time, which would have a smaller
impact in the top layers of the WAc soil. Furthermore, WAc soils support a greater
aboveground biomass, which will in turn lead to greater uptake of P from the soll,

explaining the difference infl@bserved.

Extractionefficiency of soils was found to range between 43.9% and 60.8% ofrsoil P
which is a much lower recovery than was found for sludge samples in Chapter 3.
Excluding WACc, the calcareous nature of the soils studied might explain this low rate of
recovery.Turner et al., (2003 reported recovery values between 4%5% of soil Fin a

range of calcarous arable soils. In calcareous soils, P compounds can precipitate with
calcium ions to form insoluble calcium phosphate salts. When extracted in alkaline
solvents, such as the 0.25M NaOH + 0.05M EDTA solvent used in this work, these
precipitates remainrisoluble, meaning that they are not efficiently extracted from the
a2Af o 1 26SOSNE (KA& R2SayQi SELIXIFAYy (KS
these rates of recovery, the total extractable P concentrations ranged between a low of
335.6ug P d of extracted soil in SAra, and high of 61@¢P d' of extracted soil in SPig
(Figure 4.3).

4.5.3 Soif*P NMR optimisation

Due to the low P concentration of soil extracts, to generate an acceptable signal to noise
ratio in solution®P NMR spectra, a total of 16,384 scans were performed per sample,
meaning that a short delay time of 1s was required for acceptable analysis.time

Correction factors were calculated for both soils to account for the underestimation of
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peak integrals that are generated with an insufficient 1s delay time. MDP represented

87% and 75% of the full signal in Spen (SPas) and Wardlow (WCal) soil extracts
respectively. Orthophosphate, a smaller compound with a longer T1 (iRobertson,

2018) represented 45% and 40% of the full signal, with phytate representing 76 and

77% of the full signal for Spen and Wardlow soilpeesively. The relative integral at 1s

for MDP and orthophosphate is greater in Spen soil than Wardlow soil, indicating that

Ay GKS { LSy SEGNIOG=Z Y2tS0OdzA Sa O2dzx R NBfIlE |
was caused by a higher concentratioiparamagnetic ions (eg. FeMn?*, Cé* & CitY)

in the Spen extract, which are known to reduce the time required for relaxdGawle

Menun & Liu, 2014hereby increasing the signal at 1s delay relative to the fully relaxed

signal.

When analysed by'P NMR, the recovery of orthophospha®eand phytateP spiked
into soil extracts stood al07.8+ 5.1%, and 94.& 10.4% respectively (Figure 4.6),
showing that the’P NMR analysis coupled with the delay time correction provides an
accurate quantification of orthophosphate and phytateP in soil extracts from both

sampling locations.
4.5.4 ©@lorimetric analysis of soil P

According to the colorimetric data, SAra had the lowest concentration of
orthophosphate, calculated as MRP, in the Spen Farm soil extracts, and was closely
followed by SPas, with SPig having by far the greatest concentrbtovever, SPas had

the lowest MRP as a proportion of total extractable P at 47%, with SAra and SPig extracts
containing 62.6 and 68.8% orthophosphd&erespectively. In Wardlow soils, absolute
concentrations of MRP were significantly lower than those aénSparm soils, and
orthophosphate made up approximately 17% of total extractable P in both Wardlow
soils (Figure 4.4 A & B). Despite the existence of a positive linear relationship between
the colorimetric and®P NMR data for orthophosphate, the colorimietvalues were
consistently lower thanthose 8t baw O6CA3JIdzNE nody! 03 |y Aa&adzsS
sludge extracts in Chapter 2. This discrepancy could be explained by the tendency of
phosphate to associate with humic substances. Molybdate coloryneieasures free

orthophosphate in solution, but some orthophosphate is bound within humetal
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complexes in soil, and a proportion of this is not hydrolysed by the acidity of the
colorimetric assay, so cannot react with ammonium molybdate in solutiorhande is

not measured colorimetricallfTurner et al., 2005a; Gerke, 2010This leads therefore

to an underestimation of orthophosphatie in samples containing high levels of humic
substances. It is telling that SAra soils showed a lower degree of undergstirttzan

other soils (Figure 4.8A), as the organic matter content is lowest in this soil, meaning
that there is a lower concentration of humic substances with which orthophosphate

could complex.

Colorimetric determination indicated that phytadabile P was relatively abundant in

soil extracts, making up between 15.3 and 24.4% of total extractable P in Spen soils, and
28.935.5% in Wardlow soils. SAra had the lowest absolute concentration, fallbywe
SPig, with the greatest concentration in Spen soils found in SPas with over double the
amount of phytasdabile P of SAra. Absolute concentrations in Wardlow soils were
similar to those found in SPas, at 138 and Lg9 ¢ soil. However, as descriden
Chapter 3, section 3.5.4.3, the reliability of these results is questionable when compared
to the results obtained by!P NMR on the same extract samples, as phytate can be
overestimated due to the tendency of phytase enzymes to catalyse the
dephosphaylation of not only phytate, but other P compounds t@h et al., 2004)
There was also no significant linear relationship between phytate concentrations
calculated by thewo methods (Figure 4.8B). Coupled with the spikeovery data
carried out or*'P NMR samples (Figure 4.6), this suggests’tRatIMR provides a more
accurate and reliable method for phytate determination than phytase hydrolysis.
However, a message thadw be taken from the colorimetric data is that, proportionally,

the pool of phytasdabile P is smaller in arable (SAra) or recently arable soils (SPig), than
in soils with higher organic matter content, which indicates that the current or past
intensive teatment of these soils has caused them to have a lower concentration and

variety of P compounds than more natural grassland soils.
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4.5.5 Solution*P NMR analysis of soil P
4.5.5.1 Major features of soil'P NMR spectra

Due to the much lower P concentiah of soil, signal to noise ratio #P NMR spectra

of soil extracts was lower than was observed in sludge extracts (Figure 4.7). Peaks were
clearly visible in all spectra apart from SAra where, due to the very low phytate
concentration, potential peaksere visible only when the intensity scale was increased.

In SAra, a spiked sample was used to confirm the existence and identity of the phytate
peak used for integration (Figure 4.6). For all extracts, the first phytate peak,
representing the phosphate gup at carbor?2 of the inositol ring, was used for
integration and calculation of phytate. This overcomes the potential overestimation of
phytate that can be caused by the existence of a broad peak underlying the
orthophosphate monoester region of the speg, a feature which can be clearly seen in
SPas, WAc and WCal spectra (Figure 4.7). A broad monoester peak is commonly
observed irt’P NMR spectra of soil extracts, and made uf23% of total extractable P

in a calcareous soil studied Dolette et al., (2010)There has been much discussion
over the identity of the unresolved molecules that make up this broad peak, with various
authors describing it as omoester P associated with humic compouiiDsolette et al.,
2010) large molecular weight materia(§arosch et al., 201%nd soil organic matter
(McLaren et al., 2014A recent investigation of the molecular structure of the broad
peak compounds, based on their transverse relaxation (T2) tinféB INMR, found that

the broad peak decayed rapidly compared to sharper peaks in the monoesgjmn,
indicating the presence of high molecular weight macromolecules, with which
phosphate monoesters are associat@dicLaren et al., 2019}t is notable that in thé'P

NMR spectra of SAra and SHigwhich organic matter content is lowest due to the
intensive treatment of the soil, this broad macromolecular peak is far less apparent than

in the soils with higher organic matter content (Figure 4.7).

A further notable feature of spectra for all ektracts was the presence of a sharp peak
at ~3.9 ppm (Figure 4.7), which was tentatively assigned to the stereoisomer of phytate,
scylleinositol hexakisphosphates¢yllcIHP), based on the peak library produced by

(CadeMenun, 2015) WhilstscyllelHP is relatively abundant in soils, and is regularly
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identified in3P NMR spectra, little is known about its origin and behaviour in the soil
(Turner & Richardson, 2004j often produces a clear strong peak pestra as, unlike
phytate, the chemical environment around each phosphate group is identical, meaning
that the singlescyllelHP peak represents all 6 phosphate groups in the molecule.
Although scyllelHP concentration was not measured in this work, we saa from

figure 4.7 that peak size is smallest in SAra, relatively similar in SPig and WCal, and
greatest in WAc and SPas, and seems to make up a significant proportion of extractable
P in each soil. Little is known about the origin or bioavailabilitgcgfleIHP in soil, but
evidence from phytase assays suggests that it has a degree of resistance to phytase
hydrolysis owing to the lack of an axial phosphate gr@@psgrove, 1966 However,

when Turner & al., (2005b)analysedscylleIlHP in pasture soils, they found ryegrass
growth reduced its concentration in nutrient limited soils, but increased its
concentrations in nutrient rich soils, suggesting that unddinftation, organisms that

can degradescyllelHP are favoured, whereas in nutrient rich soils, microbial synthesis
of scylleIHP is favouredTurner et al., 2005b)f scyllelHP is readily degraded by the
phytase @zyme used in this chapter, it may also partially explain the observed

overestimation of phytate measured as phytdabile P.
4.5.5.2 Spen Farm Soils

3P NMR data showed consistently higher concentrations of orthophosphate, and lower
levels of phytateP than the colorimetric approach (Figure 4.10A). In Spen farm soils,
orthophosphate constituted the majority of P in all extracts, making up betweenc74.6
88.1% of total extractable P. Phytate concentration was lowest in SAra, making up just
2.4% of total extractable P, with SPig containing the greatest phytate concentration in
Spen soils, making up a proportion of total extractable P three times greaterttiz

of SAra. Despite the overall Id#% concentration found in arable soil, the dominance of
orthophosphate in this soil was expected due to the intensive use of this land for
cropping and the regular application of inorganic mineral phosphate fertilisean
analysis of soils conducted IBgutter et al., (2015)arable soils were found to contain

an average orthophosphate concentration of 695 + 328 ug ®, gnaking up an average
74% of total NaOHEDTA extractable P. The SAra soils, containing an average of 253 ug

orthophosphateP g' are much less orthophosphatéch, but extracts proportionally
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contain over 75% orthophosphate. Whilst the soils sampled [Stutter & al., (2015)
were sampled in spring 2008, no information is provided as to whether this was before
or after application of P fertilisers to the soil. SAra soils were sampled in November 2018,
following the sowing of a crop of Wint&heat The field hd received an input of triple
superphosphate fertiliser in early August at a rate of 63.67 &% Ra' (Dr. George
Sorensen, personal communication), so the very low phosphate concentration detected
by 3P NMR is surprising. However, with plants havirmwgr on the fertilised soil for
three months, there was likely to have been significant absorbance of fertiliser P by
young plants, and there is also the possibility that phosphate had become precipitated
in alkaline salts, which would be undepresentedin alkaline extracts due to their
insolubility. SAra contained the lowest concentration of phytate in Spen soils, at just 8
ug P ¢, which made up just 2.4% of total extractable P. With regular harvests, and
application of inorganic P fertilisers, therelikely to be very little input of phytate to
arable soils from plant residue and manure, and there is no evidence for manure
applications to this field. Further, conventional arable practices do not promote the
persistence or accumulation of organic ppbates in solil, as tillage is known to decrease

the organic matter content by dispersing soil aggregates and aerating the saill,

promoting microbial degradatio(McLauchlan, 2008 L GdQa | f &2 | L}2&AaA0ATf

SAra soil seems d8limited, over the fdlow winter months there is a competitive
advantage for soil microbiota that can metabolize P from organic sources due to P
limitation, meaning that levels of organic P, including phytate may be depleted year on

year.

Solil total P and total extractable Pewve greater in SPas than SAra, and absolute
concentrations of orthophosphatl and phytate® were both significantly greater than
those of SAra. However, the proportional contributions of both orthophosphate and
phytate were not significantly different tinose of SAra, with 74.6% of total extractable

P present as orthophosphate, and 6.3% present as phytd®e In the intensive
grassland environment of a permanent pasture field, it is perhaps surprising that organic
P compounds do not make up a greater poation of the total extractable P. In pasture
soils, past work has shown the organic P fraction to dominaiener et al., (2003

used solutiom®’P NMR to characterise the P speciation in 29 UK pasture soils, finding
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that orthophosphate monoesters were the dominant P forms, constitutings@® of
extractable P. In a similar studgtutter et al.,, (201p measured orthophosphate
monoesters making up between B6% of extractable P in 10 intensive grassland soils

in which orthophosphatd® made up an average of just 39% of extractable P. The greater
presence of organic P observed in these studies ily ltkaesult from the less intensive

land use of these soils. An absence of regular cultivation, as well lower outputs from
crop harvests means that organic P can more readily persist and accumulate in the soil.
It is estimated that between 695% of P almwbed by plants in grazed pastures is
returned to the soil in plant residue and animal excreta, and betweef®® of P in
plants exists in organic forgCondron et al., 2005Higher organic P in the pasture soils
mentioned above may therefe result from low output, and regular input of organic P.
However, in this work, pasture soil was found to be dominated by orthophosgPate
with just 6.3% made up of phytate > | YR wmdi? FaaA3dySR | a WNBa
be comprised of unmeasad orthophosphate monoesters, diesters, polyphosphates
and any P associated with humic macromolecules. The reason for the lower than
expected values of organic P, and higher than expected values of orthophosphate is
unclear, but there is colloquial evidemthat SPas has received applications of pig slurry
from the onsite pig facility at Spen in the pgRobertson, 2018)Data for the amount

and frequency of application is not available, but pig manure is known to bdyhig
concentrated in orthophosphate, with concentrations of 7272.9 ug‘fPngasured by
Liang et al., (2018)and 11,200 pg P-gmeasured byTurner, (2004)making up
approximately 90% of extractable P in both studies. If the pasture soil has received
applications of pig slurry in the past, this might explain the dominance of

orthophosphate over organic P in this soil.

Having received a ¢ih continuous application of pig manure from its use as a pig pen,
SPig soil unsurprisingly contains the highest concentration of total P, orthophosphate
and phytateP of all the soils analysed. With an average phykteoncentration of
680.7 ug P-4 making up 8.5% of extractable(Bang et al., 2018pig manure is rich in
phytate, dueto their predominantly grairbased diet, and inefficient digestion by
phytase enzymes(Abioye et al.,, 2014) Proportionally, SPigs dominated by

orthophosphateP, which makes up over 88% of extractable P, and also contains the
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highest proportion of phytate 2 F { LISy a2Aftas i GKS SELISya

With P outputs from this soil reduced to a minimum due to theeslied lack of plant
biomass in the SPig field, continual inputs of orthophospiaiand phytateP to this

field in pig excreta are the likely cause of this accumulation. Prior to 2016, SPig had been
an arable field since at least 2001 (Table 4.1), butveasd unfortunately not sampled

prior to its conversion. If SAra is considered an acceptable proxy soil for comparison,
then in three years since pig pen conversion, SPig has seen an 82% increaskrin soll
concentration, a 113% increase in orthophosphBteoncentration, and a near 5x

increase in phytatd® concentration compared to SAra.
4.5.5.3 Wardlow Soils

The P speciation of Wardlow soils was vastly different to those of Spen Farm soils (Figure
4.10A), but between WAc and WCal, the only significafergifice observed was for soil

total P, and total extractable P, with no significant differences observed for absolute
concentrations or proportions of orthophosphat® phytateP or residuaP.
OrthophosphateP concentration in these soils is lower tharSjmen soils, and makes up
approximately 32% of total extractable P. Phytate concentrations were similar in these
soils, making up 8.7 and 5.3% of extractable P in WAc and WCal respectively. Extractable
t Ad AyadSFER R2YAYLl (S Richinkhisstdd® is cBiNBised dalzl f t Q
soil P other than orthophosphate and phytate, so includes other orthophosphate
monoesters, diesters, phosphonates and inorganic polyphosphates, for which specific
concentrations were not measured. The dominance ofdiganic P fraction in Wardlow

soils, which in this work is calculated as rathophosphateP, is reflective of these soils

as extensively grazed grasslands, in a more natural state than Spen Farm soils. These
soils receive minimal P inputs from excredad have minimal output from grazing, so

the majority of P cycling occurs through plant P uptake and subsequent soil
replenishment with organic P from plant litter. Organic P in this soll is likely to be heavily
influenced by the soil microbial populatioBinemann et al., (20123howed that
microbial uptake andmmobilisation of P dominates P fluxes in grassland soils with low

P inputs. The finding that extensive grassland soils contain greater concentrations of
diesterP and polyphosphates, which are indicative of high P turnover and an active

microbial populaibn, supports this conclusiofStutter et al., 2015) Despite this
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microbial immobilisation of inorganic Pslimited grasslands often exhibit high levels of
biodiversity (Lambers et al., 2010)and recent workon the Wardlow calcareous
grassland has demonstrated that -oocurring grassland plant species are able to
acquire P from varied P sources, including dieBt¢DNA), soluble orthophosphate and
calcium bound phosphates to varying exte(Rhoenix et alin pres3. Although phytate

was not analysed in this study, its relative abundance in Wardlow soils suggests that it
YIEe LXFe Iy AYLRNIFYyd NRfS | fAcusliocnR® GKS

limited soils.
4.5.6 P Accumulation of phytate in pig pen soil

The results obtained froftP NMR analysis of Spen soils tentatively suggest that phytate
can accumulate in previously arable soils that receive P inputs from monogastric pig
manure. If the P concentrations found in SAra can be assumed to be representative of
the SPig soil prior to its conversion from permanent arable soil in 2016, then the
cessation of intensive arable practices and application of pig manure has almost doubled
organic matter levels, and has increas&gdorthophosphate and phytate concentrations

by 82%, 113% and 489% respectively. Pig manure was measukéhbyet al., (2018)

to contain aPrconcentration of 10,400 pg P'gand orthophosphate and phytate made

up 90.7% and 8.5% of total extractable P respely. Whilst this total P concentration

is lower than that found in anaerobically digested sludge in Chapter 3, the proportion of
orthophosphate and phytate found in digested sludge, at 83.4% and 4.5% of extractable
P, is remarkably similar to pig mameurlts therefore probable that when applied to
arable soils, anaerobically digested sludge behaves much in the same way as pig excreta,
increasing overall P concentrations, and increasing the proportion of phifatethe

soil.

The potential for phytat@ccumulation in soils is likely to be dependent on many factors,
including abiotic stabilisation, the microbial processes of immobilisation and
mineralisation, soil pH, organic matter content and the abundance of P sorption sites
(Stutter et al., 2015; Dou et al.,, 2009licrobial mineralisation of phytate via the
production of exogenous phytase enzymes is promoted in response to P deficiency in

soil (Richardson & Simpson, 201However, in SPig where phytate has been applied
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alongside large concentrations of more labile orthophosphate, this microbial
degradation may besuppressed. Furthermore, competitive isotherm studies in
controlled conditions have shown that phytate is strongly and preferentially sorbed in
soil compared to glucosé-phosphate, ATP and orthophosphate, and may even
compete with orthophosphate for sotjpn sites when applied in low concentrations
(Berg & Joern, 2006paturation of P sorption sites by phytate in soil could culminate in
elevated P ruroff to water bodies, where it can then contribute to eaphication(Dou

et al., 2009) Accumulation of phytate from application of pig manure and anaerobically
digested sludge therefore presents two problems, the first due to its potential to
promote environmental P pollution and ewafphication, and the second, the likely
avoidable loss of phytate from the agricultural P cycle due to its strong and
irretrievable sorption to the soil. It therefore stands to reason that the elimination of
phytate from anaerobically digested sludge arderents would be beneficial foP
resource recovery and environmental protection, and the use of exogenous phytase

enzymes for its dephosphorylation may be a solution.
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4.6 Conclusions

Overall, this work has highlighted the stark difference ail ® speciation between
farmed soils and natural grassland soils in the UK, and that there is large variation within
farmed soils depending on their land use histoA? NMR analysis has revealed that
farmed soils are dominated by inorganic orthophosmhavhereas extensively grazed
grassland soils exhibit much greater organic matter and are instead dominated by
organic phosphates, which may indicate greater microbial influence on soil P dynamics

and greater soil health.

The addition of monogastric piganure in SPig has caused a small but significant
recovery in soil organic matter, accompanied by an increas®, iand concentrations

and proportions of orthophosphate and phytate over three years since its conversion
from arable soil, when SAra soil ised for comparison. With the similarity in P
composition between pig manure and anaerobically digested sludge from human waste,
it is likely that a similar accumulation would be seen in soils amended with sludge.
Ideally, this would be confirmed with futarwork to assess changing P speciation in
sludgeamended soils over a number of years. However, the evidence presented in this
chapter strongly suggests that phytate can accumulate in amended soils, which may
represent both wastage of valuable P resourcas] an environmental risk from the
elevated potential for runoff and eutrophication. The use of phytase enzymes could
present an opportunity to address this problem, and the following chapter will look into
the dephosphorylation of phytate by one such aoercially available enzyme, to assess

its potential for the breakdown of phytate in environmental samples.
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5. Phytasemediated liberation of phytoavailable
phosphate from phytate in a model substrate

5.1 Summary

In order to reduce the need for inputs of unsustainable chemical P fertilisers to arable
land, strategies to provide phytoavailable orthophosphate from stabilised P in soils and
amendments are required. Phytate is commonly identified as the most abundant
organic P compound in soil extracts, so is a prime candidate compound for such
mobilisation. One approach involves the inoculation of soils and manures with phytase
producing microbial strains, but this suffers from poor ldagn persistence of
inoculant $rains. Alternatively, genetic engineering can be used to introduce or improve
phytase exudation from the roots of plants. While this approach has had some recent
success, there remain legislative and social barriers to the use of transgenic crops in food
production. Microbial phytase enzymes are now produced on a commercial scale for use
as supplements in the diets of monogastric livestock, but their application as potential

bio-fertilisers is not welktudied.

In this chapter, the performance of a commialty produced, microbialtderived
phytase enzyme was assessed for its use in the dephosphorylation of phytate and
provision of phytoavailable orthophosphate to plants grown in model substrates. Due
to the tendency of phytase activity to be lost in sallse to the adsorption of both
phytate and phytase to the soil solid phase, enzyme performance was assessed in two
substrates, one containing a mixture of sand and peat, and one with a higher adsorption
capacity containing clay, sand and peat. Overall, omtsistent evidence was found to
support the hypothesis that the treatment of phytafertilised substrates with phytase
would result in phytate dephosphorylation, provision of phytoavailable P to plants, and
improved plant performance. This was the caseboth substrates, indicating that
phytase activity was lost in both substrates regardless of clay content, most likely due

to the adsorption of both phytate and phytase to the substrate solid phase.
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5.2 Introduction

5.2.1 Phytate dephosphorylation by phgses in environmental samples

Anaerobic digestion of sewage sludge is purported to lead to mineralisation of key
nutrients, such as N and P, making them-éw@ilable as potential fertilisers. In contrast

to this received wisdom, it was shown in in Chaf@¢hat phytate is still present in the
anaerobically digested sludge that is commonly spread to arable land. Phytate applied
to the soil in such organic amendments may become preferentially stabilised due to its
high charge density and is often identifigdsoil extracts as the most abundant organic

P compound(Jgrgensen et al., 2015Moreover, the prior use of land for rearing
monogastric animalsan generate high residual levels of soil phytate, for example in pig
pens (Chapter 4). Consequently, it is now clear that phytate concentration in the soil can
depend on laneuse history. As part of a future sustainable and efficient model for the
use of limited P resources, there will be a need for strategies that enable the
mobilisation and mineralisation of P from stabilised phytate in the soil, in order to

reduce the use of unsustainable chemical P fertilisers.

Some approaches have attempted to inase the ability of a soil to mineralise phytate

P via inoculation of manure or soil with phytgseducing microbes, and commercial
bioinoculants designed to exploit soil legacy P are already in exis{@wen et al.,
2015) MenezesBlackburn et al., (2016nhoculated cattle manure with a phytase
producing Bacillus species, and found that inoculated manure had a greater
coneentration of inorganic orthophosphate than uninoculated manures. However, the
survival of bieinoculants is a major obstacle to their widespread use. Whilst inoculation
can provide an initial abundance of beneficial microbes, they often have poor survival
and are outcompeted by the native soil microorganigiMsirtinezViveros et al., 2010;
MenezesBlackburn et al., 2017 his was observed in the above cattle manure study of
MenezesBlackburn et al., (2016in which the prevalence of theBacillussp. inoculum
decreased over the six day incubation due to competition with the natural manure

microbiota.

An alternative to microbial inoculants is the enhancement of crops for increased phytase

exudation from roots. Most plants have intrinsic P mobilising traits, thete is an
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assumption within the literature that in modern crops, these traits have become either
insufficiently expressed or even lost due to the successive breeding of crops in high
nutrient environments with the application of fertilise®lenezesBlackburn et al.,
2017) Studies such as that Ieorge et al., (2005hin whichNicotiana tabacunplants

were genetically modified to expresspergillus nigephytase, have had some success.

In this study, transgenidants were found to accumulate 3féld more P than wildtype
controls when grown on sterile agar. This effect was lost when plants were grown on P
deficient soil, but was regained somewhat when soils were amended with phytate,
indicating that a limiting fetor is the availability of phytate as a substrate for the enzyme
(George et al., 2005b)Since then, with increased understanding of rhizosphere
biochemistry has come an appreciation of the role of low molecular weight (LMW)
organic acids such as citrate, which are exuded by both plants and microbes to mobilise
phytate that has become adsorbed within the soil by occupying soil sorption sites
(Richardson et al., 2009Recent work has shown thhit tabacunmplants engineered to
express both phytasand citrate exudation accumulated more P from-bnited soil

than plants expressing either alor{&iles et al., 2017)Despite the promise of this
approach, there remains large legislative and societal obstacles to the use of genetically
modified crops, partularly in Europe, and wider collaborations between academia and
social and political scientists will be required to overcome these before they can be

widely adoptedMenezesBlackburn et al., 2017; Horton et al., 2017)

Microbial phytase enzymes have been isolated and are commonly produced
commercially for use as pplements to aid phytate digestion in the graiased diets of
monogastric livestocklorgiera et al., 2008)Despite their widespread availability, there

has been relatively little work investigating their activity when applied to organic
matrices such as manure and sdillenezesBlackburn et al., (2014jound that
amending soil with a cattle manure treated with a stabilised fedditive phytae
enzyme resulted in a significant increase in soil phytoavailable P, and increased plant P
concentrations by 39%. Similari@ujar et al., (2013jound that when added to a
phytate-amended soilA. nigerphytase supplementation reduced soil phytate content

by 30%, and simultaneously increased phytoavailable phosphate levels by 1.18%.

However, the addition of enzymes directly to the soil can result in thendra
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immobilisation via adsorption to soil solid phase constituents such as clays, metals and
metal oxides, which when coupled with the tendency of phytate to similarly adsorb, can

result in a rapid loss of enzyme activffyeorge et al., 2005a)
5.2.2 Aims and Objectives

Microbial phytase enzymes are wigietommercially available, yet are unegudied

with respect to their ability for use as a biofertilizer in crop production. The aim of this
chapterwas therefore to assess the performance of a commercially available microbially
derived feedsupplement phiase enzyme for the provision of phytoavailable phosphate
from phytate in model substrates with varied adsorptive capacities. To test whether the
performance of the enzymwas affected by adsorption to the substrate solid phase,
two substrateswere used, the first containing a mixture of 50% quartz sand and 50%
peat, and the second with an increased sorption capacity containing 40% quartz sand,
10% bentonite clay, and 50% peat. Spring onion plamse treated with a nutrient
solution containing ehlier no P, orthophosphateP or phytateP, with half in each
treatment provided with a dose of phytase enzyme following fertilisation. Plaete

then analysed for total biomass, tot&luptake andP concentration, and substrates

analysed for both total anghytoavailablePfollowing harvest.

P treatmentwas expected to have a major effect on overall plant performance, with
plants treated with phosphate showing the greatest P uptake, concentration and
biomass, and those receiving no P having the lowest Rkeptconcentration and
biomass, and thergvas expected tde no effect of the phytase enzyme within these
treatments. Clay content in the substrat®uld also have an overall effect on plant
performance due to the tendency of P to adsorb to clay surfaseglants in the 10%
clay substratewvere considered likely teshow a lower P uptake, P concentration and
biomass compared to those in 0% clay substrate. Within phyttateted plants, itwas
hypothesised that the application of phytaseowd cause a degreeof phytate
dephosphorylation in the nowlay substrate, resulting in increased biomass, total P
uptake, and P concentration in plants, along with an increase in phytoavailable P in the
substrate compared to plants receiving no phytdsas postulatedhat this increased

P uptake from the soitouldresult in decreased substratér compared to substrates
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receiving no enzymeas phytateP cannot be absorbed by plants without prior
dephosphorylation. Any effect of the enzyme in 0% clay subsivasexpeded to be
depressed or absent in the 10% clay substrate, in which greater adsorption of both

phytate and phytasevould result in the loss of enzyme activity.
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5.3 Methods
5.3.1 Experimental setip

A fully factorial greenhouse experimemas designed to test ability of a commercial

phytase enzyme for liberating phosphate from phytate spiked in a model soil substrate,

and to test whether substrate clay content might affect this. Spring onion plants were

grown in 150crhof one of two substr 1 S& G CA 3IdzNB pdmMO® ¢ KS FANEKC
contained (by volume) 50% Irigheat Moss and 50% quartz sand, and the second

adzoad NI S owmm: [/ f IP@&tMoss @®o/ duartk gaSdr angp B% L NA & K
Bentonite clay (Honeywell Fluka) by volume. $uates were balanced by mass of the

organiclrish peat mosdraction but differed in total dry mass equivalent. 15G&n¥ W g2

[ freQ O02yiGFAYSR FLIINRBEAYIF(GSt& wmuT dpall adzo & i NI
Wmmz [t &8Q 02y il Ay SrhasslpédnoyBninhg ty dlay atirgy alewer 3 6 R NE
mass than the sand it replaced. Nutrient content is expressed as mass per pot, rather

than mass per gram of substrate. The two substrates were tested for avaifable

concentration (See Section 5.5.3) priortoseexly 3 (G NI yaLX I yid Wmr [ £ &«
of 10343 2F LKed2FI dFAtlofS t LISNJ LjpicE FyR Wwm
phytoavailable P per pot, indicating that the bentonite clay contained a phosphate

impurity. To balance available P budgets in the exp&iy 12 L2 Ga O2y 4l AyAy3

0% Clay 10% Clay
Enzyme
No P -
No Enzyme
Phosphate -
Phytate -

Figure 5.1 Schematidiagram of the experimental set up. Plant in two clay treatments w
treated with one of three phosphorus treatments. Within each phosphorus treatment, ha
plants were treated with phytase enzyme, half were not.
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received 477ug P per pot as 19.1mL of p§ P mt! sodium dihydrogen orthophosphate,

and were left for 5 days prior to receiving transplanted seedlings.

Spring onion seeds (var. White Lisbon; Mr Fothergills Seeds, UK3avaren 100%rish

peat mossat a depth of 1.5cm. 7 days after first germination, the sixty strongest
seedlings were transplanted equally into 60 individual pots containing either substrate.
Plants were watered with UHP water evenB2iays as required. @mweek following
transplantation, to promoteP limitation, pots were each provided with 20mL of a
modified nitrogen (N) and potassium A OK | 2 3f I yRQ& ydzi NAR Sy i
P (No P; Table 5.1). All nutrient solutions were adjusted to pH 4%ha dropwise

addition of 1M HSQ.

Plants were grown im greenhouse chamber at the Arthur Willis Environment Centre,
University of Sheffield, with a Iour day length, daytime temperature of 20and

night-time temperature of 18C 42 days followinggrmination, plants in each substrate

were split into three sulgroups according to the nutrient treatment they were to
NEOSAGBS O6CATdz2NE pPdmMOP bdziNASYyd GNBFGYSYyG
solutions (No P (negative controphosphateP (positie control) andphytate-P; Table

5.1). Each nutrient solution was balanced for NPK with a molar ratio of 15:3:8, apart

from No-P which was 15:0:8. 20mL of No P containgeh@P,phosphateP contained

1858ug P as sodium dihydrogen orthophosphate, ahgtate-P contained 1858g of
phytaselabile P as phytic acid dipotassium salt (Santa Cruz Biotechnology, Germany;
Table 5.1)As phytate dephosphorylation by the enzyme is incomplete, releasing 5 of

the 6 phoghate groups, and giving a final product miyo-inositol monophosphate,

phytate concentration was increased in order to balance the phylakde P in

Whytatet Q gAGK (GKS LIK& G2 Jpghdsphatet QS a2 NI0#i 2 LK/ D3 LI
received 20mL ofheir respective nutrient solution at 42 days and were left for three

days before the addition of enzyme treatmentSubstrate pH was measured in pots of

surplus substrate without plants, which had been treated in an identical manner to the
experimentalsubstrates. pH was measured following nutrient treatment, according to

the method outlined in Chapter 4, section 4.2kadershot et al., 2008pH of 0% clay

was measured at pH 4.250.01, and pH of 10% clay was measured at.p8 # 0.01.
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Half the pots within each-Beatment group in each substrate then received 20mL of 50
FTU mi! phytase enzyme (Ronozyme HiPhos, DSM Nutritional Products, Switzerland) or
20mL of denatured enzyme at the same concentration. Enzyme was dendbyred
autoclaving in a Prestige 2100 Benchtop autoclave with an 11 minute hold cycle@t 121
under 15psi of pressure. The enzyme is a commercially prodGaeabacter braakki
phytase expressed iAspergillus oryzaand is used as a feed additive for mondgas
livestock under the name RONOZYME HiPhos (DSM Agricultural Products, Switzerland).
C. braakiis an enterobacterium, with the enzyme having a broad activity over the range

of pH 2¢ 6 (Brejnholt et al., 2011; Lichtenberg et al., 20140t an optimal range of at

least 80% optimal activity between pH 3 and pH(#/&nezesBlackburn et al.2015)

Table5.1a2 RAFASR | 21 3fFyRQE YydziNASyilG &az2f
solutions contained 1mL!of micronutrient solution providing 0.5ppm Boron, 0.5pp
Manganese, 0.05ppm Zinc, 0.02ppm Copper & 0.01ppm Molybdenum

Treatment  Macronutrient Concentration Nitrogen  Phosphorus Potassium

salt (g Y (ug 20mt)  (ug 20 mtY)  (ug 20 mb)
KNO3 0.505 1401 - 3910
Ca(N 0.820 2801 - -
No P (NQ,
Molar ratio: KCI 0.224 - - 2346
15:0:8 MgSQ 0.241 - - -
Total: 4202 0 6256
KNQ 0.505 1401 - 3910
PhosphateP Ca(NQ), 0.820 2801 - -
Molar ratio: KHPQ, 0.408 - 1858 2346
15:3:8
MgSQ 0.241 - - -
Total: 4202 1858 6256
KNQ 0.505 1401 - 3910
Phytatep  C2NQ, 0.820 2801 - -
Molar ratio:  KCl 0.134 - - 1408
1538 vgsq 0.241 - - -
Ko-Phytate 0.442 - 1858 938
Total: 4202 1858 6256
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5.3.2 Sample Processing

Plants were grown for 14 days following enzyme treatment before harvest. Plants were
harvested byseparating shoots from roots at the base of the bulb. Roots were then
separated from the substrate over a 5mm sieve and washed clean. Roots and shoots
were placed in individual paper envelopes and dried &C8for 3 days. Dried root and
shoot samples wergveighed, then placed into 2mL extraction tubes with a small ball
bearing for homogenisation. Milling of samples was performed on a QUIAGEN

TissueLyser for 5 minutes.

Substrates were placed in tinfoil vessels and placed in a fume cupboard for 5 days to air
dry. Once dried, substrates were weighed and milled to pass a 2mm sieve in a Fritsch
Pulverisette Ball Mill. A 1g subsample of each milled substrate was dried@td83B

days to determine the residual moisture content of-difed substrates.
5.5.3 Sample Analysis

Air-dried milled root and shoot samples and final substrates were subject to acid
digestion and total P determination using a modified version of khephy & Rley,
(1962)molybdate blue colorimetric assay as described in Chapter 3, section 3.3.3. For
root and shoot samples, due to the high P concentration in plant tissue, just 20mg of
milled sample was digested in 1mL of concentrate@® and HO;,, followed by P

determination.

Sodium bicarbonate extractable P was calculated both before the experiment and after
as a measure of substrate available P according to the meth@iseh et al., (19549
samples of aidried substrate were extracted for 30 minutes in 20mL of 0.5M NaHCO
adjusted to pH 8.5 on eeciprocating shaker at 120 strokes per minute. Extracts were
then filtered through Whatman No. 40 filter paper into clean 50mL falcon tubes.
Phosphoruscontent of the extracts was determined using a modified version of the
molybdate blue colorimetric aay (Murphy & Riley, 1962)For each sample, a 4mL
cuvette was prepared containing 0.5mL extract, 0.5mL developer solution containing
ammonium molybdate antimony potassium tartrate in 2MS@, 0.2mL of0.1M L-
ascorbic acid, and 2.6mL UHP. Absorbance was measured after 40 minutes at 882nm on

a Cecil CE 1020 spectrophotometer. Blank cuvettes were prepared alongside samples in
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which 0.1ML-ascorbic acid was replaced with UHP. Absorbance was again measured
882nm after 40 minutes to measure the contribution of the extract colour to the

absorbance reading.

5.3.4 Statistical analyses

The effect of clay contentP treatment and enzyme treatment on the measured
variables of plant biomass, total plant P uptakgant P concentration, substrate
phytoavailable P and substrate total P was investigated using #eseANOVAS (=

0.05). A series of twavay ANOVASs were then run on the phytdateated samples to

test for an effect of, or interaction between, clay &tnent and phytase treatment.
Finally, in each substrate, the single effect of enzyme addition on phiredged plants

was assessed using unpaired studentests { = 0.05). Statistical analyses were
performed in SPSS Statistics v.23 (IBM Corp, Armonk, USA). Figures were produced in
GraphPad Prism 7.0&(aphPad Software Inc, San Diego, USA).
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5.4 Results

5.4.1 Plant Biomass

Clay treatment was the onlaé€tor to have a significant effect on overall plant biomass,

with plants grown in 10% clay substrate having a significantly greater biomass at harvest

than those grown in 0% clay substrate. There was no significant effect of P treatment or
enzyme treatment and no tweway or threeway interactions between treatments

(Threeg @ 1 bh+! T h [ ndnpT CA Featdplaptsbaioe, ¢ | 0 f S
there was a significant effect of clay treatment on plant biomass, but no independent
significant effect of ezyme treatment. However, there was a significant interaction

between clay and enzyme treatment (Tw@y ANOVAY ' nodnpT ¢+ o6t S pdc
t-tests revealed that there was no significant difference between biomass of phytate
treated plants in 0% claygut in 10% clay, phytateeated plants that received no

enzyme treatment had a greater biomass than those that received phytase (Unpaired t

test, p < 0.05; Figure 5.2).

5.4.2 Total Plant P uptake

There was a statistically significant effectRafreatment on total plant P uptake, with

plants that received P in the form of inorganic orthophosphate exhibiting the greatest
uptake in both clay treatments (Figure 5.3, Table 5.4). There was also a significant effect

of clay treatment on P uptake, and a twaay nteraction between the two factors. In

e Of e &adzoadNIFGISs LXFyda NBOSAQGAY3I Wb2 t
clay. Plants receiving phosphafe contained similar amounts of P in both clay
treatments, but plants receiving phytate absorbed m@ P when grown in 0% clay
substrate than in 10% clay substrate. There was no overall significant effect of enzyme
treatment on total absorbed P, as well as no tway interactions involving enzyme
treatment. No threeway interaction between treatments wagresent. (Threavay

l'bh+! T h [ adnpT CA 3duedBed plahbts, Therg was & si§nifipattn 0 & L
effect of clay treatment on total plant P uptake, but no significant effect of enzyme, and

no two-way clayenzyme interaction (Twavay ANOVA! = 0.05; Table 5.3B). This was

confirmed by unpaired studenttests in phytatetreated plants in each substrate, which
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Total Plant Dry Biomass (g)
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Figure 5.2The effect of clay content, phosphorus treatment and enzyme addition on -
plant biomass. The results of a thraey ANOVA to test the effect of treatments and the
interactions is presented in Table 5.2. Points represent individual plants-&).#drizontal
lines represent means SEM. The results of unpairedeists for phytatetreated plants with
and without enzyme in each substrate are shown above phytate columns, (n.s) :
significant, (*) = significant at p < 0.05.

Table 5.2Resultof three-way ANOVA for final plant biomass

Source Type lll Sum of  df Mean F p value
Squares Square
Clay 0.420 1 0.420 64.406 <0.001*
Phosphorus 0.004 2 0.002 0.320 0.728
Enzyme 0.015 1 0.015 2.336 0.134
Clayx Phosphorus 0.015 2 0.007 1.146 0.328
Clayx Enzyme 0.019 1 0.019 2.903 0.096
Phosphorusc Enzyme 0.004 2 0.002 0.297 0.745
Clayx Phosphorus< Enzyme 0.031 2 0.016 2.383 0.104
Residual 0.280 43 0.007
Total 8.704 55
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revealed no significardifference in total plant P uptake between plants that received

enzyme and those that did not (Unpairedesst, p > 0.05; Figure 5.3).

5.4.3 Plant P Concentration

Clay treatment had a significant effect on plant P concentration, with plants grown in

10% clay having a lower P concentration than those grown in 0% Rtlagphorus

treatment also had a significant effect, with plants receivias orthophosphate having

the greatest P concentrations within each clay treatment. There was no significant effect

of enzyme treatment, and no twway or threeway interaction between treatments

nonpT CA 3dzNBreaedbplafts ¢ | 6 f S

(Threeg I € ! bhzt!

T hoT

there was a significant effect of clay on plant P concentration, but again no significant

effect of enzyme, and no twway interaction (Twevay ANOVA!

However, an unpairediest revealed that there was a significant

I.I

nonpT

Table 5.3 Results of twavay ANOVA for measured parameterphytate-treated plants.

{AIYATFAOLIY(d FILOG2NAR 2NJ AYyGSNI Olaz2ya | NI
Source Type lll Sum  df Mean Square F p value
of Squares
A Clay 0.079 1 0.0M™ 12.920 <0.050
Plant Biomass Enzyme 0.014 1 0.014 2.330 0.148
Clayx
Enzyme 0.037 1 0.037 5.998 <0.050
Residual 0.091 15 0.006
B Clay 1.538x10° 1 1.538x10° 60.760 <0.001*
Plant P Enzyme  4.68x10? 1 4.68x 107 0.018 0.8%
Uptake Clayx
Enzyme  1.535x10° 1 1.535x 10° 0.067 0.8®
Residual 3.797x10° 15 2531x10¢
C Clay 3.271x10° 1 3.271x10° 109.80 <0.001*
Plant P Enzyme  1.462x10* 1 1.462x10* 0.049 0.828
Concentration Clayx
Enzyme  1.090x1(° 1 1.090x 10° 3.661 0.075
Residual  4.468x10° 15 2979x10°
D Clay 1.936x10° 1 1.936x10° 20.99 <0.001*
Substrate Enzyme  3.476x10* 1 3.476x 10 3.757 0.072
phyto- Clayx
available P Enzyme  6.377 x10° 1 6.377 x 10° 0.689 0.419
Residual 1.387x10° 15 9.251 x 10°
E Clay 2.108x10° 1 2.108x10° 7.615 <0.05G
Substrate Enzyme  1.807x10° 1 1.807x10° 6.528 <0.05¢
Total Clayx
Phosphorus  Enzyme  2.656x 1C° 1 2.656x 10° 0.010 0.923
Residual 4.153x 10° 15 2.769x 10°
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Figure 5.3The effect of clay content, phosphorus treatment and enzyme addition on t
plant P uptake. The results of a threety ANOVA to test the effect of treatments and the
interactions is presented in Table 5.4. Points represent individual plants &).#Hérizontal
lines represent means SEM. The results of unpairedeists for phytatetreated plants with
and without enzyme in each substrate are shown above phytate columns, (n.s) :
significant, (*) = significant at p < 0.05.

Table5.4: Results of threavay ANOVA for total plant P uptak®&ignificant factors or
interactions are highlighted with an asterisk¥*) h bn ®n p

Source Type lll Sum of df  Mean Square F p value
Squares

Clay 1.677x10° 1 1.677x10° 37.043 <0.001*

Phosphorus 4.484x 10° 2 2.242x10° 49.503 <0.001*

Enzyme 2.038x10° 1 2.038x10° 0.045 0.833

Clayx Phosphorus 4.670x10° 2 2.335x10° 5.156 <0.09*

Clayx Enzyme 5.853 x 107 1 5.853 x 107 0.013 0.910

Phosphorusc Enzyme 3.597x10° 2 1.798x 10° 0.040 0.961

Clayx Phosphorus< 7.159x 10 2 3.579x 10 0.790 0.460

Enzyme

Error 1.947x10° 43 4.529x 10¢

Total 7.886x 107 55
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Figure 5.4The effect of clay content, phosphorus treatment and enzyme addition on ¢
P concentration. The results of a thremy ANOVA to test the effect of treatments and the
interactions is presented in Table 5.5. Points represent individual plants-&).#érizontal
lines represent means SEM. The results of unpairedests for phytatetreated plants with
and without enzyme in each substrate are shown above phytate columns, (n.s) :

significant, (*) = significant at p < 0.05.

Table 5.5Resultsof three-way ANOVA for plant P concentrati@ignificant factors or
interactions are highlighted with an asteriskY*) h I' n ®n p ®

Source Type lll Sum df Mean Square F p value
of Squares

Clay 9.167x 10" 1 9.167x 10’ 254.778 <0.001*

Phosphorus 2.782x10° 2 1.391x 107 38.667 <0.001*

Enzyme 1.289x 10° 1 1.289x 10° 0.358 0.553

Clayx Phosphorus 1.989x 10¢ 2 9.947x10° 0.028 0.973

Clayx Enzyme 1.062x 10° 1 1.062x10° 2.953 0.093

Phosphorus< Enzyme 1.368x 10° 2 6.845 x 10 0.190 0.827

Clayx Phosphorus< 3.971x10° 2 1.986 x 10° 0.552 0.580

Enzyme

Error 1.547x10" 43 3.598x 10°

Total 7.454 x10° 55
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Figure 5.5:The effect of clay content, phosphorus treatment and enzyme addition
substrate phytoavailable P. The results of a thwesy ANOVA to test the effect of treatment
and their interactions is presented in Table 5.6. Points represent individual plantd-§). =
Horizontal lines represent meaasSEM. The results of unpairedetsts for phytatetreated
plants with and without enzyme in each substrate are shown above phytate columns, (
not significant, (*) = significant at p < 0.05.

Table 5.6Resultsof three-way ANOVA for substrate phytoavailableSRynificant factors
or interactions are highlighted with an asterisk¥*) h ' n dn p ®

Source Type Il Sum  df Mean Square F p value
of Squares
Clay 6.308x10F 1 6.308x10P 45979 <0.001*
Phosphorus 432x10F 2 2161x10°  157.511 <0.001*
Enzyme 3049x10¢° 1 3.049 x 10¢ 2.222 0.143
Clayx Phosphorus 1.278x10¢ 2 6.388x 10° 0.466 0.631
Clayx Enzyme 2251x102 1 2.251 x 1% 0.016 0.899
Phosphorus< Enzyme 3489x10° 2 1.745 x 10° 1.272 0.291
ClayxPhosphoruscEnzyme  goo5x10 2 3002x10*  2.189  0.124
Error 5899x1CP 43  1372x10°
Total 3569x10° 55
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difference between phytate treated plants in 10% clay substrate, with plants receiving
enzyme having a greater P concentration than those without enzyme (Unpaiest] t

p < 0.05; Figure 5.4), though this effect was not mirrored in the 0% clay subtiguies
5.4).

5.4.4 Substrate phytoavailable P

Clay treatment had a statistically significant effect on substrate bicarbemdtactable
(phytoavailable) P, with phytoavailable P slightly lower in 10% clay substrate than in 0%
clay substratePhosphorustreatment also had a significant effect on phytoavailable P,

with substrates receiving phosphat containing more phytoavailable P than those
receiving either no P or phytate. There was no significant interaction between clay and

P treatment, with no dference in the effect of P treatment between the two clay
treatments. Furthermore, there was no significant effect of enzyme treatment on
substrate phytoavailable P, and no significant tway or threeway interactions

between treatments (Threvay ANOVAr I ndnpT CAIdzNE podpT ¢
treated pots, only clay had a significant effect on substrate phytoavailable P, with no
effect of enzyme treatment, and no twway interaction (Twavay ANOVAY ' nonpT
Table 5.3D). This was confirmed in ungdirttests, which showed there was no
significant difference in phytoavailable P in phytateated substrates that received

enzyme or no enzyme.

5.4.5 Substrate total P

Clay treatment had a significant effect on final substratevitth Pr greater overall in
10% clay substrates. As mentioned in section 5.3.bf Bubstrates was greater in 10%
clay owing to aP impurity in the clay. However, substrates were balanced for
phytoavailableP rather than total P content, so this clay effect isotbe expected.
Phosphorustreatment also had a significant effect on substrate Rith substrates
receiving P in either phosphate or phytate form having greatethBn substrates
receiving nd?, which is to be expected. Overall, no significant effeendyme addition
was found, and again, no significant tm@y or threeway interactions between
treatments were found for substraterPThreeg @ ! bh+! T h [ anpodnpT C
5.7). Within the phytate treated plants, there was a significant effectiaf treatment
and enzyme treatment on substrate,®ut no interaction
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Figure 5.6:The effect of clay content, phosphorus treatment and enzyme addition
substrate total P. The results of a thragy ANOVA to test the effect of treatments and the
interactions is presented in Talle7. Points represent individual plants (n 6% Haizontal

lines represent means SEM. The results of unpairedeists for phytatetreated plants with

and without enzyme in each substrate are shown above phytate columns, (n.s) :
significant, (*) = significant at p < 0.05.

Table 5.7Results of threavay ANOVA for substrate total Significant factors or
interactions are highlighted with an asterisk¥*) h ' n ®n p ®

Source Type Il Sum of  df Mean Square F p value
Squares

Clay 1.208 x 107 1 1208x107 23590  <0.001*

Phosphorus 1.831x 107 2 9.157x 10 17.888  <0.001*

Enzyme 3.366x 10 1 3.366x 10 0.658 0.422

Clayx Phosphorus 1.041x 10 2 5.206x 10° 1.017 0.370

Clayx Enzyme 7.475% 10¢ 1 7.475%x 10 0.146 0.704

Phosphorus<

Enzyme 1.608 x 10° 2 8.039x 10° 1.570 0.220

E'n?;x; eh osphorus 3,570 10° > 1785x10'  0.349  0.708

Error 2.201x 107 43 5.119x 1CP

Total 3.731x10° 55
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between these factors (Téb 5.3). From Figure 5.6, there appears to be a trend in
phytate-treated plants in both substrates whereby & enzymetreated substrate is
greater than norenzyme substrate. However, unpairedests suggest that these

differences are not significant (ftire 5.6, p > 0.05).
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5.5 Discussion

This experiment is the first to attempt to investigate the application of a commercially
available phytase enzyme for the mobilisation of phytBtén controlled artificial soil

substrates withvarying clay content. Overall, it was found that both clay content and P
fertiliser had a major effect on plant growth over all treatments, however any effect of

phytase treatment was inconsistent.

Phytase treatment was only expected to have an effectlam{s treated with phytée.
Within phytatefertilised plants, whilst some significant effects of enzyme were found,
these are generally inconsistent and do not support the hypothesis that phytase
application would result in phytate dephosphorylation. Iresfeit is possible that both
phytate and phytase have become adsorbed within the substrate, resulting in a lack of

phytase activity and phosphate liberation in either clay treatment.

5.5.1 Overall effects of clay, phosphorus and enzyme treatments

A seriesof threeeway ANOVAs were used to look at the overall effects of &land
enzyme treatments on plant performance parameters and substrate P. The only factors
to have a significant effect on overall plant performance were clay treatmentRand
treatments. Plants grown in 10% clay substrate had a greater overall biomass than those
grown on 0% clay substrate (Figure 5.2). Concurrently, clay treatment had a significant
effect on plant total P uptake, with plants in 10% clay absorbing a slightér lemount

of P than those in 0% clay across all treatments (Figure 5.3). This resulted in plants grown
in 10% clay having a substantially lower P concentration in their biomass than those in

0% clay.

The substrates were balanced for phytoavailable P, touk up relatively similar

amounts, so the stark difference in final biomass between the substrates is intriguing.

LGQa LlRaarof S (i Kilaviebeehkalskd bR anfelevatbidmacddbutriorg dzf R
content introduced with clay. Substrate nutrient cemt was only measured for
phytoavailable P prior to the experiment, but it is possible that there was an elevated
concentration of N and K in clay substrates that enabled more vigorous growth, although

£t LIXIFyda NBOSAGDSR loyatthebediming Bfthe ekpementQ v dzd NA

providing N and K to encourage P limitatiédternatively,plants in 10% clagnay have
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benefitted from the increased water holding capacity of that substrate. Clay soils have
a higher water holding capacity than sanshyils due to the large surface area created
by their fine particulate structur¢Mana et al., 2017)Whilst pots received the same
amount of water @ery 23 days, and were not droughted, the 0% clay substrate was
likely to be less water retentive, and experienced greater evaporation than the 10% clay

substrate.

However, the most likely cause of the stark difference in biomass between plants grown
in the two substrates is the difference in substratd.peat moss is naturally acidiwith
pHcommonlybetween 3.2 and 4.due predominantly to cation exchange with the soil
solution, in whichthe mossabsorbs cations including calcium and magnesium, whilst
releasing Hions into the soil solutiofClymo, 1984)The 0% clay substrate use this
experiment contained a mix of 50% sand and 50% peat moss and had a pH. 3ihs25

is a highly acidic pH and may have inadverteddpressed the growth of the spring
onion plants At this pHplants can suffer fronoxicity due to high concentrations &f
andAPF*ions in the soil, which catauseroot growth inhibition anchutrient deficiencies
(Kobayashi et al., 2013h mineral soilsaluminiumtoxicity is dominant athe acidic pH
liberates free At ions into the soil solution. In organic soils, and in the 0% clay substrate
with high organic matter content, toxicity is more likelgusd by a high concentration

of H"ions, and the lack of significant buffering capacity in these soils means that in some
cases, pH can fall to below pHIB8.this experiment, the addition of 10% bentonite clay
increasel the substrate pH to 4.93. It is likely that this wemused by the addition of
calciumcarbonatesoxides and hydroxides the substrateas impuritiesvithin the clay
When these dissolven the acidic conditions, free Oldnd HC® ions react with and
remove freeH* from the soil solutionreducing adity of the soil solutionC&*ions also

act to reduce the negatie chargeof the root plasma membrane, thereby reducing
electrostatic attraction of &f cations andcan therefore reduce théoxicity caused by
high AP* concentratiors in the soil solutioiKobayashi et al., 201Furthermore, whilst
many plant specieare adapted to life in acidic soilg, a study of pH optima of a range

of crop speciedslam et al.(1980)foundan optimal pH between pH 5.5 and @&Bwhich

all plantsexhibited near optimal growtt-or onion crop particular Kane et al., (2006)

reported that those grown at pH6.5 yielded significantly greater edible biomass than
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those grown at pH 5.8, indicating that for onions, a reautral soil pH is optimal for

biomass production.

It is unsurprising that P treatment had a significant effect on total P uptake and plant P
concentration, owing to the inclusion of phosphaetreatment as a positive control. As
phosphate is immediately phytoavailable, it was expected that plants receiving this
treatment would have a greater P uptake than other treatments, with the potential
exception of phytatefertilised plants treated with phytase. A curious result, however, is
the significant tweway interaction between clay treatment arRtreatment on total P
uptake (Table 5.5, Figure 5.4). This result owes to the seemingly elevatedke upta
phytate treated plants in 0% clay substrate relative to their counterparts in 10% clay
substrate (Figure 5.3). The fact that this effect was observed regardless of enzyme
treatment is unexpected, as enzyme treated phyta¢eeiving plants were expesd to

show greater P concentration than n@mzyme treated plants. A potential explanation
could be contamination of the phytate treatment with phytoavailable orthophosphate,
though this is unlikely owing to the absence of the same effect in 10% clayratebst
Alternatively, elevated P uptake in these treatments could be caused by microbial
degradation of phytatd® in 0% clay. Substrates were not sterilised prior to this
experiment in order to avoid a potential negative effect on enzyme activity due to the
dissolution of tannins from the sphagnum peat during autoclaving. Tannins such as
ligninlike phenolics are found in high concentration in the partially degraded organic
matter of peat, and when solubilised are able to inactivate extracellular enzymes
(Bengtsson et al., 2018Therefore, it is possible that phytapeoducing microbes are
present in the substrates, and are able to exude microbial phytase enzymes to
dephosphorylate phytate in the% clay substrate. In this substrate, added phytate is
assumed to become less strongly bound than in the 10% clay substrate, where the highly
charged phytate molecules interact strongly with clay surfaces lending them physical
protection from enzymatic de@dation (Doolette, 2010) If microbial degradation is
indeed occurring, then the physical protection provided in the 10% clay substrate might
explain the absence of the same microbial effect in that substrate.aBkyrroducing
microbes can also exude metabolites such as LMW organic acids that lower the pH

within the soil microenvironment, making phytate more readily soluble and creating
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more optimal conditions for enzymatic dephosphorylati@rouillon & Merckx, 2003)

However, if there was a microbial phytase effect occurring, this should also be reflected

by an increaseniphytoavailable phosphate in the substrate. No difference was observed

F2NJ GKAA LI NFYYSGSNI 0SG6SSy adza DG NIyG Sa& (KNG
treatment (Figure 5.5), and there was no significant interaction between clay treatment

and P treatment for this factor. Lacking this evidence, and without further work to

quantify the naturally occurring microbial phytase activity of the substrates, it cannot be
comprehensively concluded that microbial phytases are to blame for the discrepancy in

total P uptake in phytatéreated plants.

Substrate phytoavailable P was measured as bicarbeexst®ctable P. Both clay
treatment and P treatment independently had a significant effect on phytoavailable P,
but there was no interaction, and again no enzyeffect (Figure 5.5, Table 5.6). 10%
clay substrates had a lower phytoavailaleacross all treatments than 0% clay
substrates, which could be due either to greater P uptake by plants in that substrate,
and lower P lability due to its binding to the clyrfaces in that substratéhosphorus
treatment had a significant effect owing to the increased phytoavailable P of the
phosphateP treatment, but contrary to the hypothesis that enzyme treatment would
increase phytoavailable P, no increase was founghgtate-P treated plants that

received phytase compared to those without enzyme, in either substrate.

Finally, there was a significant overall effect of clay treatment Briceatment on
substrate total P (Figure 5.6, Table 5.7). However, these effeetsamily explained, as
despite being balanced for phytoavailable P, 10% clay substrates had a greater total P
content at the beginning of the experiment due to P contamination within the clay. This

has translated to greater total P content at the end ok tlkexperiment across all
treatments within the 10% clay substrate. PhosphBteand phytateP treated
ddzoad NIy GSa Ffaz2 KIFER INBFGSNI G201t t OGKIY

to be expected.
5.5.2 Effect of Clay and Enzyme in phytdteated plants

An effect of enzyme treatment would only be expected to occur in substrates that have

been fertilised with phytate. In order to assess the enzyme effect in these substrates
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alone, a series of twavay ANOVAs were run to test for an interaction betwetay and
enzyme, and a series ofteésts were run within each clay treatment to test for

differences caused by the enzyme alone.

The results of a series of twway ANOVAs are presented in Table 5:B.A-or all
parameters measured, there was adependent significant effect of clay treatment,

but no independent significant effect of enzyme treatment, apart from for substrate
total P. However, there was a significant interaction between clay and enzyme
treatment on the biomass of phytate treatqulants (Table 5.3 A), meaning that there
was an effect of enzyme in one substrate that was not replicated in the other. Further
investigation was carried out using unpairetests on phytate treated plants in each
substrate, revealing that in the 10% ckybstrate, there was a significant difference in
biomass between enzyme and-+emzyme treatments, but rather surprisingly it was the
plants receiving no enzyme that had a greater biomass than those that did receive
phytase (Figure 5.2). It is unclear wifys is the case, as any enzyme effect would be
expected to increase biomass via the release of phytoavailable P, rather than negatively
affect growth. In the same plants, there was no significant difference in plant P uptake
(Figure 5.3), but there wassggnificant difference in plant P concentration, with enzyme
treated plants having a greater P concentration than +emzyme treated plants (Figure

5.4; unpaired ttest, p<0.05). Due to the lack of any difference in total P uptake, rather
than an enzyme &S O0 KSNBZ AdGQa LINRoloftS GKIFIG GKS
instead caused by the difference in total biomass between these plants. In other words,
enzyme treated plants have a greater P concentration because they have a smaller
biomass than nofenzyme plants yet absorbed the same amount of P from the soil, but

the reason for this difference in biomass remains unclear.

In this experiment, it was hypothesized that the application of phytase enzyme to
phytate-treated substrates would result in its depsphorylation, causing a modest
increase in plant biomass, P uptake, and plant P concentration, and increasing
phytoavailable P levels in substrates. This effect was expected to be depressed or absent
in the 10% clay substrate due to the potential for agdmn of both phytate and
phytase to clay surfaces, inhibiting dephosphorylation. However, the only treatment

that exhibited the expected effect was that of plant P concentration in 10% clay
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substrate (Figure 5.4), and for the reasons stated above, gHikely to be due to the
difference in biomass, rather than any enzyme effect, as there was no difference in P
uptake from the substrate, and no increase in bioavailable substrate P resulting from

the enzyme treatment.

In phytatetreated plants, both chkatype and enzyme addition had a significant effect on
substrate total P (Table 5.3 E). In Figure 5.6 there is a trend for increased total P in
phytatetreated plants that received phytase. However, in both substrates, no
significant difference was foundebveen enzyme and neanzyme treated plants in
either substrates when analysed by unpairetists, likely due to the low replication.

The trend for increased substrate total P in enzymeated plants is unexpected
however, as if the enzyme was dephospylating phytate, then phytoavailable P in the

soil should be increased and P uptake from the soil should be increased, which would

result in a reduction in overall substrate total P.

Overall, these results suggest that simply adding a soluble commergigehto the
substrates did not result in significant dephosphorylation of phytate and subsequent
release of phytoavailable phosphate, regardless of the substrate clay content. Two main
factors govern the activity of the phytase enzyme in substrates aidTge first is the
availability of phytate for enzymatic dephosphorylation, that is, whether the phytate is
free or easily mobilised in soil solution or is strongly bound within the substrate matrix
and therefore unavailable for dephosphorylation. Them®l is the favourability of the
complex substrate environment for the persistence and performance of the active
enzyme. For example, phytase enzymes may also become adsorbed to surfaces in the
substrate, can be inhibited by interactions with organic comgrts like lignin and
tannins in the soil solution, or can be degraded by microbes and protease enzymes. The
fact that no evidence of phytate dephosphorylation has been found in this experiment
likely owes to one or both of these factors, and these areudised further in the

following sections.
5.5.3 Phytate adsorption

With a high charge density from its six phosphate moieties, phytate can interact strongly

with the soil solid phase via surface complexation with organic matter, metal cations,
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and clay nmerals. McKercher & Anderson, (198%howed that the adsorption of
phytate is stronger than that of orthophosphate, and that even the adsorption of inositol
trisphosphate was greater, indicating that the strength of adsorption is related to the
degree of phosphorylation. In this experiment, substrates were designed to differ in
phytate-binding capacity due to the inclusion of a substrate containing 10% giégde

of quartz sand. Clays have a fine particulate structure, with an average particle diameter
of 2um and thus have a very high surface area in fdilssoy et al., 2003 he bentonite

clay used in this experiment is dominated by montmorillonite clay minerals, which are
common in soils and sedimen{&rim & Kulbicki, 1961)Clays are generally layered
structures, and bentonite in particular is made up of octahedral sheets of aluminium,
sandwiched between tetrahedral sheat$ silica(Grim & Kulbicki, 1961; Hebbar et al.,
2014) The silicate layers in the structure give bentonite an overall negative charge, but
this is offset by the asgiation of exchangeable cations with the clay surfaétsbbar

et al., 2014) Phytate and orthophosphate, carrying negative charges, can form
complexes with unsaturated aluminium cations at the edge of the octahedral sheets via
electrostatic interactior(Shang et al., 2013and also adsorb to sgific exchange spots
that have unbalanced charges (e.g. excess aluminium) within the lattice structure
(Ulusoy et al., 203). As phytate carries six phosphate moieties, a single molecule can

form multiple interactions, which explains its greater adsorption capacity.

As well as clays, phytate can adsorb strongly to iron and aluminium oxides in the soil via
ligand exchangeith the HO andOH groups on the surface of mineré&Reli & Barberis,

2006) The interaction with these metal oxides involves multiple phosphate groups, and
0K2aS GKFd INBYyQl 0602dzy R AYLI NI | adaNey3
impede theapproach of other molecules by electrostatic repuls{@hang et al., 1990)

The abundance of calcium in the soil also has a major impact on phytate immobilisation,
as phytate can both adsorb to, and precipitate with calcium to form insoluble (€dis

et al., 2000) Finally, phytates in soils can be retained by organic matter via direct
adsorption to the surface, or via polyvalent bridging cations to form organic matter
metalphytate complexe¢Celi & Barberis, ZI®). The association of P with metal cations

at the humic surface is similar to the association of P with Al and Fe oxides, whereby the
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orthophosphate anion replace®©H or HO groups bound to the cations via ligand
exchanggGerke, 2010)

In this experiment, to make the substrates more representative of real soil systems,
phytate-P nutrient solution was applied three days prior to the phytase treatment to

allow the stabilisationand interaction of phytate within the substrate to occur, and

phytate was expected to form stronger associations in 10% clay substrates due to the
AYONBIFAaSR FTRA2NLIWAGS OF LI OAGE LINPODARSR o8&
this stabilisation peod, phytate has become largely removed from the substrate
solution via surface interactions in both substrates, and hence no effect of enzyme
application was observed in either. A study Gyjar et al., (2013jeported a 76%

increase irP assimilation of wheat plants compared to controls when phytate fertilized

soils were treated with phytase, but a caveat of this work is that phytase was applied to

soil immadiately after phytate application, meaning that the potential limitations of-soil

phytate interactions on the reaction were much reduced, a situation that does not
NEFE SOG vy I GdzNT € azAaf ReEYylIYAOQad Ly O2yiNT
experinent, much of the phytate applied in the nutrient solution has become bound to

the organic matter in the peat fraction of the 0% clay substrate, and the enzyme is

therefore unable commence dephosphorylation.

Phytaseproducing microbes in soil environmendése able to overcome this phytate
limitation to a degree via the exudation of LMW organic acids into the soil environment
(Huang et al., 2003which can remobilise bound phytate into the soil solution via the
exchange of their carboxyl functional groups with adsorbed phosphate tresie
(Waithaisong et al., 20150 MW organic acids can also release phosphate groups from
organic matter by dissolving humic molecules and by competing for sorption sites with
phosphate groups via ligand exchange, and P is more easily mobilised from its
interaction with organic matter than it is with metal oxidéSerke, 201Q)With the
application of phytase in this experiment, there was no concurrent manipulation of
LMW organic acicconcentration, so any phytate that is adsorbed is unlikely to be

efficiently dephosphorylated in the presence of the enzyme alone.

5.5.4 Phytase enzymes in soil & substrate matrices
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Enzymes show an affinity for the interface between soil solid and solyi@ses due

to both intermolecular and intramolecular forces generated by the structural properties
of their complex amino acid chaif@uiquampoix et al., 2002and these properties also
make them susceptibleotadsorption to soil surfaces. As with phytate, the large surface
area of clays, and heterogenous surfaces of organic matter are likely to be the main

surfaces with which extracellular enzymes associate.

Clayenzyme interactions can take many forms. Byrsétrong electrostatic interactions

can occur between hydroxyl groups at the edges of clays and charged groups in the
amino acid side chains of enzym{@uiguampoix et al., 2002Additionally, weaker van

der Waals interactions may occur when enzymes approach clay molecules, in which the
charge distribution of the molecules can vary to produce polarity and net electrostatic
attraction between the two(Quiquampoix etl., 2002) Hydrophobic interactions may

also provide strong adsorption of proteins to clays despite the hydrophilic nature of clay
surfaces. The exchange of hydrophilic cations that are associated with the clay surface
exposes the hydrophobic silicaes#t, with which the hydrophobic amino acid groups
can thus interac{Quiquampoix et al., 2002Enzymes also interact with soil organic
matter and humic substances, and the heterogenous nature of organic matidend

itself to adsorption by providing an abundance of macropores in which enzymes can
become embeddedYang & Chen, 201 7nteractions may occur via hydrogen bonding
(George et al., 2006¥or example btween acidic protons in humic tannins and polar
amino acid side chair(®cRae et al., 2010pr alternatively via the formatio of strong

and irreversible covalent bond&eorge et al., 2006)

Adsorption can have negative consequences for enzyme activity due to the removal of
the enzyme from the soil solution, and enzymes can subsequently become deactivated
and denatured. Adsorption can, however, also provide protection for enzymes within
soil,maintaining their activity and longevity in the soil environm@xaidja et al., 2000)
George et al., (20@GH assessed the behaviour of a&spergillus nigephytase when
applied to three soils with different sorption capacities. When added to a soll
suspen®n, phytase activity was largely lost within ten minutes in all soil types, whereas
activity was maintained in nesoil controls, suggesting that phytase was rapidly

inactivated by soil constituents. However, phytase activity was found to be recoverable
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from the soil solid phase, and actually decayed at a slower rate than isaiboontrols.
Enzymes can be metabolised by microbes as nutrient sources, and adsorption can
provide some protection against this and the action of proteases. Degradation involves
conformational change of the enzyme, and takes place at exposed amino acid structures
on the enzyme surface, so adsorption provides some protection for the enzyme by
limiting the access of degradative substances via steric hinde(@werge et al., 2006)
Interestingly, different phytase enzymes exhibit varying levels of susceptibility to
microbial degradation, a&eorge et al., (200emonstrated when &enophora lycii
phytase was active for longer in sterile soil compared to unsterile soil, whereas an

Aspergillus nigephytase was unaffected by microbial presence.

In this experiment, any effect of enzyme addition was expected to be depressed in 10%
clay suostrate, due to the greater surface area and strong adsorptive properties of the
clay. This adsorption to mineral soil surfaces can cause conformational changes in the
enzyme, leading to unfolding of the protein and deactivation of the enz{@eorge et

al., 2005a; Leprince & Quiquampoix, 1998pwever, no effect of enzyme addition was
found in either soil, so phytase could be becoming readily immobilised in the organic
matter of the 0% clay substrate to¥ang & Chen, (201#)easured the distribution of
phytase activity in soil and fimd that the phytasesorption capacity of soils containing
both clay and organic matter was32times greater than the same soils following the
removal of clay. However, their results also indicated that the adsorptive capacity of
organic matter alone wagreater than that of clay alone. This stronger adsorption has
been attributed to the greater heterogeneity of organic matter surfaces and the relative
abundance of macropores in which enzymes can en{eshg & Chen, 2017; Naidja et

al., 2000)It therefore stands to reason that in this experiment, phytase that was added
to the substrates could have become adsorbed by the organic matter of the peat
fraction, which made up 50% by volume in each substrate. Despite the increased
adsorptive capacityof the combined organic matter and clay mixture in 10% clay
substrate, the adsorptive capacity of 0% clay substrate may have been sufficient to bind

the phytase added, masking any effect of clay content on enzyme activity.

The phytase enzyme used in thegperiment was a commercially available phytase

isolated from the enterobacteriunCitrobacter braakjiand expressed ilspergillus
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oryzae and as such is optimal for use in the digestive tract of monogastric livestock
(Pontoppidan et al., 2012)The resilience of phytase enzymes to adsorption in soil
matrices seems to be dependent on their natural functional environmefis example,

an intracellular wheat germ phytase was found to be completely inhibited by adsorption
to clay, whereas two extracellular phytases frohspergillus nigerand Hebeloma
cylindrosporumwere able to retain catalytic properties, regardless of their degree of
adsorption(Matumoto-Pintro & Quiquampoix, 199:AVhilst theC. braakiphytase used

in this eyeriment is an extracellular enzyme, its properties are optimal for its survival
in the gastrointestinal tract of monogastric animals, a quite different chemical
environment to soils. The active pH range of thebraakiphytase is broad, between

pH 2- 6, but is optimal between pH 34.5 (MenezesBlackburn et al., 2015which is

close to the pH range measured for both substrates (0% clay: pH 4.25; 10% clay: pH
4.93).However, many possible factors in the substrate, such as the adsorptiveityapac
of the substrate constituents, the presence of inhibitory tannins and metal cations, and
the susceptibility of the enzyme to degradation by microbes and protease enzymes may
have all negatively impacted the ability of this phytase enzyme in the cestalyshytate

degradation.
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5.6 Conclusions

This experiment attempted to assess the performance of a commercially available
phytase enzyme on the provision of phytoavailable phosphate from phytate in model
soil substrates that varied in adsorptivcapacity. However, no effect of enzyme
treatment was found on plant performance, P uptake or substrate available P. There are
many possible reasons for this result, none of which are mutually exclusirstly,the

highly acidigpH of the0% claysubstrate likely depressed growth of these plantsen
compared to those grown in 10% clay, which benefitted from a less acidic substrate pH
due to the addition of calcium within the clai. G Q& 1jdzA GS L2 &aaArof S
depression masked any potenitiadvantage these plants haover their 10% clay
counterparts had therebeen an effect of clay content on the mobility of phytate or the
enzyme in the substrate solutiorin follow-up experimentsthe pH of the 0% clay
substratecould beraised via the adition of lime to match the pH of the 10% clay

substrate whichshould serve to alleviate the inhibitory effect on 0% clay plants.

Phytate may have been removed from the substrate solution via adsorption or
precipitation interactions with organic matter, clay minerals, and metal cations. The
enzyme may also have experienced adsorption, which may have caused temporary or
destructive iractivation. Alternatively, the enzyme may have experienced inhibition
from substrate constituents including tannins or metal cations, or the chemical
environment within the substrates may simply have not been conducive to enzyme
catalysis of phytate dephpsorylation, due to the enzyme being optimal for use in the
gastrointestinal tract of monogastric livestock. Taken together, it can be concluded that
the simple addition othis commercial extracellular phytase enzyme is ineffective for
phytate degradationn this model substrate environment, which is a simple matrix in

comparison to the complex heterogenous nature of soil.

Plant roots and microbes exude LMW organic acids alongside phosphatase enzymes in
response to P limitation, with LMW organic acidsréasing phytate mobilisation via
ligand exchange with the soil solid phaé@rouillon & Merckx, 2003)In future
experiments, it would be valuable to investigate whether the addition of LMW organic

acids to substrates alongside phytase would benefit dephosphorylation by remobilising
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phytate into the substrate solution phase. If the enzyme is also becoming adsdhkeed,
addition of LMW organic acids may also improve enzyme solubility, as has been
demonstrated with acid phosphatase enzyn{eiang et al., 2003 Adjustment of the
substrate pH may also positively affect phytase solubilityGasrge et al., (20GH
suggested that the slightly less acidieccroenvironment of rhizosphere soil was able to
maintain phytase activity in solution due to changes in the electrostatic interactions

between proteins and soil solids.

Finaly, widely available and cheaply produced commercially available phytase enzymes
are predominantly used in the gastrointestinal tract of livestock, and as such are likely
sub-optimal for use in soil or substrate environments. Future work may benefit flem t

use of enzyme isolates from soil microbes, which are likely to exhibit more suitable

properties for performance in soils.
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6: General Discussion

6.1 Phosphorus Sustainability

Pis increasingly recognised as a scarce resource and one which is used inefficiently in
agricultural systems. There is approximately 259 years of phosphate rock supply
remaining, but demand is increasing annually, and this estimate has been revised down
from approximately 300 years in 2016 due to increasing denfBlaatkwell et al., 2019)
Morocco alone controls 71% of the global phosphate rock resédassnski, 2019and

this monopoly raises concerns considering recent geopolitical instability in the region
and the fact that much of these reserves are located in Western Sahara, which Morocco
has illegally occupied since the late@entury (Blackwell et al., 2019)

Current anthropogem use of P is a largely linear process (Figure 6.1A), with vast
amounts of chemical fertiliser P spread to land each year. Depending on the type of soil
and its health, itis estimated that just 8% of this fertiliser P is absorbed by crops
(Blackwell et al., 2019)with the remainder stabilised in soil or lost to wateodies,
contributing to eutrophication and hypoxiéordell et al., 2009)Once crops are
harvested and consumed, much of the alised P passes into animal manure and
human excreta, with a calculation based on P flows developeddrgell et al., (2009)
approximating that 54% of P in manure and excreta is lost to the wider environment in
landfill, ron-arable soils or water bodies every year. These P losses, along with the
stabilisation of P in soil in planihavailable forms, result in the insufficient
replenishment of soils with P, meaning that the fraction of freely dissolved
phytoavailable orthopbsphate is depleted annually, and requires further inputs of
fertiliser P to maintain subsequent crop yields.

In response to the potential scarcity of P and the effect of its inefficient use on future
food security, much work over the past decade has kbtmdevelop strategies to close

the anthropogenic P cycle, to recycle and reuse P resources, and reduce the requirement
for chemical P inputs in order to maintain or increase yields. A schematic is presented in
Figure 6.1B envisaging a more sustainalign@pogenic P cycle. Suclsgstem would
involve refinement of chemical fertiliser dosing, with a greater understanding of the P

requirements of specific crops in order to feed the plant, rather than the(Btalckwell
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Figure6.1: Current and future anthropogenic P cyclBfack arrows represent anthropogen
flows of P, Blue arrows represent natural flows oAPThe current linearised anthropogeni
P cycle. Large amounts of phosphate fertiliser are spread on land to increase crop ha
with large amounts of P permantylost from the cycle to the wider environmerfg: A more
efficient and sustainable anthropogenic P cycle. Small amounts of phosphate fertilist
spread to land based on optimal crop requirements. Losses after consumption are mini
with nutrients largely returned to arable land. Soil management practices are improve
maintain soil health and minimise soil erosion. A greater understanding of microbial P ¢
and engineering of rhizosphere processes enable greater mineralisation of accumi
unavailable P to provide phytoavailable phosphate.
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et al., 2019) Stemming the loss of organic wastes such as manure and excreta, and also
food waste and animal bgroducts(Darch et al., 2013p the wider environmehand
instead directing it to P deficient sqilsould retain P within the food production cycle

and replenish soils with other valuable nutrients and organic materials, simultaneously
improving soil health and reducing losses by soil erosion. Finallyreateg
understanding of rhizosphere soil biochemical and physical processes will enable the
engineering and manipulation of natural mineralisation processes to increase the
mobilisation of stabilised soil P to phytoavailable dissolved inorganic form#efurt

reducing the requirement for inputs of exogenous chemical P fertiligégaire 6.1B).

This thesis focussed on the orgarficcompound phytate, which is a compound
synthesised in plants as the main P storage compound in gi@erke, 2015)Phytate

is not efficiently digested by humans or other monogastric animals and so can pass into
excreta, which can then enter the soil in organic amendments. Howphgtate is not
available for uptake by plants, and due to its high recalcitrance in the soil, it is often the
most abundant organic P compound identified®5#y NMR in soil extrac{Sgrgensen et

al., 2015) Its widespread presence in organic amendments and soils therefore makes
phytate a prime candidate for strategies that aitb remobilise phytoavailable
phosphate from stabilised P for crops.

In the UK, the majority of anaerobically digested sewage sludge is applied to agricultural
land (DEFRA, 2012hut whether phytate, which can makg 34-54% of the P content

in human faeces(Joung et al., 2007)an survive the sludge treatment process to
comprise a significant proportion of sludge toRavas unclear until now. Wheim the

soil, the effect of landise history on the concentration of phytate and its tendency to
accumulate is not fully understood. If phytate does accumulate, then there is scope for
the use of biofertilisation strategies, namely the use of phytase engymeedrive the
mobilisation and use of phytate by crops, which could reduce the need for the
application of chemical phosphate fertilisers, improving the efficiency of P use and
sustainability. This General Discussion will bring together the main §agiresented in

this thesis to address the following research questions:
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1. Is phytate present in sewage sludge, does it persist through the stages of a modern
advanced anaerobic digestion sludge treatment process, and does it constitute a
substantialfraceé y 2F G20Ff t Ay GKS FAylf &f dzR3S

2. How does the landise history of agricultural and grassland soils affect the
concentrations of phytate in soil? Does phytate accumulate in a previously arable
soil that has been converted gopen housing monogastric swine?

3. Can a commercially available fesdpplement phytase enzyme be used to release
phytoavailable phosphate from phytate in a simple soil substrate, and how does

clay content affect this ability?

6.2 Evaluating andoptimising the available analytical methods for

guantifying different chemical species of P

While solution3!P NMR has over the past two decades become the field standard
method for P analysis in environmental samples, and has significantly advanced our
knowledge of P speciation and quantification in these samgsdeMenun & Liu,
2014) this method does have limitationd'P NMR can suffer from issues of sensitivity
and resolution, particularly if P forms are present in low concentrations, which results
in long analysis times to increase signal to noise ratios, and means that these less
aburdant P forms are often overlooked. With this in mind, there is growing interest in
the development of more sensitive techniques that can be used to identify and quantify
these compounds, which include the lower inositol phosphates-IffR» that are
produad by the enzymatic hydrolysis of phosphate from phytate. In Chapter 2, the use
of Electrospray ionisation timef-flight Mass Spectrometry (EBOFMS) was
investigated to assess its value in the analysis of phytate and the lower IPs in mixed
samples. Whst this method was able to detect lower IPs at their specific m/z ratios,
significant dissociation of phytate was encountered during ESI that produced fragment
ions sharing coincidental m/z ratios with true lower IPs, making their quantitation
impossible Other papers have tried to optimise the ESI step by varying either the cone
voltage(Cooper et al., 2006pr source voltagécintyre et al., 2017)and in Chapter 2,

fragmentation was indeed decreased by optimisation of both, but it could not be
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eliminated. It is apparent that fragmentation is likely a universal feature of phytate
analysis in ESIoFMS, which therefore precludes the simultaneous analysis of multiple
inositol phosphates in a sample. However, if IPs can be separated prior to riagisis

by mass spectrometry, then any appearance of peaks at coincidental m/z ratios with
lower IPs could be identified as fragment ions with confidence. A very recent paper by
Mcintyre et al.,(2019)has demonstrated the quantification of phytate in Na@BTA
extracts of soil samples in this way, by purifying phytate using asxchange
chromatography ad detection with ESToF MS. They found good correlation between
quantification with their method and witR'P NMR, along with an improved detection
limit of 0.7mg P kdrelative to >10mg P Kgwith 3P NMRWhether this method can be
extended to the quatification of lower IPs remains to be seen, but this work highlights
the promise of Mass Spectrometry for the sensitive analysis of P in environmental

samples.

Solution®'P NMR analysis was instead used to quantify phytate and orthophosphate in
sludge ad soil extracts in Chapters 3 & 4. Over 16,000 scans were used to improve the
signal to noise ratio of spectra, so a relaxation delay time of 1s was necessary to keep
the analysis time to a manageable 8 howieswever, when using a 1 secorelaxation

delay time, P nucleiwithin different compounds irthe sample are unable to relax fully

to thermal equilibriumafter pulsing and relax to different degrees, with P nuclei in
larger molecules (e.g. phytate) able to relax to a greater degree than those in small
molecules (e.g. orthophosphate). Tmearsthat the peakgyeneratedin the spectra do

not quantitatively represent their respective compoundsith smaller compounds
underestimated relative to largéCadeMenun & Liu, 2014)Jsing long relaxation delay
times can ensure that all P relaxes to thermal equilibrium, but this can lead to long
andysis times. For exampl®|cLaren et al.(2015)used relaxation delay times of up to

36s between scans of a soil extract to permit full orthophosphate relaxation, resulting
in analysis times reaching 32 hours. However, such long analysis time HRREEIR a

low throughput and expensive procedure and would not have been suitable for use in
this project. Instead, to ensure accurate quantitative analysis of soil extracts when using
a low, 1 second relaxation time, a preliminary analysis building updheoprocedure

developed byRobertson, (2018)vas carried out to calculate a correction factor for
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underestimated peaks. This involved measuring the peaks of a sample spiked with
orthophosphate and phytate over a range of increasing relaxation times to calculate the
maximum peak area that could be achieved when fully relaxed. Peaks measured at 1s
delay times could be then scalegh to these ratios to correct for the insufficient sigma
generated. This procedure was carried out in both Chapters 3 & 4 and was verified in
each using a spike recovery assay. In sludge, using this method, an average recovery of
103.78+2.14%and 104.77+5.17%was achieved for spiked orthophosphate andkepli

phytate respectively. In soils, an average recover0dt.8+5.1%and94.6+ 10.4%wvas
achieved for spiked orthophosphate and spiked phytate respectively, suggesting that
this method enables an increased signal to noise ratio without loss of accuraisy
method is uncommon iexperiments involvingolution3!P NMR, but as was shown in

this thesis, it is useful for experiments which aim to quantify a small number of
compounds to a high degree of accuracy, and will be particularly advantageous for the
Fylrfeaira 2F WRANIGEQ al YL Sa adzOK | a azaf
resolution. The increase in signal to noise ratio that is produced by analysing a sample
over a very high number of short scaresults ina high resolutior?!P NMRspectrum

with clearly defined peaks, which when interpreted with the jetermined correction

factor, allows highly accurate quantification of spect@mpounds within a shorter

analysis time.
6.3 Phytate survives anaerobic sludge treatment

As part of aclosed anthropogenic P cycle, P contained in organic wastes should be
efficiently recycled back to the soil to stem the leakage of P and its permanent loss to
the wider environment. There is a wealth of work that has studied and quantified the P
forms inmanure(CadeMenun, 2005; Giles & Cadéenun, 2014; Cad&lenun, 2011)

and this is widely accepted as a source of nutrients for the soil, but less work has been
carried out on human wastéVith phytate-P making up between 284% of human
faecal P(Joung et al., 2007)t was hypothesized that phytate would make up a large
proportion of P in sewage sludge prior to its treatment. In the UK, human excreta is often
treated in advanced wastewater treatment processes, which gendaate amounts of
sludge that undergo anaerobic digestion in order to reduce its mass, and extract energy

in the form of methane. Since the enforcement of the EU Urban Wastewater Treatment
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Directive in1999 the vast majority of treated sludge is returnealdrable landDEFRA,
2012) However, the P speciation and contribution of phytate to sludge P is not well
studied. Anaerobically digested sludge has been shown to be dominated by
orthophosphate, and there is some evidence that phytate persistsugh digestion
(Annaheim et al., 2015; Smith et al., 2008)phytate is also abundant, then when
applied to soil, it may be unavailable for absorption by plants and may preferentially

accumulate, representing somewhat of a deawd for the cyclingf P.

In Chapter 3, using solutiolP NMR it was shown that phytate is present in sewage
sludge, and persists throughout an advanced anaerobic sludge treatment process to
make up 4.5% of total P in the final dewatered sewage sludge cake. The analysik of

P, orthophosphate and phytate concentrations in Chapter 3 provides a clear picture of
the overall P dynamics through the system. Total P becomes successively more
concentrated through the process, and is most concentrated in digested sludge, before
falling slightly with dewatering in the final cake. Orthophosphate P is by far the most
dominant P form throughout the process, making up close to 80% of total P throughout,
whilst the proportion of phytate remains relatively stable, making up an averafjé 4.

of total P throughout. The apparent survival of phytate in this process is supported by
the work of Smith et al.,(2006) and Annaheim et al.(2015) who found phytate in
anaerobically digested sewage sludges at approximately 10% of total P. The lower
proportion of phytate in this study is likely representative of lower phytate levels in the
wastewater solids at the beginning of the process, as there was jar heas of phytate

at any treatment stagd.i et al.(2019)measured P speciation in sludge before and after
anaerobic digestion. Interestingly, they found that orthophosphate monoesters were
completely lost during anaerobic digestion. Whilst phytate was not specifically
measured, it may be that phytate was absent or at very low concentrations in their
samples, with other monoesters being eliminated during the digestion process.
Furthermore, it is possiblthat the sensitivity and resolution of their spectra were not
sufficient for phytate identification and quantification as signal to noise ratios are very

low.

The finding that phytate persists through anaerobic sludge treatment is important

considering lhat according tdEFRAR012)79% of sludge is spread on land in the UK.
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By this estimate, and the concentration of phytate found in cake in Chapter 3, 947
tonnes of phytateP is spread on UK soil annually freaidge application. That is
equivalent to 1.15% of the 81,968 tonnes of P applied to UK soils as chemical fertilisers
in 2017(FAO, 2019)Whilst this seems an insignificant amount, it is important due to
the behaviour of phytate in the soil. When phytate is applied to soils, the high charge
density afforded to the molecule by its six phosphate groups means that it has a
tendency to becomepreferentially stabilised in soil and can accumulate by forming
strong interactions with soil P sorption sitdenezesBlackburn et al., 2013)ndeed, it

was shown in Chapter 4 that a previously arable soil that had been converted to a pig
pen, and thus received large inputs of monogastric pig manure, had a phytate
concentration almost six times greater than that of a nearby permanently arable soil.
This reckitrance has negative impacts, because the saturationsgrption sites in the

soil by phytate can lead to decreased retention of P applied to soils in fertilisers
(Sharpley, 1995; Kleinman, 201#Which in turn can lead to leaching of P into water
bodies and eutrophication. Furthermore, the application of phytate to soil in this way
represents an inefficient use of P resources, as P is appliadarm unavailable for
uptake by crops. A potential approach to alleviating this issue could be to apply an
intervention step following sludge digestion and prior to its land application, in which
phytase enzymes could be used to dephosphorylate phytatditninate its application

to soil. However, there are numerous obstacles to this approach, the first being that a
large part of the P in digested sludge is adsorbed within the sludge solids with metals
such as aluminium and iron, or is precipitated witicium(Shober et al., 2006; Ajiboye

et al., 2007) and is therefore likely to be poorly available as a substrate for a phytase
enzyme. This idea is supported in Chapter 3 by the fadtwbgy little phytate was lost
from digested sludge during its dewatering, indicating that little phytate was dissolved
in solution(Figure 3.12)Secondly, the chemical environment within sludge is likely to
be unfavourable for phytase activity. For exdmpgamnazarov et al(1999)showed

that 2mM concentrations of Chiand Fé*reduced the activity oBacteriumsp. phytase

to 8% and 29% of their initial activity respectively. Heavy metals in the digested sludge
are present in high concentrations due to the reductionoofjanic mass during AD
(Gerardj 2003) so these may inhibit any phytase enzyme that is applied. A further
consideration is whether the benefits of mobilising such a small fraction of P, when 83%
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of P is already present as orthophosphate, would outweigh the cost of both the phytase
enzyme and the infrastructure that would be required for its use. Finally, there is the
question of who would bear these costs, as farmers are unlikely to be willing to pay for
this intervention when the orthophosphate concentration in sludge is alreadyigin
Overall, if the concentration of phytate in sludge measured in Chapter 3 is
representative of concentrations throughout the UK, then such an intervention is
unlikely to be feasible, meaning that this phytate fraction is destined to be applied to
soils. Further work to measure phytate concentrations in bothqaad postAD sludges

at multiple locations would be useful toneasurethe locational variationin sludge
phytate concentration and whetherit variesaccording tothe size of the population
sened by the WWTP. For example, it may be the case that phytate concentrations are
greater in WWTPs that serve a greater proportion of households relative to indumstry
which case, a phytadgased intervention may prove more valuable in certgitnations

than in others. Furthermore, despite the potentially unfavourable conditions for
phytasemediated dephosphorylation of phytate within the sludge treatment process, a
lab-based experiment, in which an external commercial phytase enzyme or phytase
producing microbe was introduced to sludge in a betah AD treatment process, has
not been carried out before, and may yet have an effect on phytate concentrations at

the end of the process.
6.4 Land use has a major effect on soil P and phytate coneiuins

The accumulation of phytate in the soil is not universal and is likely to be influenced by
many factors. For example, the application of phytate to calcareous soils in solution
(Doolette et al.,2010) and in manure(Leytem et al., 2006§lid not result in its
preferential accumulation inal over a number of weeks, whereas in other soils,
manure applications have been shown to increase phytate concentra®asboni &
Brunetto, 2013; Hansen et al., 2004n Chapter 4, phytate and orthbpsphate
concentrations were measured in a range of agricultural and grassland soils to assess
the effect of landuse on P speciation and phytate accumulation. Agricultural soils, which
included a permanently arable soil, a pasture soil and a pig pemsoéd,dominated by

2N K2LIK23LIKIF 0SS 6KSNBIFA 3INIaatlryR az2AiAfa g8
P other than orthophosphate or phytate. These differences were mirrored by soall
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organic matter content, which made up between 29.36% of grasslancbg, but only

between 4.3¢ 12.4% of agricultural soils.

Among the agricultural soils, arable soils surprisingly had the lowest total P
concentration, which increased in pasture soil, and was greatest in the pig pen soil.
Arable soil also had the lowest yilate concentration of all soils, which is symptomatic

of its intensive use over the past 20 years. The soil has received only chemical fertiliser
inputs, and is harvested and cultivated regularly, disrupting the natural cycling of P.
Pasture soil was expeed to contain a greater proportion of organic P forms, including
phytate. However, it was similarly dominated by orthophosphate, which made up
almost 75% of total P in this soil, with phytate making up 6.3%. The most interesting
finding was that of the ig pen soil. This soil had been a permanently arable soil prior to
its conversion to a pig pen three years prior to sampling, in which time, it had received
no chemical fertilisers, experienced no cultivation, and produced no crops for harvest.
Receiving atrient inputs only from pig manure, this soil had the greatest total P content,
along with the greatest orthophosphate and phytate content of all soils analysed. The
pig pen soil contained almost disddld more phytate than the permanently arable soil.
Pigs are monogastric animals and cannot produce their own phytase enzymes to break
down phytate in the gut, but do harbour phytapeoducing microflora in their hindgut

that degrade phytate to a degred®ersjantLi et al., 2015)Liang et al.(2018)found pig
manure to contain a P concentration of 10,400 pug P oade up of 90.7%
orthophosphateP, and 8.5% phytatB. Whilst it cannot be unequivocally confirmed, it

is highly likely that prior to its conversion, P content of this soil marsety resembled

that of the arable soil, and therefore the current high phytate content of the pig pen soil
results from an accumulation of phytate from manure inputs since its conversion.
Whether this accumulation is representative of what happens to ateytipplied to
arable soil remains to be seemnnaheim et al.,(2015) found no evidence of
accumulation of organic P forms including phytate from 62 years of manure and dried
sewage sludge applications to conventionally managed arable soil. Whilst Chapter 4 may
indicate accumulation of phytaten the pig pen, this soil is no longer subject to the
intensive cultivation and crop harvesting of an arable soil, so may favour accumulation

over degradationFurther experiments using real human sludge on agricultural soils
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would provide more conclusivevidence for the accumulation of phytate following soil
amendment than was possible in Chapter 4. Ideally, these experiments would assess the
changing P dynamics following sludge application over both the $biort, and over a
period of years. Whilst pignanure was successfully used as a proxy in this thesis, there
may be key differences between the mobility of P in manure and AD sludge matrices,
and these could have major impacts on the ability of plants to access any added P.
Furthermore, long term studs with AD sludge would enable further research on the
unintended consequences of sludge application, such as thedddion of
pharmaceutical compounds beeavy metal contaminants, whi@t high concentrations
canbe toxic to microbiapopulations and can be absorbed and accumulated by plants

from where they may enter the food chafrlaynes et al., 2009)
6.5 Phytase catalytic activity is lost when applied directly to substrate

Despite the uncertainty around the factors that affect phytate accumulation, it remains
true that phytate is often identified i'lP NMR as the mostbandant organic P
compound in soil extract€CadeMenun et al., 2010; Liu et al., 201&) order to educe

the requirement for chemical P fertiliser applications in sustainable systems, techniques
will be necessary to increase the mineralisation of soil P that is stabilised and thus
unavailable for absorption by plants. Many of the strategies in developmne&olve the
genetic manipulation of plants to improve the exudation of phythtalrolysing
enzymes, phytases, from roots. Whilst this has seen some su(s#ss et al., 2017)
there are currently political and social limitations to the use of geneticallyneeged

crops (Lei et al., 2013)particularly in Europe. An alternative solution could be th
application of phytase enzymes directly to the soil. Phytase enzymes are already
produced on a commercial scale to supplement the ghaised feed of monogastric
livestock and have reduced both the need for supplemental inputs of phosphate to diets,
andcan reduce levels of P in monogastric excreta bp@@(Jorquera et al., 2008)n
Chapter 5, an experiment was designed to test the ability of one such commercially
produced phytase enzyme to dephosphorylate phytate in the setting of an artificial soil
substrate, and further, to assess the effect of clay content on its perform&tmeever,

there were no consistent effects of the enzyme observed in either substrate on

parameters including biomass, P uptake and substrate available P, which indicated that
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phytase activity was lost in both substrategslprobable that this was due adsorption

of the phytate or the enzyme to the substrate solid phase, regardless of clay content.
Similar loss of activity has been observed in other approaches to phytase application.
For example, whemicotiana tabacumplants were engineered to express fungal
extracellular Aspergillus nigerphytase, plants grown in sterile phytasech agar
accumulated 3.7 fold more P than control plants, but this advantage was lost when
plants were grown in feficient soil(George et al., 2005b¥sreater understanding of
rhizosphere chemistry has revealed that low molecular weight organic acids such as
citrate can play a key complementary role in soil phyt@svity, by mobilising phytate

via ligand exchange with soil sorption sites. Recefiilgs et al.(2017)showed thatN.
tabacum plants engineered to express both phytase and citrate from their roots
accumulated mord® than plants expressing only one of the two traits, demonstrating
the importance of low molecular weight organic acids for enzyme activity. Many
commercial phytases, such as that used in this thesis, have an optimal activity at acidic
pH (MenezesBlackburn et al., 2014rganic acid exudation in plants has been shown
to cause reductions in rhizosphere soil (kdleleke et al., 2017¥0 theirexudation may

also provide more optimal biochemical conditions for phytase activity in soils. In future
experimentsjt would therefore be interesting to investigate whether-application of

one or morelow molecularweight organic acid with phytase woulthve a positive
effect on enzyme activitpy decreasing the adsorption of both enzyme and phytate

the substrate

In this experiment, the pH of thisvo substrates differediccording to the clay content

with the 0% clay substrate having a very low pH of 4.25, and the 10% clay substrate

having a higher pH at 4.93. The clay content of the substrate was found to have a

significant effect on the biomass of plants, with those grown in 10% clay consistently

having greater biomasst is possible that thiglifference wascaused by theslevated

substratepH, and this may have masked any beneficial effect of the enzyme treatment

on plant performance. Despite the lack of any significant observed effect of the

commaecial phytase enzyme on plant growth, further experiments are warranted to
20aASNIS A0Qa LISNF2NXIFyYyOS Ay adzomaidNraSa 2F (K

plants is the same, and where any effect of the enzyme, or lack thereof, could be more
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easily olserved. Experiments coultisobe undertaken on substrates in the absence of
plants to investigate the behaviour of phytate in substrate or soil systems. Substrates or
soils could be treated with a known amount of phytate, the concentration of which could
be measured by solutioP NMR, before soils are incubated with phytase, and again
analysed for phytate concentration to observe any enzynticed change. This would
remove the reliance on plafgerformance indicators and provide direct quantitative
dataon any effect of the enzyme. This could then be followed up by varying substrate
conditions such as pH, adsorptive capacity, organic acid concentration, clay and organic
matter content to understand how these factors influence phytase dynamics.
Alternatively, in a plantbased system, plants could be fertilised witffR radiolabelled
phytate prior to phytase addition, after which simple radgioaging and scintillation
counting could be used to measure plant uptake ®P following phytate
dephosphorylatio by phytase. This would require the generation of pure radiolabelled
phytate free from phosphate contamination, which could be achieved by
OKNRB Yl i23aNF LKAO 2N FyAazy SEOKIy3IS &aSLI NI G
methods described by eithdkobertson, (2018)r Whitfield et al., (2018)

Furthermore, future experiments may benefibfn investigating the use of a range of
phytase enzymes for phytate dephosphorylation in soils and substrates. The phytase
enzyme used in this thesis was provided by DSM Nutritional Products, and is derived
from the enterobacteriumCitrobacter braakiifor use in the dephosphorylation of
phytate in the gut of monogastric livestock. Whilst the active pH range of this phytase is
broad, between pH 2 6, and is optimal between pHg34.5 (MenezesBlackburn et al.,
2015) the complex and heterogenousmditions of the soil may inhibit the activity of
enzymes not optimised for those conditions. Greater success may therefore be achieved

by using phytase enzymes that have been isolated frorsbssiéd microbes.
6.6 Conclusion

The recycling of P in organivastes to arable land is an essential component of a
sustainable model for agriculture. This thesis has shown that anaerobically digested
sludge is Rich and dominated by orthophosphate, but contains a substantial amount

of phytate, which is spread tamd in organic amendments. It was also shown that soil
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P speciation varies with langse history, with agricultural soils dominated by
orthophosphate, but more natural grassland soils dominated by organic P forms.
Conventional land management has depletadble soil of phytate, but recovery and
accumulation of phytate seems to occur when these land management practices are
ceased and soil is amended with swine manure, which is accompanied by a recovery in
soil organic matterLongterm experiments are reqgted to assess whether this is also

the case when arable soils are amended with anaerobically digested sludge, and
whether phytate accumulation is affected by the conventional cultivation, cropping and

harvesting processes characteristic of these soils.

A key contribution to reducing requirements for chemical P fertiliser inputs is the
mobilisation of stabilised, planinavailable P that is already in the soil. With phytate
often identified as the most abundant organic P form in soil extracts by sol&tfon
NMR, biofertilisation strategies involving the enzyme phytase are likely to prove pivotal
for phytate mineralisation in soil, mirroring the established success of phytases as
supplements for the graibased feed of monogastric livestock. Many strategies
currently in development for this use, including the genetic engineering of crops for
increased phytase exudation from roo{&iles et al., 2017)or the inoculation of
manures and soils with phytaggoducing microbegMenezesBlackburn et al., 2016)

In this thesis, the direct application of a commercially available phytase enzyme was
found to be ineffective for phytate dephosphorylation in a dibkié substrate, likely due

to adsorption of phytate and phytase to the substrate sqilthse. A greater
understanding of the rhizosphere biochemistry has elucidated the key role that low
molecularweight organic acids play in the maintenance of both enzyme and phytate in
solution, so future experiments involving the complementary application of these may

yield improved results.

Regarding the wider development of sustainable and efficient useresdurces, there

is a need firstly for more accurate and extensive testing of soil P levels, and greater
understanding of optimal creppecific P requirements, so that P can be applied to soil
in a needdbased manne(Blackwell et al., 2019Further efforts are also required to
identify opportunities for nutrient recovery and recycling. Whilst manure and sludge are

commonly recognised as straightforward intervention points, recent wag $hown
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that a fertiliser product derived from abattoir waste can provide comparable or
improved vyields versus a rock phosphate derived fertili@@arch et al., 2019)
highlighting that there are opportunities for nutrient receny in all corners of the food
production industry. Furthermore, whilst a large amount of valuable scientific research
has been undertaken, the integration of new strategies and biotechnology into a
sustainable and efficient agricultural model will requaresysterawide approach with
input from all of the stakeholders involved in food production and consumption, to
ensure that both societal and environmental concerns are addregdedton et al.,
2017) For example, the use of genetically engineered crops is a complex societal and
political issue, meaning that the integration of crop varieties engineered for increased
phytase and organic acid exudation will require input from all parties to undedstad
overcome these obstacles. Such integrated thinking will furthermore enable the use of
advanced life cycle analyses on proposed sustainable mdtieigon et al., 2017;
Goucher et al., 2017which may highlighareas in which further research is required,
and may help to mitigate adverse unintended consequences that may be encountered

upon the application of new strategies.

This thesis contributes to our understanding of phytate dynamics in sewage sludge and
soi, and how phytase enzymes could be used in future to enable its mobilisation for
crop P nutrition, thereby reducing inputs of unsustainable phosphate fertilisers.
However, a huge amount of work remains to be undertaken across academic, industrial
and socetal realms in pursuit of sustainable food production. With the human
population increasing, and phosphate rock reserves becoming rapidly depleted, time is

of the essence.
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Solution®!P NMR Spectra of Sludge Extracts
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Figure A.1:Solution®P NMR spectra of 0.25M NaOH + 0.05M EDTA extrac
Primary Sludge (PS; n=3). Spectrum is presented betweéngm.Inset: Closeup

of the orthophosphate monoester region with phytate peaks:ptgtate (Black) is
included for reference. Orthophosphateas measured by integration of the sing
phosphate peak (~5.8 ppm), and Phytate was measured by integration of the s¢
phytate peak (~4.7% 4.7 ppm) with comparison to an internal standard of 4
methylene diphosphonate (MDP; not shown). 100mg ofamttwvas dissolved in 1m
of a mix containing 9 volumes 1M NaOH + 0.1M EDTA, and 1 volume 4mM N
D20O. For P8 and P& samples, 100uL of this was then diluted to 1mL in the s:
solution. For PSS analysis, and all subsequent analyses,u206f susperien was

diluted to 1mL to increase signal:noise ratio.
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SS-1
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Figure A2: Solution3P NMR spectra of 0.25M NaOH + 0.05M EDTA extrac
Secondary Sludge (SS; n=3). Spectrum is presented betwe@mp@m.Inset: Close
up of the orthophosphate monoester region with phytate peaks-ghgtate (Black)
is included for reference. Orthophospleatvas measured by integration of the sing
phosphate peak (~5.8 ppm), and Phytate was measured by integration of the s¢
phytate peak (~4.7% 4.7 ppm) with comparison to an internal standard of 4nr
methylene diphosphonate (MDP; not shown). 100mg dfaet was dissolved in 1m
of a mix containing 9 volumes 1M NaOH + 0.1M EDTA, and 1 volume 4mM N
D20, and 20QL of suspension was diluted to 1mL.
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DF-3
DF-2
DF-1
Na-phytate
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Figure A3: Solution3!P NMR spectra of 0.25M NaOH + 0.05M EDTA extrac
Digester Feed (DF; n=3). Spectrum is presented betweged @om.Inset: Closeup
of the orthophosphate monoester region with phytate peaks-ptigtate (Black) is
included for reference. Orthophosphateas measured by integration of the sing
phosphate peak (~5.8 ppm), and Phytate was measured by integration of the s¢
phytate peak (~4.7% 4.7 ppm) with comparison to an internal standard of 4
methylene diphosphonate (MDP; not shown). 100mg of ettveas dissolved in 1m
of a mix containing 9 volumes 1M NaOH + 0.1M EDTA, and 1 volume 4mM N
D0, and 20QL of suspension was diluted to 1mL.
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Figure A4: Solution3P NMR spectra of 0.25M NaOH + 0.05M EDTA extrac
Digested Sludge (DS; n=8pectrum is presented betweenc® ppm.Inset: Close
up of the orthophosphate monoester region with phytate peaks-gigtate (Black)
is included for reference. Orthophosphate was measured by integration of the s
phosphate peak (~5.8 ppm), and Ritg was measured by integration of the secol
phytate peak (~4.7% 4.7 ppm) with comparison to an internal standard of 4rr
methylene diphosphonate (MDP; not shown). 100mg of extract was dissolved ir
of a mix containing 9 volumes 1M NaOH + 0.1M ERid1 volume 4mM MDP i
D20, and 20QL of suspension was diluted to 1mL.
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Figure A5: Solution3!P NMR spectra of 0.25M NaOH + 0.05M EDTA extractékef
(CK; n=3). Spectrum is presented betweerg ® ppm. Inset: Closeup of the

orthophosphate monoester region with phytate peaks. -plgytate (Black) is
included for reference. Orthophosphate was measured by integration of the si
phosphate peak (~5.8ym), and Phytate was measured by integration of the sec:
phytate peak (~4.7% 4.7 ppm) with comparison to an internal standard of 4
methylene diphosphonate (MDP; not shown). 100mg of extract was dissolved ir
of a mix containing 9 volumes 1M NaOW.#M EDTA, and 1 volume 4mM MDP
DO, and 20QL of suspension was diluted to 1mL. Signal:Noise ratio is v
improved in these spectra due to an upgrade NMR apparatus from a magl cc

to Avll console.
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Appendix B

Solution3!P NMR Spectra of Soil Extracts
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FigureB.1: Solution®'P NMR spectra of 0.25M NaOH + 0.05M EDTA extracts of
Arable Soil (SAra; n=3). Spectrum is presented betwedh @m.Inset: Closeup of

the orthophosphate monoester region with phytate peaks.-tgtate (Black) is
included for reference. Orthophospke was measured by integration of the sinc
phosphate peak (~5.9 ppm), and Phytate was measured by integration of the
phytate peak (~5.7 ppm) with comparison to an internal standard of 4mM methy
diphosphonate (MDP; not shown). 100mg of extraets dissolved in 1mL of a m
containing 9 volumes 1M NaOH + 0.1M EDTA, and 1 volume 4mM MBP®.in D
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FigureB.2: Solution3!P NMR spectra of 0.25M NaOH + 0.05M EDTA extracts of
Pasture Soil (SPas; n=3). Spectrum is presented betwedhfm.Inset: Closeup

of the orthophosphate monoester region with phytate peaks-ptgtate (Black) is
included for reference. Orthophobte was measured by integration of the sinc
phosphate peak (~5.9 ppm), and Phytate was measured by integration of the
phytate peak (~5.7 ppm) with comparison to an internal standard of 4mM methy
diphosphonate (MDP; not shown). 100mg of extraets dissolved in 1mL of a m
containing 9 volumes 1M NaOH + 0.1M EDTA, and 1 volume 4mM MR®.in D
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