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Abstract

Anaerobic digestion is widely used for the management of the organic fraction of
municipal solid wastand is also predicted to play a vitaleah the future of renewable
energy productiorHowever,reactorinstability due to low acid buffering capagiat high
organic loadingates in single stage reactors is a knowk of this technologySuch
process instability represents a risk to eleityriand heat generation through interruptions
to biogas productiarCo-digestion and trace element supplementation bacebeen
advocatedhs strategies to stabilize biogasduction but the relative merits of these
strategies have never been assedserkwe operated a series of anaerobic continuously
stirred tank reactors fed with synthetic orgamitiseholdvaste with or without trace
element supplementation and with or without wheat straw-asilostrate at gradually
increasing loading rateStabk andhigh methangields (450- 550 mL/g VS)at higher
organic loading ratesereonly maintainedvith trace elemendupplementatiorregardless
of co-digestion We conclude tharace element supplementatiaas hierachically more

important tharco-digestionat maintaining stable biogas production.

Keywords: Anaerobic digestiongo-digestionjtrace elementgyrganicwaste; wheat straw;
coenzyme k2o contenf renewable energynicrobialdiversity.



1. Introduction

Anaerobic digestione. the biologially mediated breakdown of organic matter in the
absence of oxygemas been widely used for the manageneétiheorganic fraction of
municipal solid waste (OFMSYWvhilst recovering energy by methane producfinlt is
considered thatits form of sustainable esrgy productiorcoupled tovaste management
directly contributes to many of thie7 United NationsSustainable Development Goals
throughrecycling waste and deliveringnergyin both developed and developing
economieg2]. Research into anaerobic digestion design and operation typically fasuses
feedstock compositions; chemical, physigadl biological préreatments; and reactor
design and operation. For instanceiltiistage anaerobic react@se known tenhance

and stabilise biogas production by separating the acidogenic and methanogeniofphases
the digestion proceshowever, lte alvantages of singlstage anaerobic reactargh their

low installation and operation costse well recognise[8], [4]. In theEU about 90% of

full scale anaerobic plants are singtage systen$], howeverthereare concernselated

to their failure [6] due totheirlow acidbuffering capaciesat high organic loading rage
(OLR) specificallywhen using highly hydrolysable substsike OFMSW. These
operationaproblemsrequirenewstrateges to bedeveloped which can improve reactor
performancendbiogas productiostability, suchasoptimigng reactorfeed composition

for long-termandhigh OLR applicationsHere we define reactor performance and stability
in terms of the long term and efficieziinversion of biomass to biogas with a high
methane contenBuch a stablbiogas production will be accompanieddiher stability
indicators suclas astablenear neutrabH, low concentrations of volatile fatty acids
(VFAs), andthe maintenance of suffentalkalinity [7]. The dynamics omicrobial
communitiesn terms ofgrowth and compatson are also likely indicative of stability or

chang€g8].



One strategyo improve reactor performance and stabiktgubstrate cdigestion.Each
year, worldwide, CO; fixation by photosynthesiss responsibléor the production of 10"
tons of dry plantmattercomprisedf cellulose(> 50%)[9]. For instance, Weat straw
(WS) isalignocellulosicplant materialn which degradableellulosesandhemicelluloses
comprige 50 - 70% ofthe compositiornwith 10 - 20% asun-degradabldignin [10].
Cellulose contains glucose monomers but is nitrogen defisigich places limits on
degradation becausiee nutrient requiring microbiabiomass yelds from glucoseby
methanogenesis cde >20%[11]. Thereforeco-digestionof organic wastegwith high
nitrogen contentatndWS (with high carborcontenj can bea favourablestrategy for
balancing feedomposition Importantly,two readily availabldow costsubstrates
(OFMSW and WStontain complmentaryC and N contents making them ideal co
substrates for AD and renewable energy produgfidh Themainbenefitsof co-digestion

of OFMSWwith WS are:

a) lignin in wheat straywandpresumablythe cellulose it occludess dowly degraeéd[13],
sothe risk of rapid hydrolysis and acidificationAD reactordgs reduced for mixtures of

OFMSWandWSs;

b) the nondegradable components of Vii§nin) can work as a biofilm carrier in the

reactor[14] decreasinghe risk ofbiomassvashout;

c) improwedbiodegradatiorfficiencyarisesfrom communitieggrowing on mixedvastes
[15]. Theoretically two or moredistinctmicrobialcommunites i.e. microbes that grow on
OFMSW anahose that grow oW/S, areexpectedo utilize substratesnore efficiently

thanindividual communites[15], [16].

d) abalanedC:N ratioi.e. between 20 to 30, &hieved by mixindN-rich (e.g.OFMSW)

and Ndeficient (e.gWS) feedstockspreventingthe onset ohmmoniainhibition [17].



Another methodo optimizethe nutrient balance @FMSW for ADfeedstockss via
supplementation dface elemesst(TEs). Regardless of reactor design, atement (TE)
deficiency is considered a common cause of failure in both single andstagk reactor
systemd18], [19]. The deficiery of TEslike Se, Fe Ni, Co, Mo, AL, B etc.in food waste
whichrepresentshelargestcomponentraction of OFMSWhas beemeported20], [21].
Facchin et alf[22] found that supplementation with a TE mixture of Co, Mo, Ni, Se and W
increased the methane production {#5%) of batch reactors of food waste inoteth

with adigestatewith low background concentrations of TEswrthermore,tie positive

effect of TEsupplementation during thmeoncdigestion ofOFMSW andits crucialrole in

the synthesis of enzymasewell established ithe literatureBanks et al[23] suggested
that the addition of Se and Co to anaerobic digesters geatd waste and operating at
high ammonia concentratiomsas crucial for stable operation at high OLR with enhanced

performance efficiency.

In the context of the abovesagent studies have identified the riskafure for AD reactors
fed withwheat strav and organic wastasco-substrateslue totheaccumulation of volatile
fatty acids and pH droj24]. However,Liu et al.[25] obtaineda 22 - 56% higher solid
bioconversiorof a lignocellulosic materiglCorn-Stove) by addingtrace elementé-e,

Co, and N). Thecurrentstudyexplicitly assumed that

a) Co-digestionof WS with OFMSWenhancsthe hydrolysisand fermentatioof the

cellulose and hemicelluloskactiorns of WS.

b) Thereleaseof carbonfrom WS (glucose)ncreass the substraterequired for microbial

growth in themixed liquor

¢) TE supplementation enhars®nzymatic activityto promoteacidogenesis and

methanogenesiandthatthe combinedeffect of TEsupplementatioandWS/OFMSW co-



digestionresulsin a balancedermentatiormethanogenessynergyandthusincrease

methane production anbdelong-termstability of AD.

Theaim of the current studyvasto directly compareherelative individual angdombined
effects of TE supplementation and WSFMSW co-digestionon process stabilitygs
measured bpH and alkanity statu$, performance (lmgas production) anghethanogenic
activity (relative fluorescence intensity of coenzymsif digestat® Thenovelty and
strength of the currestudywasthe simultaneougomparison osix mesophilic reactors
fed witha g/nthetic organic waste as a mono substrate (only OFM8W& aco-substrate
with WS (25% and 50% WSYvith and without TE additiorin all thesereactors16S
rRNA genebacterial and archaeabundancewere measurednd nicrobial community
compositiors analysedor correlationwith the measureghysicochemical parametef&his
approach allowed us to establish for the first time the relative importance of trace element
supplementation versus-cligestion as strategy to improve the operational stabildy an

methane production of the anaerobic digestion oXRMSW.

2. Materials and methods

2.1. Inoculum andeedstock materials

The synthetic organic waste (SOW)bstrate used in this stuflyable1) wascomposed of
79% codked food leftovergsuch as ricd3.6%, meatl.5% beanss.6%, fat 1.4%etc),
20% uncooked fruit and vegetable wagmsch as applé.3% orangel.7% banana2%,
lemon1.2%, pomegranaté.4%andherbs~ 6%etc), and1% cardboardThe substrate
simulatel the composition ofmorganic waste going to landf{26] wasgroundand
homogenised witlafood blendeto producea feedstock whicpas&d througha 5 mm
sieve Thetotal (TS) andolatile (VS)solids concentrationsf the SOW feedwere

adjusted to 2.8% and 1..3% respectivelyoy addingdistilled water(~ 35% dilution of the



organic waste was requiredfter preparation antlomogenizationthe substratevas

stored at20°C until use.

The wheat straw (WS) was collected fromckle Park Farm, Newcastle University. The
WS (Tablel) dried at 50 60°C, ground with a dry food grinder, sieved to pass a 1mm
sieve, and stored in airtight bags at room temperature until use. The indcialiolel) for

reactor starup was obtained from a mesophilic {8F digester treating cattle slurry and

farm silage (Cockle Park Farm, Newcastle University, UK) and storétCairgil use.



Tablel. Physicochemical characteristics of the synthetic foadte, wheat straw and inoculum
illustrating the sixfold higher C/N ratio of wheat straw over synthetic organic waste, and the
many-fold higher trace element content of the inoculunmitbe farm digester relative to the

wastes used in the present study.

Parameter$ Synthetic organic waste Wheat Straw Inoculum
pH (1:2) 4.3+0.152 6.3+0.11 7.8+0.3
Total solids(%W/W) 12.8+ 0.1 92.2+0.4 0.97+0.1
Volatile solids(%W/W) 11.3+0.1 81.4+ 0.35 0.56+ 0.06
Volatile solids(%TS) 88+ 0.2 88+ 0.3 57+ 05

C (%) 44.8+ 0.2 45.5+ 0.02 40.9+ 3

N (%) 3.3+ 0.03 0.56+0.01 4103

S (%) 0.3+ 0.01 0.0 0.15+ 0.04
C/N 13.6+ 0.06 81.3+1.2 10+0.04
Al 3 340+ 12 153.8+ 14 973+ 21

B 11.3+0.8 7+0.4 51+25
Ba 6.6+ 0.7 38+0.2 27.8+0.5
Ca 2329+ 205 2255+ 250 19465+ 183
Cd 0.05+ 0.001 0.08+ 0.06 0.29+ 0.1
Co 0.2+ 0.001 0.22+0.03 1.2+£0.2
Cr 1.4+£0.18 49+0.2 6+0.8

Cu 12.4+ 0.47 4.4+0.21 103+ 1.5
Fe 366+ 2.8 443+ 11 1818+ 9.8
K 412+ 53 1532+ 31 6304 £ 19
Mg 142.5+ 25 498+ 7 2181+ 5.4
Mn 10.3+x1.1 245+ 3 163+3
Mo 0.9+0.2 0.24+0.04 10+ 0.5
Na 167+ 25 60.6+5 637.4 £11
Ni 1.3+£0.15 2.6+0.2 125+ 0.5
Pb 8.3+ 04 2.4+ 0.09 29.6+£ 0.7
Si 85.8+2.5 51.4+2.4 304+3

Ti 7.6+0.18 6.1+0.2 38.8+£0.4
V 1.8+0.1 0.84+0.11 8x0.1

Zn 29.7x1.8 20.4x2.2 389+ 2.7

10ne volume of wheat straw was added to 1.5 volume of distilled water mixed with matinetiéas one hour then

measured for pH.

2 One volume of the synthetic organic waste was added to two volume of distilled water mixed with magnetic stirrer for

one hour then measured for pH.

3 All concentrations are total concentration of metals in pggpPES.

4 All values in this table represent mean value of triplicate samples meastheandard deviatian



2.2.Trace elements solution

The composition of TE solution was prepared according to the recipe repoftq.byhe
reactor concentration dfie TEswaschoserto simulatethe approximateconcentratios of
measured Es releasedrom the mineral waste such afcineration asfand construction
demolition wastehat wererecentlysupplemented tthe AD of OFMSW [28]. Multiple

stock solutios (1000 mg/L)of eachTE werepreparedvith high purity elemeninetals
(Sigma Aldrich)dissolvedn 2% HNO:s solution.The acidified (pH ~ 5) stock solutions
were stored at®® until use Onexperimeral startup reactors receiving TE supplemsnt
were given ppropriate volumes dhesestocksolutionsto achievehe designed
concentration of each TE in the reactor: 0.3 mg/L for Se, 120 mg/L for Fe, 1.3 mg/L for
Ni, 1 mg/L for Co, 0.33 mg/L for Mo, 0.1 gL for Al, 0.3 mg/L for B, 0.1 mg/L for Cu, 1
mg/L for Mn and 0.2 mg/L for Znlthough reactors were fed daily with organic
feedsocks, the TE concentration was maintained etfiggydays by adding an appropriate
amount of each stock solution to matchtblume of feed added, and digestate removed,

over that period

2.3.Reactorstartup and operation

2.3.1.Biomethane potential tests

Biomethane potential (BMP) tests fesich othe SOWandthe WS substratesvere carried
out separatelywith the same inoculum usedr fihe continuous trial¢o find theindividual
potential methane yietddrom thesubstratesThe potential methane yiedbf the SOW and
WS combination$25%or 50% WS/SOW caligestion)weretheninferredmathematically
for use in direct comparison withespfic methanogenic yields obtained from different
CSTR reactors fed with different substrate combinatibhe BMP testsvereconducted
according ta standard metho[29] andwere carried oun triplicateusing0.5 litre glass

bottles (Duran® laboratory bottles) incubated &2C3for 30 dayslin these tests, which did



not include trace element additionse inoculum to substrateSOQWor WS)volatile solid
(VS) massratio was2:1. Every day he BMP bottleswere mixedmanuallyfor 3 minutes
Blank BMP testscontaining inoculum onlyun-amended controjsvere used tguantify
the background methane potentgdlthe inoculum.

2.3.2.Continuous digestion trials

Six continuously stirred100- 120 rpm)anaerobic reactors (CSTRs 1 L working
volumewereemployedfor continuous digestiotrials. The CSTRsvereoperate ata
mesophilic temperature (32) over a period 0100 days (fiveHRTs of 20 day$. An HRT
of 20 days was chosen basedresultsof previous studieR21], [28] which studiedhe AD
of asimilar substratdnitially, the inoculum was reactivated37°C for 7 dayq429], then
thereactorsaverefilled with 1 L of theinoculumand left for 20 day# acclimateto the
substate ando the reactoenvironment. Duringhe acclimationperiod,the reactors were
fed every 2 3 days with 1g of volatile solidsof the SOW. Biogasproduced from each
reactor was collected in gasbags and analysed for methane perceashges were
emptied daily After 20 daysof acclimation methane percentagé biogas from each
reactor was >50% he CSTRsverefed with threesuccessivOLRs 1, 2 and 4VSL™?
d. Thesix reactos weredesignated: SOWgd with SOWonly (C/N = 13.6)); SOW-TE
(fed with SOW and supplemented with TEFN =13.6)); SOW-25WS(fed with 75%
SOWand25%WS(C/N =30.5); SOW-25WSTE (fed with 75%SOW, 25%WSandTEs
(C/N =30.5); SOW-50WS(fed with 50%SOW and50%WS(C/N =47.5) and;SOW-

50WSTE (fed with 50%SOW, 50%WSandTEs (C/N =47.5).

2.4. Analytical methods

Biogasproduced from each reactor was collected in alitve gasbag (Tedlar, VWR).
Each day gasbags were disconnected, bieglasnemeasuregemptied with samples of

biogas from eacheactoranalysed fobiogas composition (CiHand CQ) by gas
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chromatographyGC) calibrated witha standard gas &0% (v/v) CHand 20% (v/v) CQ
The GCanalysisusing aCarlo Erba HRGC S160 GC with MFC 500 deteetas
performed orriplicate biogassamples from each gagpasdescribed irShamurad et al.
[28]. Themethane composition of biogas wasrected fothewatervapour content of the

saturated gas #testandard temperature and pressure (9T® and 1bar).

ReactompH wasmeasured daily from freshly sampled digestesiag a pH meter (Jenway,
3310).In addition, amples of digestate were taken on a weekly pesrdrifugedor 30

min at 3,392 g The supernatardbtainedwasthenused forthe evaluation o€hemical

oxygen demand (CODdptalammonianitrogen (TAN) includingNHz-N andNH4*-N)
anddissolvedmetal concentratiorss peistandard method80], [31]. Total volatile fatty

acids {otal VFAs) and total alkalinity total ALK) were measured by titration according to
theLossie and Putz [32hethod Acetate and propionate concentrations were measured
from filtered (0.22um polyethyle syringefilter; (VWR international, UK)supernatarst
using a liquid lon Chromatography (Dionex KI800)equipped with an lonpack ICE ASI
column, with heptafluorobutyric acid as the eluent and tetrabutylammonium hydroxide as
theregenerantTotal solids(TS) werequantified gravimetricallyas the mass of solids
remaining after overdrying samples overnight (195); thevolatile solids (VS) mass was
calculated aftefurnacedrying at550°C for 30 minutesAn elemental assay for tl& N,

andS percentageby massn the driedSOW, WS and inoculureamples was performed
using an organic element analyser (Elementar vario MAX CNS) according to the
manufacturer s 1 nstr ud30]i Toenmoculam at begifimiegoEt and ar
experiments and digestatampleson each HRWwerecollected andnalysed foil E by
inductively coupled plasmaoptical emission spectrometry (IGPES) as describdaly

Shamurad et aJ33].
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2.5. Microbial community analysis

Microbial communityanalyses were prmed fortheinoculum (before the acclimation
period) and digestadgesampledor the later werecollectedfrom the reactorsn days 20,
40,50, 60,80and 100.

2.5.1.DNA extraction

Genomic DNAextractionof digestate samplesas performe@ccording to thenodified
protocol ofGriffiths et al.[34] as described iBhamurad et aJ28]. OnemL of each
digestatesamplewas centrifuged (5 min, 100 g)then used for DNA extractioiThe
quality and concentration tiie extracted DNAwasmeasuredisinga Nano drop
spectrophotometer (Thermo Fisher, W4€)describegreviously[28], [33]. To avoid
contamination of DM samplesplankgenomic DNAsamplesvere also prepared
following the same samplereparatiorand DNA extractiorof the digestate samples
2.5.2.Real time quantitative PCR (qPCR)

Theabundancesf mcrA genes (for total archaeeand 16S rRNA gersgfor total baceria)
weredeterminedn digestats by quantitative PCR (gPCRIFor thefunctional gene
(mcrA), themlasforward andncrA-reverse primersvere usedollowing a previously
described metho[85]. The reaton mixture comprised BL of DNA template, 1 pLof
sterile deionized water, 0.5 pL of each of the forward and reverse primers (concentration
of 10 pmolpL) and5 pL of Ssofast EvaGreen Supermix soluti®eaction conditions for
themcrAgeneamplification included an initial denaturation step at 98°C fonid
followed by 39 cycles of denaturation &°@ for 5s, annealing at 66°C for 1) and
extension at 65°C for $with a 0.5C increment unti& final extension step at 95°C for 0.5

min, accordingd the manufacturer for Ssofast Evergf@&npermix (BIORAD, UK).

Total bacteria was quantified using a SYBR grbased assaysing the primerd 055F

and 1392H36]. For the quantification of 16S rRNA gese3 pL of template DNA was

12



used in a reaction mixture containinglb Sofast EvaGreen Supermix (BRad, UK), 0.5

uL of eachof theforward (1055F) and reverse (1392R) prin@&@], and 1uL of sterile
de-ionized water to a final volume of 1. Amplification of 16S rRNA (abundance of

total bacteria) gen@asc onduct ed using S$IYBRAWGaercedE Uni v
Supermix (BioRadincluded3 min of initial denaturation at 98°C, and 40 cycle$ @kec
denaturation at 98°C, and 5 sec annealing/extension at 60°C. All assays were done in
triplicate using the BioRad CFX C1000 System (BioRad, Hercules, SA)Five-point
standarctalibrationcurveswereplottedfor amplifiedmcrAand 16SRNA genegprepared

from dilutions ofpure culturesind netemplate controls (prepared from fiksterilized de
ionized water)Methanosarcina barkegultures were emplad for the preparation of the
mcrA gene standarfdr gPCRanalysis while to prepare the 16S rRNA standard for gPCR
analysis, the complete 16S rRNA gene was amplified from E.coli using the PA/PH primers
[28]. DNA was extracteffom the culturevithaMPRb i o o6f or s oi | DNAOG ex
(UK) following the manufacturer's instructioaadthe methoddescribedn Shamurad et

al. [28]. Quantification of themcrAand 16S rRNA was performed by comparison to the
cycle threshold values of the amplifiettrAand 16S rRNA standards and-tamnplate

controls.

2.5.3.16S rRNA gensequencing

An llluminaHiSeq16S rRNA(V4 region)gene sequendirary (Eadlham Institute, UK)

was preparedccording to the protocol describedgzich et al[37]. The amplification
primers used in this protoc(#515/R806[38]) werereappraised using ti&lva database

Ted Prime tool[39] and werdound totarget87% of all bacteal sequences in tHelLVA

Ref NRdatabase consistent with theiilde use in 16S rRNA community analysis. Vit
respect to the coverage of the archaeal domain the primer pair were found tortlgrget

53% of toal archaeal sequences, however, with respect tGuhgarchaeotavhich
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encompass theethanogetineages recognised to beethanogenis anaerobic
envirormentsandparticularly thoseesponsible for biomethane production in AD reactors
[40], [41] the coverage wa8% inclusive ofthe ordersviethanobacteriale§93%),
Methanococcale85%), Methanomassiliicoccalg82%), Methanomicrobiale$92%),
Methan®arcinaleg90%), Methanocellale$90%) and the recently described candidate
orderMethanofastidiosale§’6%). DNA extractswere quantified using Qubit dsDNA
HS Assay Kit (Thermo Fisher Scientifg33231, and purity checkedsinga DropSense
96 UV/VIS droplet reade(Perkin Elmer) Extractswere dilutedseriallyand 10ng of DNA
used forsubsequerffCRamplifications PCRamplificationswereperformedwith 2 uL
each of the forwar(GTGCCAGCMGCCGCGGTAAand reverse
(GGACTACHVGGGTWTCTAAT) primers[38] at a concentration of 28V, 0.1 uL
Kapa 2G Robust polymerase (Kapa Biosystems KK5005110.8 mM dNTPs, and
made up to 2HL with Qiagen nuclease free water (Qiagen 129114). The PCR program
includedan initial denaturation at 98 for 3min followed by 25 cycles of 9€ for 45sec,
55°C for 15sec and 72C for 30 ®c The final extensiostepwas 72C for 3min. The
PCRampliconswerethenpurified with a 1x Agencourt AMPure XP bead clean up
(Beckman Coulter A63882) with two 80% EtOH washes arslispended in 2AL of
elution buffer (10mM Tris). Ampliconswerethenquantified using the Qubit B8NA HS
Assay Kit and sized on a PerkinElmer @Mcleic acid analysarsing the High Sensitivity
DNA chip (PerkinElmer CLS760672Ampliconswerethenequimolar pooled and the
pool wasthenquantified by gPCR using a Kapa Library Quantification Kit (Kapa
Biosystems).

2.5.4.Sequence data processing

Raw sequenedata (FastQliles obtained from lllumina HiSegequencingverede-

multiplexed and quality filterednd reads were binned into amplicon sequence variant

14
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(ASV) using DADA2[42] default parameters e Quantitative Insights into Microbial
Ecology (QIIME?2) pipelind43]. The taxonomicaassignmenivasthenaccomplished
usingthe SILVA119 databadd4]. Canonical Corrggondence Analysis (CCAyas
performedinH45lusi ng t he A & pdetreoningthechrralgiens between
theabundance dbacterial and archaeal communities amehsured physicochemical
parametersuch as TAN, total VFA, soluble COD etn.addition representative
sequences of selected, predominant, ASVs were compared (BLAST) to the NCBI
nucleotide database identify culturedand environmental closely related sequences.
Representative 16S rRNA sequence fragments and close relatives were aligged us
MUSCLE in MEGA7 to construct a neighbejmining phylogenetic tree supported by

bootstrap analysigl7].
2.6. Stdistical analysis

CoefficientsofPe ar sonds bi \srmeasures reacorpararietars anad n
performancesréplicate values per HRT per reactor were obtaineth&thane yield
methane production, COD4d4e, and VFAetc) wereconductedn SPSSversion 23.0)
Oneway ANOVA analysiswas conducteth R [45] to comparehe abundancef bacteria
and archaeéfrom gPCRand lllumina analys® between reactors (SOW, SOVE, SOW
25WS, SOW25WSTE, SOW50WS, SOW50WSTE).

The fguresof microbial composition (Betdiversity)and Local Contributions of Beta
Diversity ((LCBD); is acomparative indicator of the degree of the uniqueness of digestate
samples in terms of community composijiarere producedsingMicrobiomSeq package
[48] in R. Alpha diversity(the variation in species compaosition among the readtmg)es
(Chaol,Shannorand Simpsonjvere calculated then visualised uspig/loseq package

[49] in R.
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2.7. Determination of the relative fluorescence intensity @6 F

The relative florescence intensity (RBFcoenzyme koin digestats was determined
according tahemethoddescribedn [50], [51]. TenmL of homogenizedigestatdrom
each CSTR waautoclavedor 30 min @ 120°C and cooled to room temperature. Afte
centrifugation for one hoyf,392g, 60 min), the supernatant was transferred to another
tube while the pellet was1suspended and vigorously mixed with 10 ml gfrdpanol and
centrifuged foranotherour. The two supernatants obtained after the temtiifugation
steps were combined and usedffoorescencanalysis After adjustment of the pktb >13
in combinedsupernatant sampl@sth KOH, the RFI of k2o wasdeterminedn triplicate
using a Spectra Max M@icroplate reader usir@g-well microplate with each well filled
with 200 L of thesupernatandamplesThe spectrefluorimeterwas satp to shake the
microplateoncebefore meas@mentat wavelengths of25nm (excitationjand 460 nm
(emission)For each reactdhree separateamples of digeateat different periods dfiRT

were analysed (~ 15 samples per rector during 100 days).
3. Results and discussion

3.1. The relative #ects of trace elemergupplementatiormndco-digestionon the

performance characteristicsS@5TRs

Threedistinctperiods ofCSTR performance werebservedFig. 1). During the first
period @ay1- 20) all reactorsoperatedsatisfactorily During the secongeriod(day 21
60) all reactors without TE showgmtogressively decliningerformance andailure
(between day 4160), while TE supplemented reactors continweth stable methane
yields During the thirdperiod(day60 - 100), TE supplemented react@howedstable
methane production and yis|ceven wherthe OLR was increased té gVS L1 d?

between day 80100. An overall conclusion drawn from these results is that uader

16



equivalent set of AD operating conditions, TE supplementateneffectiveas asingle

AD enhancement strategyhile co-digestionwith wheat strawvas not

A more forensic analysis of the reacthiaracteristicenechanistically explasithe positive
impact of TE additionBetween day 1 t@0 (OLR of 1 gvS L d!) the reactorshowed
similar performancein terms of biogas production, methangeld, pHand F20 content.
During thisperiod,the average ethane yieldwere 80- 100% ofthe biomethane potential
valuesinferredfrom BMP tests(Fig. 2). These biomethane potentials were calculated from
the single substrate tata BMP assays whereby calculations assumed different proportional
contributions of biogas from different substrates based on the specific substrate
combinations used in the CSTR&owever, betweeday 20and40 (OLR = 1gVS L1 d?)
themethane productioperformancef thereactorsstartecto diverge with volatile fatty
acids(VFAs) graduallyaccumulang in the SOW andSOW-50WSreactorgFig. 3). For
instance, eetate and propionate shedsharp increasdas the control reactorsvhich had

not receivel TE andthevariedtiming of these increasesincided with declines in

methane productiofFig. 3). This VFA accumulation~ 1700 mdgL on day 40xonsumed
most ofthealkalinity in the SOWand SOW50WSreactorsandpH decreaseffom 7.2 £

0.1 onday 30to less than & 0.2 onday 4 (Fig. 1), resulting ininhibition of methane
productionandfailure of the SOW and SOWb0WSreactordy day 43 (Fig. 1). The
SOWL25WSreactor, which also operated without TElspweda bettemperformanceup to

day 60 However, whenthe OLR increased to 3 VS L* d* on day 6Q0methane
productionfrom this reactorlsodeclinedrapidly andthe VFA concentrationncreased to

2360 mg/L, with apH dropto ~ 5.8(Fig. 1 andFig. 3).

In contrasto the control reactorsio decline inmethar praluctionwas observea the
reactorssupplemented withEs (SOW-TE, SOW-25WSTE andSOW-50WSTE), and

furthermore methane productionates increaseaonsistentvith increases in OLR(Fig.
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1). Methane yield obtanedfrom SOW-TE, SOW25WSTE and SOW50WSTE were
close tomethane yieldobtainedn the BMP trials (Fig. 2). Throughouthe 100 daysof
reactoroperation, these three reactors showed stable digestion with mgiblasef 450-
550 mL/g VSconsistentvith optimalmethane yieldialues reported fadbFMSWandfood
waste[23], [52]. Moreover,concentratioaof thecoenzyme k2o, which isan essential
cofactor only found in méanogens in anaerobénivironments anthusconsidered a
reliable measure of methanogenic populati@md activites[53], [54] increased
commensuratelwith increases in methane production ratég.(1) in all the TE
supplemented reactoiStatistical analysis showed thakdfluorescence correlated very
well with methanogenic activityl@ble2), confirming its suitability as prox for this

procesg51].

Thesatisfactoryperformance oéll reactorduring the startipimplied thatsufficient
levels of nutrients(micronutriens such age, Co, Ni and Mo anthacronutrientsuch as
Na, K, Ca and Mgand alkalinitywerelikely present irthestartup inoculum(Tablel).
Thesubsequentecrease ithe performance o8§OW, SOW-25WS and SOW0WS (all
without TE additionpy day 20and onwardwas obviousindwaspresumablyelated to
the dilutionof the TEs in these reactordueto the daily dischargeof digestateandfeed

addition(Table S1)

Focusing specifically on alkalinitgndits originsand relationship to TH-ig. 3 shows that
despite increasinthe OLR to 2 g VSL1d (day40- 80) and 4g VS L1d? (day80 - 100),
alkalinity tended to increasestime TE amendedeactors (SOWE, SOW25WSTE and
SOW50WSTE). However, the tghestalkalinity andTAN concentratioawerein the
SOWTE amendedeactor 8- 5 g/L and 1.25 g/L respectively on day 10@hile lower
alkalinity and corresporidg lower TAN concentrations were observed in the SQBWS

TE and SOW50WSTE reactorsThis patternsuggest that increasgin alkalinity in TE
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supplemented reactonsasmost likely related tanicrobially enhanced AN release from
the SOW substratend that this enhanced release is linked to bacterial growthctividya
Certainly, the total number of bacteria (estimated from 16S rRNA gjamedanced-ig.

4) in reactors with TE supplementation increased with increases in thaitRere was
a highly significant (p< 0.0]) strong (R = 0.78) negative correlatidmetweerreactor
TAN concentrationgand the C/N ratio of the substrate feed. Howevés,worth noting
here that despite observed differenceSAN, with higher levels associated with
decreasing inputs of Weselevels never exceeddtie2 g/L considered inhibitorjor
AD [55]. Nortinhibitory levels ofTAN weresupportedyy the observed maximal biogas
production in all thes€@E amendedeactors however, differencem TAN mayhave
affectedarchaeal community selection, stabitgddominant methanogenmathwaygsee
supplementary results and discussion related to methanogen selection in the different

reactors.

Alkalinity andTAN and theirrelationship tqrocess stability anfE supplementatioare
however onlytwo of a number of possible impactsTE. For instance,n AD to ensure a
stable digestion processes, most of the VFAs produced by acidogenic and acetogenic
bacteria at the fermentation stage need to be consunazktmgenic bacteria in syntrophy
with methanogenic archaggb6]. Previous studies have highlighted the importance of TE
for VFA degradationj57], [58] and considered TE deficiency as the main cause of failure
[18], [19]. Certainly, h thecurrent study,he total number of bactereand archaea
(estimated from 16S rRNA gene copiEgg. 4) in reactors with TE supplementation
demonstrablyncreased with increases in the O&Rd biogas production ratess a result

of TE supportedctivity andgrowth However, even during the earlier operational period
under the low OLR feeding regimen with relatively low cell numbers the impacts of TE

could be discerned.dieno accumulation of VFAoccurredn the TE supplemented
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reactordout did in the TE free reacto(Big. 3), despite arequal number of archaeal
methanogen cellsuggesting higher metabolic activities of individual archaeal cells under

TE supplementatian
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Table2. Pearson correlation analysis of measured parameters and reactor perfoforaheedata obtained from the six CSTRs &C3illowing
inferenceson the interplay between operational parameters and reactor stability.

TE TAN
1

.068 1

.362 -.194

.339 -.308

*Correlation is significant at the 0.05 leveli@led).

** Correlation is significant at the 0.01 level-{&iled). Positive and negative correlations with significant are highlighted irgdeek and darked respetively. Lower and lowest positive
and negative correlations are highlighted in lighter and lightest green and red respectively.

MP = methane producin rates, Y = Methane yiel@E = trace elemen@sndTAN = total ammoniaitrogen.
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Fig. 1. Performancerofile (daily methane production, methane yield, pH, and relative florescence
intensity of k2oin digestatespf six CSTR systems at mesophilic’@7and three organic loading
rates Yertical dashed lingof 1, 2 and 4 ¢yS L™ d™. The reactors without trace elements added
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values for pH and relativiluorescence intensity are mean values of triplicate samples with
standard deviations (not shown).
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supplementation methane production decreased after two months and stopped after three months.
In the reactorsupplementedvith trace elementnethane production was consistently at the level
reached in the BMP testhe BMP x-axesrefer toBMP values(mL CH/ g VS) obtained fronthe
batchreactor BMP testavhereasghe bars omlays 20, 40, 60, 80 and 16Bowmeanbiomethane
potentialvaluesper20 dayperiodsof CSTRsoperation Theerror bargepresenstandard

deviationsof the mean values.
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3.2.Microbial communitydiversity analysisbased on 16S rRNA sequence libraries

A comprehensive samplirand analysistrategy was adopted in this studge
supplementary results and discussitmnassessnpactson microbial communities as a
function of timeand generic reactor operation as well as individual reactor condifiens
expected diversity decreased over tifiig). SJ due to selection of a small number of taxa
commonly observed in anaerobic digestarssistent with otheAD studieswhich have
investigaedstartup (e.9.[59]) and long ternmeactoroperation €.9.[60]). However, as
discussed belovgpecific bacterial andrchaebcompositional changesrerelatableto the

operation of different individual reactors

3.2.1. Bacterialcommunitycomposition and dynamics

Reador bacterial communieswerevariablydominated bysequence types relatedseven
differentfamilies namely Ruminococcacea&pirochaetacegéSynergistacege
Cloacimonadacead®ysgonomonadaceaRikenellaceaandKosmotogaceaéig. 5 and
Fig. S2). These bacterial families ar@s mentioned abovepmmon constitents of
anaerobialigestersaandtheir selection is consistent with tikemplexity of the fod-waste
based reactor feeakindicated by the environmentsburceand functiorof the cultured
and unculturealoserelatives(seeFig. S3andFig. S4 and associated supplementary

discussioh

At day 40, thedominanceof these diferent bacterial groups in tleactors with or without
TE addition were remarkabkimilar to each othebut clearlydifferent to the original
inoculum suggestingheir selective enrichmertturing AD without any influenceat this
initial stage from differencesn TE supplyor WS cadigestion. Some of thesaitially
enriched taxa werconsistently present amdtained in althereactors for thelurationi.e.
theDysgonomonadacea# canonical correspondenaealysis indicated a high correlation

of such taxa with measured reactor parameters such as VFA, TAN and EQOEb).
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However theabundance anldng-term stabilityof othersweretentativelyattributable to
differencedn WS%. For instancet 40 dayshe dominance dbpirochaetaceaapparently
increased with the presence and increasing amount of WS. In contrast, the relative
abundance of the enrich&tloacimonadaceaeas comparatively loweFurthermoreby
days80and 10he SOWTE and SOW25WSTE reactors were dominated by ~ 55%
Cloacimonadaceasupporting the selection of this family at lower WS%6nverselythe
Synergistaeaewerestill a dominant(~ 40%9 component of the bacterial communities in
the SOWS50WSTE reactor along with the familiddikenellaceaandKosmotogaceae

(Fig. 5, Fig. S2 Fig. S3andFig. S5).
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(A)

(B)

Fig. 5. Beta diversity of microbial community taxa in relation with feed composition and time on
day 0 (Ino. = inoculum), day 40, day 80 and day 100 in six AD reactors which digested a synthetic
organic waste as mono substrate odigested wih wheat straw with/without trace element
supplementationd.he acetoclastic methanogktethanosaetavas the most abundant genus in the
reactor with trace elemendgsidedand 50% wheat straw codigestion, while in the reactor without
wheat straw codigestiomd 25% wheat straw etigestion the hydrogenotrophic methanogens

were the most abundant archaeal genéfd.bacteria represeed by thel5 most abundant families

and (B) archaea representedthbg 13 most abundant genera). Families and genera with lower
adbundances arGhesombined in A

28



