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Abstract

Pure microalgae cultivation in organic wastes may be hampered byldine
adaptation to extreme growth conditions and by the risk of microbial contamination.
Thiswork aimedto isolate seHadapted microalgamicrobial consortiableto survive
in organic wastes characterizéyy extreme conditiog) to be then proposed for
technological application in removing carbon and nutsinaim wasteé streams. To
do so, &teen organic wastes wittlifferent origins and consistency were sampled.
Twelve microbial consortia were isolated from wastes and their eukaryotic and
prokaryotic compositions were analyzetly next generationsequencing.Eight

eukaryotic communitiesvere dominated by Chlorophyta, led Bhlorella, able to
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survive in different wastes regardleschemicalbiologicalproperties Tetradesmus
the second most represented genus, grew preferentially in subsithtiess stressing
chemicalphysical parameter&hlorella and Tetradesmusvere mostly isolated from

cow slurryandderived wastes which proved to be the best local residgahicsaurce.

Key words: Eukaryotic; Microalgae Next generation sequencing (NGS)rganic

wastesProkaryotic

1. Introduction

The amount of agricultural, industrial and municipal wastes haen increasing
rapidly over recent decades due to the rising of global population, urbanization and
economic developmenRecent dataKUROSTAT,2021) indicated for the Ed total
production 0f12.97 Mt of animd faeces, urine and manurg3.01 Mt of industrial
effluent sludgesand9.12 Mt of sludges and liquid wastes from wastewater

It is important to disposef organic wastes with suitable treatments by turning them
into renewable energy and products enhancing recycling effigiasaaell as to avoid
environmental impacts, natural resources depletion and health (§3luesra et al.,
2017) Wastewater treatmenproducing sewage sludgecomposting producing
compost and anaerobic digestigoroducing digestatehave been proposed to treat
organic waste streamallowing nutrient and organic matteto be recoveed

(Niedzialkoski et al., 2021Compost, sewage sludgaddigestate have bearsedas
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organic amendmesiind fertilizersreplacingthe use of mineral fertilizergmproving
soil organic matteand thus contributing tamore sustainable agricultuRiva et al.,
2016)

Organic wastes were also reported as excellent seofcenergyrich organic G

molecules as well asf macre and micrenutrients for microalgae cultivatiqistiles et

al., 2018)Howevermi cr oal gae culstuiccxatsisdmu!| havhrelmeavimast e

used t oni senpuptisyaecht or gahoec theMohgeomwbdbhbr
al . ,). 2021

Previous sudies have proventhat organicwaste such asvastewatercould bea
suitablegrowth medium forthe cultivation ofcertain puremicroalgae speciese.,
Chlorella, TetradesmuandScenedesmy&oswami et al., 2021)Neverthelesxnly a
relatively small number of microalgae specikave beendeveloped and used
extensively because ofthe necessityto control the stability of the microalgae
populationsandthe risks of culture contaminatigBani et al., 2021)Bacteria, fungi
cyanobacteriandother microalga@stablish mutualistic or competitive relationships
with the inoculatedmicroalgae strain, depending on the different species and
environmental conditionéBrenner et al., 2008 herefore rather than attempting to
combatthe contaminatiorof monoculture by unwanted and detrimental species,
different approactcan betaken by cultivating native microalgae consortia isolated
directly from local wasteswithout a strict control ofhe microbial populatiorstability.
The ability of microalgaeto grow in a substratéepend on both the chemical

biologicalparameters characterizing the substaatdthe organisnsdability to colonize

et
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the substratg Agrawal, 2009) Research showed that microalgaee capable of
producing highly resistarspores which enable them to survive in adverse conditions
(Agrawal, 2009 Cheregiet al., 2019 Different algae have a relatively large tolerance
range for changes in environmental conditidfa. exampleNostoc punctiformand
Anabaenaircinalis can germinate in the dark in the presence of organic carbon acting
as asuitablesource of energyAgrawal, 2009 Cheregiet al., 2019 The lrown alga
Macrocystis integrifoliaspaophyte can grow even dw temperature, i.e8 °C
(Barsanti and Gualtieri., 2005)

Florentino (2019) found 21 microalgal genesach asAphanocapsaPlanktothrix
Chlorella and Euglenasurviving in six waste stabilization ponds, demonstrating that
algae ardolerantto environmers characterized by high organic carbon and nutrients
contentsSpecifically, égae have beeunsedto treateither primary or secondary waste
effluents such aBumansewage livestock wastes, agfiodustrial wastesindustrial
wastesand piggery effluent(Mohsenpour et al., 2021Algaebased systegfor the
removal of toxic minerals such @b Cd, Hg, Sc, Sn, Asand Br are also being
developedGoswami et al., 2021)

Therefore, microalgae growing on wasaee well adapted to nutrienth substrate
which will lead to further technologicapplicationssuch asvastenutrientand carbon
recovery(Caprio et al., 2018)

This work falls within a broad project funded by Lombardy Region (North Italy)
aiming at both studying and isolating indigenous autochthenalgaemicrobial

consortia (ACs) to be then used for technological applicatmireat organic wastes



87 removing nutriergand carbon and producing useful biomass.
88 This first paper reports theitial step of the projegctonsisting in investigatingnd
89 describingthe presence ofelfadaptedalgaemicrobial consortia(ACs) in sixteen
90 different organic wasteocally collected characterized fogxtreme growth conditions
91 for microalgaebecauseof high nutrient and organic matter contentdolecular
92 metabarcoding characterization was applied to identify the algae and baateriand
93 their relativeabundanceandto provideinformation on the composition of microalgae
94  microbial communiesobtained from the different wastes
95 Isolated ACs will be thefurtherstudied for their ability growing in organic wastes
96 (animal slurries derived products) measuring growth performance, biochemical
97 composition, and nutrients recovery ability at lab scafeng closd reactos
98 (Technol ogy RedRL ina 4)salloning the thoosingof the best
99 performng ACs. These latter will be then testedopen reactoratdemonstratiotevel
100 (TRL 5-6) aiming tounderstandhow analgal community is influenced by shifting the
101 cultivation mode from closed reacsdo open reactar as wellasto evaluatevhether
102 thedominant microalgae specié®m closed reactors couktill be dominant in open

103 reactors owhether they could beolonized by other specibscteria/predators

104 2. Materials and Methods

105  2.1Wastesampling

106 Sixteenorganic wastesamples withdifferentorigins (cow slurry, urban municipal
107 wastewatersewagesludgg and typegsolidislurryliquid fractiors) weresampled from

108 plantgfarms located ithe Lombardy Regiorf northern Italyaround noonn January

5
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(Table 3. The waste samples were marked as S1 to Sll&ollected ampleswere

immediately brought tthelaboratoryandstoredat4 e l&fore further analysis.

2.2Wastechemicaland biologicalcharacterization

Thewastesamples were dried f@dh a t C(ARHB 2005, shredded in a blender
and passed through anZm mesh.Total solids (TS) volatile solid (VS)and total
organic carbon (TOGyeredetermined according gtandard procedureBRPHA 2005.

The pH and electrical conductivity (EC) were measureergmmetrically using an
Orion-520A pHmeter and a WTWLF537 (GE) conductivity electrode, respectively.
Total Nitrogen (TKN) Ammonianitrogen(NH4"-N), pH, volatile fatty acids (VFA)
and alkalinity (ALK)were determined on freshaterialdy using the analytical method
for wastewater sludge (IRSA CNR994).Optical density was measurasabsorbance

at 750nm by using aJeneway -VB3&80DblUs s pedacrocapdh ot o met «
microelementoncentrationscluding Na, Mg, K, Ca, P, Mre, Cu, Zn, Cr, Co, Ni,
As, Se, Mo, Cd, Pb were determined Myductively Coupled Plasmislass
Spectrometry (ICRMS, Aurora M90 BRUKER), preceded by microwave assisted
(Multiwvave ECO, Anton Paar GmbH) nitric acid digestion (EPA, 2007) of fresh
samples. Alchemicalanalyses were performed in triplicaidne biologicalpropertyof
samplesi.e. biological stabilitywasdetermined by the anaerobic biogas production

(ABP) (Schievano et al., 20083l biologicaltests wergerformedn duplicate.

2.3 Original biomasses cultivation

2.3.1 Experimerdl design
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Preliminary experiments were performiedorder to assess the best condsiable
to isolate the greatest number of algae from the sixteen organic Wastis so,four
groupsof experiments were performeBirstdeionized watefexperiment 1and BG
11 (experiment 2nediumwere usedsnutrient solutios for theisolationof algae In
brief 2 g ofwastewere put into 500 mL sterilized Erlenmeyer flasksl 200mL of
deionized water dBG-11 were addedTheblendwas mixed and agitated manually for
10 minutes before putting into the incubatorSubsequent approach conseteCA
Medi um ( CA) , Bol d o sandBBG41aas groMiegimedi alop(ing B M)
anoptical densityof 0.1 (experiment 3andof 0.3 (experiment 4)see supplementary
material)

Diluted samplesoming from all experimentserethenmaintainedn the incubator

under constant aeration and mixed by using filtered air (filter of 0.2 um) with a
continuous illumination of 50 PE ¥s?, provided by fluorescent white tubes, at a
controlled temperature of 22 + 1¥@ over 8 weeks
TheBG-11 nutrientsolution at 0.3 optical density resulted in the isolation of the most
microalgae consortia (original biomakdOB) (see supplementary materiaBG-11
nutrient solution contain®47.09 mg."t NaNGs; 7.11 mgL* Ko;HPQ-P; 17.95 md_-
1 KoHPQ-K; 7.39 mg Lt MgSQ, 7H.0; 9.81 mgL? CaCk2H.0; 1.02 mgL™*
( N[ F eHa@)z]; 8.68 mgL™* NaeCOs; 0.50 mgL™* HsBOs; 0.50 mgL™?
MnCl; 4H,0; 0.05 mgL! ZnSQ, 7H.0; 0.15 mgL™? NaeMoQO4 2H,0; 0.03 mgL™?
CuSQ 5H;0; 0.01 mg. "1 Co(NOs)2 6H,0.

The-microalgaeconsortia isolated from wastevere then cultivatedin Photo Bio



152 Reactos (PBRs) of 0.5 L working volume. pH was s¢up at8 and it was maintained

153 byusingpure C®i nj ecti on ademdandadag rmandailoint y. Room
154 (25° C) and constant aitux (10 L min?) were providedas well as light that was

155 provided by cold fluorescent lam@a t irradi antsat®BR sGface, ¢ E m
156 adoptinga12h:12h photoperiod regim&he OB (original biomassjvasdosed afl0%

157 vlv, i.e.,0.2-0.3g L was placed into the reactors and culture mediB@-11) was

158 added to start the triats obtaincultivated biomass (CB)Ywo replicates/microalgae

159 consortumwerecarried out

160 To monitor the culture growth,idimasse8dry weighs (TS) were determinedby

161 sampling 10 mL obiomasssuspension from each PERery 2 daysThe samples were

162 centrifuged at 4,000 rpm for 10 min and then washed with an equivalent volume of

163 distilled water to remove saltBiomasssamples wer¢hen filteredby 1.2-um filter

164 (GF/C, Whatman Ltd., Maidstone, UKgiried overnight at 80 °@nd weighed

165 2.4 Microalgaeconsortiamolecular characterization

166 In order to investigate the diversity and populatiormiérobial consorta, DNA
167 extraction wasarried outon both the original biomass ©B) andcultivated biomass
168 (CB) duringthe exponential growth phas&he consora biomasgswerecollected by
169 centrifugation at 4,000 rpm for 10 min an@@®0 rpm for another 10 mirendthen
170 stored at-80° C until further analysisThen the lyophilized biomasssamples w&re
171 collected for DNA extraction bipNeasy plant mini kit Qiagen, follawg the procedure

172  described by the manufactur@he extracted DNA samples westored at2 0@&for
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further use. DNA concentration and purity were determined d&yanodrop 1000
spectrophotometdiThermo Fisher Scientific Inc., USA).

For next generation sequencing (NG&)brary for 16S and 18S marker geveas
prepared following Illlumina ProtocoNGS can be used to sequence entire genomes
and to generate extensive data from diverszobial communitiegn a timely manner.
For the 16S, the hypervariable Y2} region was amplified using the 341F and 805R
primers while for 18S, the V9 region wamplified using the 1389F and 1510R primers
both modified with the required Illumina sequencing adaptbé§ and 18S PCR
amplification was performedom t ot al vol ume of 25 ¢l : 12. !
(Appleton Wood td., UK) , 1 ¢ 1 o frevereed pimearsdnodifieddwithL, €1 o f
llluminaovekhanger (10 uM) (I DT, Bel gi um) , 2.5 ¢
PCR grade water (Merck, Germany). Thermal protocol for 16S\gasas follows: i.
95°C for 3 minsii. 30 cycles at 95€ for 15siii. 57° C for 155 iv. 72° C for 30s v.
72° C for 7 mins.For 18S marker gene the thermal protocol wafolews: i. 98° C
for 3 mins ii. 30 cycles at 98° C for 108i. 56° C for 30siv. 72° C for 15sv. 72° C
for 7 mins.PCR products were cleaned using Agmurt AMPure XP PCR Purification
beads (Beckman Coulter), following the man
PCR product was used in a short secondary PCR, to attach Nextera XT indices, in the
presence of 2.5 ¢l ofelINekpgmelraat a bwaodd T a’qg ian
PCR water. Thermal cycling conditions consisted of an initial denaturation step of 3
min at 95°C followed by 8 cycles each of 30 s at @5°30s at 55€C and 30 s at 72

followed by a final extension step of 5 min at 2°PCR products were purified using



195 Agencourt AMPure XP PCR Purification beads as described previously. PCR products

196 were quantified using PicoGreen® dsDNA quantification assays (Thermo Fisher

197 Scientific), on a POLAR star Omega (BMG Labtech) plate readextera XT

198 amplicons were then pooled in equimolar concentration. The length of amplicons was

199 verified with Agilent bioanalyzer DNA kit (Agilent, USA). Final quantification of the

200 pooled amplicon library was determined with the NEBNext® Library Quantdfit f

201 lllumina® (New England BioLabs) prior to sequencing on the lllumina MiSeG (2

202 300 bp) athe University of Essex (UK).

203 For each ori gi navlenthkhirmomaalsisc gtOBs armdkrz repl i
204 cul t iby atm@@B) , s o ftohuaetp liinc attoetsa If e2r atAhde SCB s .

206 had 2 rnemmnidgabeemasses derived from S2 and

206 2.5 Data analysis

207 2.5.1 Multivariate analysis

208 Multivariate analyses were used to identify environmental parameters that were most
209 strongly associated with each other, and to define environmental facesatyotes

210 andprokaryotes species associations. Principal component analysis (PCA) was used to
211 identify trends between highly correlatinghemicalbiological parameters.This

212 analysis provides information on the most meaningful parameters, which describe the
213  whole datasewith minimum loss of original informatioinalyses were performday

214  XLSTAT version2016.02.28451

215 2.5.2 Metabarcodingstatisticalanalysis

1C
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Reads were processed as describ&umbrel et al (2016).Briefly, quality filtering
was carried out in Sickle, followed by error correction in SPAdes. Reads were paired
ended using PEAR inside Pandaseq. Chimera check and clustering at 97% of similarity
was performed usinthe vsearch algorithm. Repsetvere imported in Qiime2 and
taxonomywas assigned using sklearn classifier using SILVA database for 16S while
for 18S taxonomy has been assigned using blastn algorithm.

Statistical analyses were performed in R studio. Figures were generated using
gglpot2 library. Richness data were log tfanmed to meet the normality criteria and
the equality of the variance (car package). A pairwisassttwas used to test if the
richness in batch/original was significant. Phyloseq package was used to generate
relative abundance and fohe NMDS plot. Sequence data from this stughere
deposited in the SRA archive under the project accession numbers: PRINA752495 for

eukaryotic communities (18S) and PRINA752492 for bacterial sequences (16S).

3 Results and Discussion

3.1 Organic wastegharacterization

Many factors such as light, pHand nutrients influence microalgae suraivand
growth thus it is critical to understand the original subst@fiesturesTo do so,the
selectedorganic wasteswvere characterized for chemicghysical and biological
parameterand resultaarereported in Table -2, reportingdatareferred to the fresh
materialsto better describe the regilowth conditions

Results show that wastes diféer greatlyfrom each othe(Table 24), thus providing
11
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a wide rangef substrate. TS variedfrom 15 + 1g kg! (S4) t0257 + 10(S6)g kg*
while VS wasfrom 8 + 0.2g kg* (S2) to 221 + 0.6 g k§S3) TS and VS refleetd
indirectly the waste turbiditycolor, and absorbance propertiegich would directly
affectlight availability formicroalgaegrowth pH variedfrom 6.4+ 0.3 (S12upto 9.1

+ 0.2(0.1) (S3and S§. Regarding pHmaintaining a suitable pH condition is critical
for algae asthe toleratedpH range for most algal specibas been reporteb be
between 7 and 9, with threptimum range being 8.7, though there are species that
dwell in more acid/basic environments (Barsanti and Gualtierb)200

Total alkalinity (TA)varied widely between 2.1 + 0.1(§9) and 18.7 + 0.5 (S10)
CaCQ kg?. TA affecting pHcould affect algaespore germinatiothat is reported to
be optimalat neutral oslightly alkaline pH(Agrawal 2009. AbovepH 8.3, alkalinity
is mostly in the form of carbonate and below pH 8.3 and above 4.5 it is mostly in the
form of bicarbonate. Both bicarbonated carbonate can be used as carbon seimce
algae growth in organic wastes.

Furthermore, thremacronutrientsi.e., carbon,(TOC) (importantfor heterotrophic
and mixotrophicalgaegrowth), nitrogen(N) and phosphoruéP) also showedwide
differences. In particular(Table 3, we foundthe following range of variation for C, N,
N-NHsand P5 + 0g kg (S4) to 110 + 0.2y kg (S6), 1.5 + 0g kg (S4) to 8.8+ 0.11
g kg (S13, 0.3g kg (S9) to 3.5g kg* (S10)and 5 + 0g kg (S2) to 299 + 4g kg
(S13, respectivelyMoreover,apart fromC, N and P, alsthe elements, K, Na, Fe,
Mg, Ca and trace elements such as B, Cu, Mn, Zn, Mo, Co, V atlafare essential

nutriens for microalgae showed a wide variability depending on feedstock

12
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composition(Table 34) (Stiles et al., 2018)

Temperature is one of the significant environmental factors regulating survival and
reproduction of algae and producing a shift in afggdulationand compositionEvery
alga has its own optima temperature and temperature tolerance limit for vegetative
survival, spore formation, spore germination and gno&grawal 2009).The waste
samplesin this work were collected at around noan January The ambient
temperature durinthe samplingdayrangedfrom 2° Cto 8 (Table 1), vhile samples
temperaturesangedbetween 8C a n d  Zl€pendingon thestoring systen{Table 1).
Howeverliterature reportedhat algae are abl survive at a wide range otemperature
(Chereget al., 2019and that spores can germinate when they are put under optimal cgndition

as has been done in this wofksolating ACs.

3.2 Taxonomic profiling of original biomasses
3.2.1 Eukaryotic Communities

Foreukaryoticcommunities a total of, 3650perational taxonomic uniQTUs) were
obtainedbut only 2183 OTUs could be assigned tiwe eukaryoticdomain (100%
eukaryotig. At phylum level (Figre 2a), the original biomassesvere dominated by
Chlorophyta from 60% in S80OB to 99% in OB-S1) except forsamplesS2 OB,
S9 OB, S13 OB and S16 OB which werecharacterizedby the abundanpresence of
thephyla Opisthokonta (S2B, 55%° 3) and Discosea (S1®B68%-° 1). Contrarily,
thee was no dominantphylum in SamplesS9 OB and S130B which were
characterized bg mix of phylai.e., S9 OB: Heterolobosea 37% 2, Ciliophora 23%

13
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299
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303

° 2, Chorophyta 18% 1 and Opisthokonta 14%1; andS13 OB: Chlorophyta 42%
° 3, Discosea 27% 0. At genus levelChlorella wasthe most common microalga
found in both original and cultivated biomassesfollowed by TetradesmugS7 OB,
S8 OB and S110B), bothbelongingto ChlorophytaOther important genera found
were the microalgae predatd@slpodaandVahlkampfia(Wabhi et al., 2018)Original
biomasses obtainedould be divided intothree groups(Groups 1-3) for genus
composition(Figure 2a Originals) Group 1(S1 OB, S3 OB, S4 OB, S6 OB and
S10 OB) mainly dominated bythe presence o€Chlorella; and Group 2 $7 OB,
S8 OBand S110B) dominated byletradesmusGroup 3 §2 OB, S9 OB, S13 OB
and S160B) did not showanydominatingmicroalga genus put these samplesvere
characterized bgnixtures of different protozoa anlly only asmallnumberof different

algae

3.2.2 ProkaryoticCommunities

641 OTUs were assigned to bacteria after removing OTUs shared with the controls
and the ones that were assigned to Chloroplast and Mitochondria (862 OTUs were
produced before any cleaning). The bacterial community (100% OTU) was dominated
by CyanobacteriaRroteobacteria and Planctomycetota which are commonly found in
both wastewater and digestate md@iaprio et al 2018) A first group of OB samples
was dominated by Cyanobactenehich almost reached 50% of prokaryotic content
i.e. S2_OB (53% 4), S6_OB (59% 13), S8_OB (65% 7), S11_OB (66% 2),

S3 OB(44%° 5) and SQOB (47%° 4). Themost abundant genus of this phylum was

Synechocystithat accounted for 47%4 in S9 OB becoming the dominant genus in

14
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S6_OB in which it accounted for 70% 7 of relative abundance (Rige 2b).
Cyanobacteria, also known as photosynthetic bacterigprataryotes able to survive
in wastedue to their capability to tolerate high levels of pollutants, to degrade highly
persistent organic contaminants and to remove heavy metals such as Cr, Co, Cu and Zn.
They are the only planktonic group capable of utiizim@mospheric nitrogen via
biologicalNvf i xXat i on, and as such, can circumvent
capable of using alternate pathways for the acquisition of carbon and nitrogen to
counteract the reduction of photosynthesis efficiency imrg#avorable environment
(Yu et al., 2013)Additionally, Cyanobacteria make a good combination with green
algae because of their ability to produce some growth promoting substances that result
in a symbiotic relationshifGutierrezWing et al., 2012)As can be seen in kige la
and Figire 1b, S2_0OB Chlorella 23%, Muriella 13% of EukaryotesSynechocystis
53% of Prokaryotgs S3_OB Chlorella 84% and Synechocystigi4%), S6 OB
(Chlorella84% andSynechocystig0%), S8 OB (Tetradesmu59% andSynechocystis
65%), S9 OB (Scenedesmusgi% andSynechocysti$7%) and S110B (Tetradesmus
96% andSynechocysti66%) were good exampleSynechocystis 6808ne strain of
Cyanobacteria,demonstrates adaptable growth ability under photoautotrophic,
mixotrophic and heterotrophic conditiorf¥ermaas, 1996)They have developed
sophisticated regulatory systems to adapt cellular processes and maintain metabolic
homeostsis in response to many environmental fluctuations, such as nutrient
availability and the ambient chemidaiblogical propertiegSpat et al., 2015)
Proteobacteria and Planctomycetota-dominated the remaining communities
(Figure 2b) with the exceptions of samples S4_ OB, S7_OB and S10_OB, in which
Proteobacteriaepresented the main phylum. No clear dominance could be found for

all these samples at genus level; for example S13_OB was dominaBzebtpacter

15
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(59%° 6) which included an endosymbiontRérameciunwhich is commonly present

in sewage sludgé€Beier et al., 2002)Other common genera found weRirellula
(S16_OB 48% 4) andPaludisphaera(S16 OB 36%° 10), which are commonly
found in wastewater samples duetheir high metabolic flexibility in using multiple
compounds (Chouari et al., 2003). Furthermore, small amour8arafaracinusand
Luteimonagdata not shownyere found in OB cultures, above all in digesi@éeived
substrates, since they are able torddg both simple or recalcitrant organic molecules
(Akyol et al., 2019)Moreover, due to the fact that the media (wastes) were enriched in
N compounds, many Wxidizing bacteria were present in the initial community, e.g.,
Nitrolanceathat is a nitrite oxidizing bacterium present in different OBs (S6_OB 13%
° 2vs 4%° 1 in batch). These bacteria were then lost in the CBs because, probably, of
the effect of bdt temperature batch growth temperature @pWwhich was lower than
their optimum (37<T), and low ability to compete with other bacteria in the consortia

(Spieck et al., 2020)

3.3 Chemicalbiological features of wastes WCsisolation, andeukayotic and

prokaryoticcommunity composition.

The driving forces structuring microbial communities are concurrently regulated by
both externalfactorssuch as chemicddiological parameters of the growth media and
internal factors such as the interaction betweenrgokes and prokaryot€Bani et al.,
2020)

In this study 27 chemicabiological parameters characterizing the origim@anic
wastes(Table 1)were determined (Talde24) to understanchow waste properties
affected microbial and algae populatidro do so,PCA was performedto describe

1€



352 chemicalbiological parameters vsdominating microalgae (Figre 2a) and vs.
353 dominatingprokaryotegFigure2b). Two main factors (PGlyere found to cove$1.8%
354  of the total variance. PC1 correlated to heavy metals (Fe, Cu, Cr, Ni, As, Cd and Pb),
355 TKN and P contents, while PC2 correlated to TS, VS, TOC, ABR pHgand Mo. In
356 particular,PC1 (in forward direction) carried inorganic nutrients and PfGBvard
357 direction) carried organic matter contents (TS, VS and TOC) and its quadity
358 biological stability (ABP), and pH VFA, EC and Nadid not play important rokeas
359 their positions were near to the centre.

360 Chlorella survivedin almostall conditionsregardless of the wide range of TS, pH,
361 nitrogen, macro anchicroelementsoncentration of original organicwastes which
362 accounted foiits high abundancei.e., 78-99.9 % of EukaryotegFigure la) The
363 exception was for SOB, that was characterizéy the strong presence détradesmus
364 (60 %of Eukaryotes)S2 OBin which the presence duriella (13 %of Eukaryotes)
365 was also reportedindS13 OB thatwas characterizeldy an organic substrate rich in
366 heavy metals (HM), which probably limiedthe growthof algae

367 Chlorellais asmall spherical (coccoid) green unicellular simple algatreplicates
368 exclusively by asexuakproductioni.e., autospore formation; in addition itdasy to
369 cultivateandit growsrapidly (Kumar et al., Q15). Chlorellais widely diffused and it
370 has been reported occuron damp soils, walls, bark of trees, freshwater peelwage
371 and sewage treatment plaf@almer 1969)

372 Chlorellawas reporte@dshaving high tolerance to nadeal growing environmest
373 (Gacheva and Pilarski, 200&ccording toAgrawal and Singh (2000)he vegetative
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cell of Chlorella has high tolerance to drynelsscause oits small cell sizeandbr to
the presence aiporopollenirprotectingthecell wall. This fact can explain the presence
of Chlorellain OB-samples S30Band S6 OBthat although characterized for organic
substrate having the highest TS (242 and 257-gRg), showed 84% othlorella.
Again, previous findings reportethat Chlorella is capable bsurviving in different
conditions for example, ira wide pH rangé&rom pH 3 to pH 10.8Khalil et al., 2010.

SomeHMs are essential for microalgae, but exposing microalgae to HMs beyond
their tolerancerange very likely affecttheir growth and metabolisrtExposito et al.
2021) Chlorella sp. wagreported to baensitive toAs andZn, Cu, Cr andPb (Atoku
et al., 2021)Chlorella candevelop specific adaipt mechanisms téiMs (e.g. forCu
and Zn, thanks to the presence ahtistressmolecules such abrassinolide,an
important hormoneable toactivate enzymatic and nanzymatic systesresponding
to HM stresgBajguz, 2010)Thehigh HM contents (Table)3eported for S3and S
may be the responsible for the low or nalgaegrowthin S13 and S14 substrate
(Figure 1a).

SomeOB-samplesvere characterizedby the presence dfetradesmud.e. 96% in
S11 OB, 60% in §¥_OB and 59% in S80B, which was the second moabundant
microalgae genud etradesmusas been reported to be a robust species able to grow
underunfavorableconditions(Dahiya et al., 2021 }he finding of this algae isome of
theorganic wastestudiedseemedo confirmthis fact Dahiya et al(2021) found that

Tetradesmus wisconsinensgias one of the dominant species in a wastewater plant in
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IndiaandTetradesmusbliquushas been reportéd growin nitrogen and phosphorus
rich wastewateboth heterotrophically and mixotrophically

The multivariate analysis (PCA) performed for organic wabkkmicaibiological
parametergFigure 2a) indicated thafl etradesmusgvasmainly distributed in théower
part of the PCAaxes (except foIS16 OB, characterizethy a much lower algae content,
i.e. 26%) indicahg that Tetradesmugrefered lower pHand TS content and lower
nutrient concentration tha@hlorella (Figure 28). Hodaifa et al (2009) found the
highest specific growth rate detradesmusbliquuswhen the mediunwas maintained
at a constant pH value of Heverthelesgshe S11substratehatwas characterizeloly a
pH of 8 showed eukaryotic OB composed 96% bgtradesmusbut S1lalsoshowed
a very lowTS conten{TS of1.7 + 0.). S16substratethat containedboth high TSand
pH, and high volatile fatty acid¥FAs), showedalow presence ofetradesmuf26%),
probably becausthis environmen{VFAS) limited the growth ofalgae(Figure 1b.

Thus, the results @scribed aboveeem to suggest thdietradesmusurvived in
organic wastgethatwerenot characterized for extrerahemicaibiological parameters,
unlike Chlorella, which seemedto be much lesaffected by chemicabiological
parametersf the organic wastesOn the other handhe presence ofdradesmus
excludal (or strongly reduced) the presence&biorella, suggesting that itheabsence
of extremegrowing conditios the former, when presentgrew better than thiatter
(Bani et al., 2020)This fact suggested thaktreme chemicabiological parameters
seleced Chlorella. S12, thatvas characterized for both low TS and pht| not show
any algae growth, probably because of very high VFA (1%588g kg'FM) content
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that inhibited algae growth. Nevertheless, sometimes, substrate features were not able

to explain algae growth. Fa&xample, S2 and S7 substrates, for which algae growth

was detected, showed similar characteristics (Tablg t® S5 and S15 that did not

show any algae growth.

It is worth noting thaChlorelladominated in S1_OB, S3_OB, S4_OB, S6_OB and

Tetradesmudominated in S7_OB and S8 Owereisolated from cow slurry and cow

slurry derived wastes, such as liquid and/or solid digestate of cow slurry. Furthermore,

ChlorellaandTetradesmuwere also foundsolatedfrom organic fraction of municipal

solid wastes (OFM®) such as S10_OB and S11 OB. Therefdareeemed that the

best organic residue for isolating microalgae consortia was cow slurry and cow slurry

derived wastes.

The chemicabiological parameters vs. dominating prokaryatesshown in Figire

2b. As it can be seen frorthe Figure, Synechocystitended to appear both at the top

and at the bottom of PC2, showing its ability teecast withChlorella(S2 OB, S3 OB

and S60B), as well asTetradesmus(S8 OB and S110B) and Scenedesmus

(S9 OB).

3.4 Algaebacteriaconsortiainteractions

Besides chemicdbiological parameters, bactdrieommunities are another major

factor affecting algal commuis as previously reporte(Choi et al., 201D Algae

and bacteria synergistically affecteach her 6 s physi ol(Bagetaland

2021)

2C

Interrelations between bacteria and microalgae are multifaceted and

met ¢



438 complicateclfor example, bacteria naturally can rely on photosynthetic phytoplankton
439 to obtain the organic carbon needed to mainttaéir growth in turn, phytoplankton
440 can depend on bacteria to mineralize organic matter into inorganic substitutes,
441 ultimately supporting the growth of algg&ang et al., 2020)Figure 3 shows
442  prokaryotedistribution in the different samplespresented by twBCs derived from
443 PCA analysisandtherelationshig with eukaryote communities (alga®C1 and PC2
444  that covered26.6 % and 15.2% dhe totalvariability, were able to separate ©B
445 samples.SamplesS1 OB, S3 OB, S4 OB, S6 OB and S100B, that showedhe
446 highestabundancef Chlorella, wereprefeentially distributed in thdeft part of PC1
447  and up part of PC@igure 3) PaludisphaergPlanctomycetotahataccountedor 26.5%
448  of the prokaryotic communitypf S1 OB, is achemaorganotrophic aerobe capaluie
449 growth under micrexic conditiongKulichevskaya et al., 2016hatmakes it a good
450 combination withChlorellato get mutual benefits fromach otherSamplesS3 OB,
451 S4 OB andS10 OB werecharacterized for the presenceRvbteobacteria, such as
452 RoseomongsAcinetobactr, Luteimonasand Porphyrobacer, while S6 OB showed
453 the presence dfitrolancea(13%)in phylum Chloroflexi.

454 Porphyrobactr was present above ali S3 OB and S100B, i.e. 26% and 33%
455  respectivelywhile for S4 OB about55%o0f undetectable gemamade itimpossibleto
456 define the most influential genus although Novosphingobium(Proteobacteria)
457  contributel 19% Porphyrobaatr is an aerobic and chemohetetmophic bacterum
458 with potential applicationsfor hydrocarbon degradation, algalytic activity and
459  bioleaching(Xu et al., 2018)Porphyrobacér (Xu et al., 2018 andNovosphingobium
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(Thn, 2018) have both been commonly found in diverse and contaminated
environmentsNovosphingobiunspecies can rearrange their genomes and functional
profiles to adapt to local environmems for S6 OB, Chloroflexi, also known as green
filamentous bacteria, can grow photosynthetically under anaerobic conditions or in the
dark by respiration under adyic conditiongJagannathan and Golbeck, 2009)is et
al. (2017)demonstrate thatChloroflexi weredominantin the bacteral communityof
a biogas reactor ¢eby sludge andChlorella biomass.Thus, Chlorella-dominated
communites can be stable with variou®roteobacteria and/or Planctomyceta@ad
alsomakeagood combination witlCyanobacteria.
TetradesmusScenedesmuandMuriella tendedto group in the left part of axis PC1
(Figure3).S11 OB (96% + 2)and SB_OB (26% + 1)wereaffectedabove all by the
presence oPirellula (Planctomycetota)accounting forl4% and48% respectively.
Pirellula, the bacteriahat areresponsible for nitrogen transformations, can utilize
NO2' -N to oxidize NH *-N and generate Ninder hypoxic or anaerobic environmgnt
Pirellula removng ammonia wouldoe inhibitory to algal growth(Choi et al., 201Q)
which can explain the fact that the presence ahorePirellula, a lowerTetradesmus
abundance asfound. As for S13 OB, a significant abunda&e of Caedibacten59%)
appearedn the culturewhile Chlorella (42%) were found to be less densdt is
important to highlight tha€aedibactemwasprobablynot the reasofor the scarity of
Chlorella, asit is reported to beapable to increasg its hosb €n this work it refers to
algae)fitness via manipulation of metabolic pathways and cell cycle camtitodr than

negatively affectinghe growth ofits host(Dziallas et al., 2012)
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The resultsseem taindicate that Planctomycetopsesenceavas closeto that ofboth
Tetradesmusnd Chlorella, unlike that of theProteobacteriaof which the presence
was generallyoundfor OB characterized b@hlorella alone The mixed populations
can perform functionsvhich are difficult or even impossible for individual strains or
speciegBrenner et al., 2008)

Compared to the unialgal culture,-colture provides robusess to environmeait
fluctuations, culture stability, mutual benefits of nutrients distributions and resistance
to invasion by other speci€Subashchandrabose et al., 20IHypwever,it is worth
statingthathow positive or negative interactions modulate the dynamics of bacterial
eukaryotic communities is still far from ing fully understood.

3.4 Original biomasses selected vs. cultivated biomasses

This paper aimetb investigatehe presence of useful alga@crobial consortia able
to grow on substraserich in nutriens (N and P) and C, for $isequentprocessing
production purpose. To do so, OBs isolated were successively cultivated under
standardizedatch conditiors for algae growth (see sectigh4) and the cultivated
microbial populatios (CB) obtainedwereinvestigated.

Resuls indicatethat S9 CB, S11 CBand S1 CBdid not show any difference with
respect tahe original biomassefOB) isolated from organic wastes (Figure 4&jr
the other CBs, eukaryotemnd bacterialcommunitieswere strongly influenced as
expectedby the origiral biomass (OB)as show by the NMDS resultsHigure4aand
Figure5a) and supported by the PERMANO\&halysegorigin R?= 0.61 and pralue
< 0.05, condition R=0.07 and prvalue < 0.05, origin*condition & 0.19 and pralue

23



504 < 0.05).

505 Cultivated biomassichness(Figure 53 did not seem to be affected by thatch
506 growth with the exceptioronly of S10 CB (pairwise ttest, pvalue < 0.05)In batch
507 cultivated biomassamplesa Chlorellareads counteduction wasisually associated
508 with an increase dfolpodareads count (see for examples 88, S2 CBand S4CB
509 (Figure 2a)). However recent studies had found th@blpodasp. are also able to
510 prevent the collapse @hlorellasp. in open porglas it eliminated bacterial cells that
511 could damage the microalgfidaberkorn et al., 2030Thus, the interaction between
512 algae and bacterimay be eithebeneficialor harmful to each othedependhg on the
513 cultivation conditions.

514 Again, Tetradesmusdecreasing, i.ein S8 CB, from 59% to 42%andSceedesmus
515 decreasingi.e. inS9 CB from 14% to 8% were both accompaniedy Colpodasp.
516 increasei.e.from 10% in OBs td@35% and 69%n CBs, respectivelyThese results
517 supporedonceagainthe idea that understanding the interactietweerthe different
518 organisms is essential to tailor effective strategies for successful microalgae cultivation.
519 Bacterialcommunities even if they maintain thephyla composition as show in
520 Section 3.2.2have different community structig;eas showm by Figure 4b, with the
521 only exeptionsof S9 OB and S110B that were similar to SIB and S11CB.
522 SS9 OB communitieswere originaly from wastewater while all the ottsevere
523 sampled from digestat& slurry.

524 The kacterial community was influenced by both the origin of the sam@IBsof

525 CB) and the type of inoculum (digestate, wastewater, manureastcyipported by the
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PERMANOVA results (origin R= 0.44 and gpvalue < 0.05, condition &0.07 and p
value < 0.05, origin*condition & 0.25 and pralue < 0.05).

Alpha diversity for bacteria did not show variation between @s and the
respective CBswith the exception obnly two communitiesKigure5b). S-6 is one of
them (pairwise-test, pvalue< 0.005), however the difference can be easily explained
as a drop in richnesd Synechocystjsvhich waghe main geasaccounting for almost
the totaity of the community (seprevious paragraph and kg 2b).
4. Conclusiors

The isolation of microalgae consortia fror
i n obwbaigmiecnrgobi al ACHadsdoarptteeadt r e me sc d rod ibtei on
t hen fwgleelani ng wastes streamslandhpsodavoc ikn
twel ve tdanswerre sucdéeomf sliIxy eie s Chovastgrgyah i ¢ was
and derivedoroductswerethe organic wastes from whichost of theChlorella and
Tetradesmuslominant consortia were isolatddolated ACs will be furthetested for
their growing ability and chemical characteristics leading to the choice of the best

performingoneswhich will thenbeused at full scale.

Esuppl ementary daéteaf bouwnedrt shinsne wofr kt ttiasn paper
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TablRawassampl ionrgi gginmd det ai | s

Sam
. N . Plant Volume
Sample Name Origin Storge Mbde Digestion Type Location Plant/farm Scale Tempe
m
Cow slurry Cattle Stables Openlagoon - Mantova 150 animals - 8
digestate of cow slurry Biogas Plant Openstorage  Mesophilic Suzzara 1 MW, 5 digesters 12000 I
digestate of cow slurry Biogas plant Openstorage  Mesophilic Suzzara 1 MW, 5digesters 12000 il
digestate of cow slurry Biogas plant Openstorage  Mesophilic Pegognaga 1 MW, 4 digesters 10000 X
Cow slurry Cattle Stables Open lagoor - Pegognaga 100 animals - e
digestate of cow slurry Biogas plant Openstorage  Mesophilic Pegognaga 1 MW, 4 digesters 10000 il
Cow slurry Cattle stables Open lagoor - Lodi 400 animals - il
jestate of cow slurry Cattle stables Openstorage  Mesophilic Bologna - - i
Wastewater Urban wastewater treatment pli Open lagoor - Peschiera Borrome SIZTr}r?a%?t::tzlent 154095 1(
gestate of OFMSW Biogas plant fed by OFMSW Open storage Thermophilic Lodi 1 MW, 4 digesters 8000 X
d fraction of OFMSW Biogas plant fed by OFMSW Closed lagoo - Lodi 1 MW, 4 digesters 8000 il
OFMSW Biogas plant fed by OFMSW Closed lagoo - Lodi 1 MW, 4 digesters 8000 il
Sewage Sludge Biogas Plant Open lagoor - VellezzoBellini (PV) 1.6 MW, 3 digester: 13500 L
state of sewage sludge Biogas Plant Closed stora¢  Thermophilic Vellezzo Bellini (PV) 1.6 MW, 3 digesters 13500 2
Cow slurry Cattle stables Openstorage - Bologna - - 8
Cattle manure Cattle stables Openstorage - Lodi - - il
OF MSW: Organic fraction of municipal solid wastes
Table 2. Chemical Chsaracterization of raw w
Wast T3 VS pH TN N-NHs TVFAs TA TOC TP EC ABP
e
S gkgt gkg! gkg' gkg' gkg' gCaCQ gkg' gkg' o . mig!
ple FM FM FM FM FM kg'FM FM FM FM
57 41+ 16+ 276+ 177+ 29.7+ 205+
Sl 78zx1 0.6 84+0.2 0.05 0.1 30 0.2 34+1 632 0.9° 16
8+ 25+ 1749 + 26 28=
S2 19%3 0.2 86+0.1 0.01 1.3+0 94 87+£246+01 5x0 1 3¢ o1
221 + 42+ 154 + 95+ 159+ 213+ 526+
S3 242+2 0.6 9.1+0.2 0.09 090 12 71+0 0.4 10 1 od 8
9+ 1334 + 20 39z
S4 15%1 0.1 75+£0115+0 090 64 69+0.1 50 9zx1 1 6° 0.2
29+ 37+ 15+ 718+ 129+ 17+ 299+ 74+
S5 46l 5 7920 591 01 10 o6 08 OFL e 17
218 + p 9.4% 623 110+ 151+ 23+ 68z%
S6 257+ 1C 13 9.1+£0.1 0.26 090 20 6.7+£0 0.2 14 1.9¢ 36
58 + 31+ 7469+ 133z 238+ 30.2+
S7 65zx1 0.4 72+0 0.14 1.0+£0 183 05 271+0 474 1 ¢ 26
37 % 59+ 26+ 118+ 276 149+
S8 66x0 0.1 780 0.06 0.1 408 £ 7 01 21+1 156+8 1.7 11
13+ 12+ 508 £ 28+ 46z
S9 160 0.1 6.7+0.2 0.05 03+0 40 21+016+0.3 542 0.6° 0.4

36



12 + 56+ 35% 187+ 7.8+ 431+ 57+

S10 2023 71 81201 43 g4 0420 To5 g 18EL 10 g5
10+ 55+ 33+ 513% 44+ 53z

S11 171 0.1 8.1+0.3 0.07 0.1 92 166+0 4+£0.2 120 0.1° 0.2
66 £ 7.7+ 17565+ 161+ 35+ 304+ 427

S12 8711 0.1 6.4+0.3 0.01 340 208 0.1 0.3 71+£6 230 23
85+ 88+ 24+ 106311 41+ 239+ 336

S13 1190 0.4 74+0.1 0.11 0.1 190 57+0.1 0.3 299+4 11¢ 3.4
58 £ 77 29zx 3309z 247t 192

S14 971 0.6 8.0x£0.2 0.07 01 411 7.0£0223+£1289+0 2 6° 11
29+ 28+ 09+ 19.5+

S15 407 0.2 76+0.2 0.02 0.2 277+974+£03 14+t1 460 0.6° 9.4 +0
136 = 58+ 14+ 766+ 121z 323t 525=

$16 162+5 ™, 870 006 01 171 01 *05109+4 7 o5 TG

AFM: fmrae £l i al s

bpH dilution rate sample: water =1:10

‘EC dilution rate sample: water =1:5

idEC dilution rate sample: water =1:10

CFEC dilution rate sample: wate =1:.25
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Tabl eEBemenpbsi ti on of raw wastes
N a Mg K Ca Fe Mn Cr Cu
mg gt
s1 104 F 70 N 421 (2156 27 N 1.6 [ 0.1 0.6
S2 64 N 11 N 368 [F 792 [ 4 K 0.2 u.d. 0.1
S3 84 N 146 [ 421 (10509 20 N 2.1 Ff 0.3 0.5
S4 54 N 16 N 185 (2155 1 N 0.1 u. d 0.1
S5 85 N 63 N 375 12681 11 N 0.8 §F 0.1 0. 4
S6 90 N 138 (K378 (1031 24 N 2.2 N 0.2 1.0
S7 63 N 512N 223 11495 8 N 0. f 0.1 0.3
S8 205 43 N 119 12785 80 N 35 N 0.3 7.5
S9 12 N 14 N 14 N 4334 13 N 0.2 0.1 0. 4
S10 160 | 2 N 194 1894 ~ 6 K 0.1 u.d 0.1
S11 130 | 2 K 166 | 513 | 3 K 0.1 u. 0.1
S12 247 F 31 N 276 12701 27 N 1.6 0.5
S13 36 N 65 N 58 N 2701 141 13.1 [ 0 3.7
S14 30 N 66 N 48 N 3446 227 | 4.2 1.1 3.6
S15 38 N 38 N 225 | 1884 26 N 1 N 0 0.3
S16 147 K 146 | 585 12525 34 N 3.6 [ 0 0.8
F M: fresh material s
bu.d.l: under detection | evel
Tabl eEAemepDsi ti on of raw wastes
Zn Ni As Se Mo Cd
mg kg FM?
s1 2.7+0.2 0.031+0 0.018+0 0.025+0.011 0.045 + 0.007 u.d.l
S2 0.3+0 0.005 +0.001 0.005+0 0.009 + 0 0.021+0 0.001+0
S3 5.4+0.3 u.d.p 0.065 + 0.024 0.103 + 0.006 0.141 + 0.014 u.d.l |
S4 0.2+0 0.004+0 0.005+0.001 0.007+0 0.007 £ 0 0.001+0
S5 1.7+0 0.07+0 0.013+0 0.019+0.002 0.024 +0.001 0.002 +0
S6 3.5+0.2 0.017+0  0.035+0.002 0.075+0.033 0.122+0.067 0.004+0
S7 1.5+0 0.018 £0.001 0.008+0  0.014 +0.007 0.032 + 0.005 u.d.l
S8 457+0  0.182+0.004 0.024+0 0.148+0 0.018+0.014 0.005+0 |
S9 1.1+0 0.068 + 0 0.01+0 0.008+0 0.007 +0.003 0.002+0
S10 05+0 0.046 £ 0.002 0.009+0 0.008 + 0 0.017+0 0.002+0 |
S11 0.3+0 0.035+0.002 0.006 + 0.001 0.007 +0 0.003+0 u.d.l |
S12 1.6+0 0.061+0  0.02+0.005 0.029+0.017 0.046 + 0.006 u.d.l
S13 10.2+0.4 0.552+0.026 0.102 +0.001 0.047 + 0.007 0.086 +0.010 0.016+0 |
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(

S14 105+ 05 0.65+0.05 0.127 £0.004 0.052 £0.002 0.088 +0.044 0.021+0
S15 1.3x£0.2 0.037 £0.01 0.004+£0 0.012x0.001 0.022+0.008 0.001+0
S16 4.2+0.3 0.1+0.02 0.014+0.001 0.039 +0.005 0.059 +0.025 u.d.l

= M: fresh materials

bu. d.

under

detecti on

|l evel
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