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Summary

In.addition to removing orgarsand other nutrients, the microorganisnis wastewater
treatment plants (WWTPd)iotransform many pharmaceuticals present in wastewater
objective of this study was to examine the relationship between pharmaceutical
biotransformation and biodiversity WWTP bioreactor microbial communiieand identify taxa

and functonal geneshiatwere strongly associated willotransformationDilution-to-extinction
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of an activated sludgeicrobial community was performed to establish cultures with a gradient
of microbial biodiversity. Batch experiments were performed using the dilution eglttw
determinebiotransformatiorextentsof several environmentally relevapharmaceuticalswith

this approach, because the communities were all established from the sana oolgimunity,

and using sequencing of the 16S rRNA and metatranscripteaidentified candidat¢éaxa and
genes wheseactivity and transcript abundanceassociatedwith the extent ofindividual

pharmaceutical'biotransformation and were lost acrodsitkderersity gradientMetabolic genes

such as dehydrogenases, amidases, and monooxygenases were significantly associated with

pharmaceutical biotransformation, and five genera were identified whose activity significantly
associatedswith, pharmaceutical biotransformatidgmderstanding howiotransformation relage
to biodiversitymwil inform thedesignof biological WWTPsfor enhanced removal @hemicals

that negatively impaanvironmental health.

I ntroduction

Wastewater treatment plants (WWTHsrness microbes to treauman waste and
protect “our_environment from organic pollutants, nutrients, and pathogens. In addition to
conventional'pollutants, however, thousands of pharmaceuticals are excreted by numntaos i
and metabolized forms, reaching WWTPs before being released irgavinenment (Kolpiret
al., 2002)The ability of themicrobes in WWTPs to biotransform these chemicals is an area of
great interes{Carballaet al., 2004; Castiglioniet al., 2005; Nakadat al., 2006; Kasprzyk
Hordern etyal.,#+2009) Substantial research has advanced our knowledge of pharmaceutical
biotransformation pathway&llis et al., 2006)and the transformation products formed during
treatment(Kern et al., 2010) However, only one study to our knowledge hiasked chemical
transformation data wittvastewatemicrobialcommunity composition and activifiHelbling et
al., 2015) and no studies to date have identified specific functions associated with
biotransformatiornto develop predictive relationshipgtiveenfunctional characteristics of the

microbial"eemmunity and pharmaceutical biotransformation pathways and extents.

Biodiversity is one characteristic of wastewater treatment microbial communities that
may impact pharmaceutical biotransformation ragéshnsonet al., 2015) WWTPs harbor
extremely diverse microbial communiti€ghanget al., 2011) Mounting evidence from studies
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of microbial systems suggests a positive relationship between biodiverdithearates and/or
magnitude of community functions (reviewed®grdinaleet al., 2006; Duffy, 2008). Functional
redundancy, the concept that taxonomically distinct species have the same ecflogitm,
challenges the idea that changes odbiersity will directly affect community process ratéhis

is becausenpcesses that are carried out timany taxonomically distinct microorganisms, or
broad processes, would not necessarily be impacted by biodiversity dsseesprocess rate is
not limited*by“the number of species that can perform it. Conversely, narrow psyceisse
processes performed by few species, would be positively correlated with bidgibersiuse the

process rate is limited by the number of species able to perform thalizpeanetabolism

In wastewater systembiodegradation processes may be broadarrow depending on
the compound _under consideratigbiven the diverse chemical structures of pharmaceuticals,
their biotransformatio could be catalyzed by either broad narrowprocesses. In a study of
microbial £ommunities from ten fuicale treatment systems, a positive association between
taxonomic andfunctional biodiversity and the rates of scomepoundsvas observedJohnson
et al., 2015). However, not all compound biotransformation rates in this study exhibited a
positive_association wittbiodiversity; those compoundwere likely transformed by broad
processedn laboratorymanipulated bioreactor®holcharet al. (2013)found that communities
with greater-diversity were associated with a decrease in the removal of a suite of estregens (17
estradiol (E2), estrone (El), estriol (E3), and 170-ethinylestradiol (EE3J) which was
counterintuitive"to their hypo#sis. They concluded that it was not possible to make blanket
statements about the relationship between rare functions and biodiveZsitywersely,
Hernandez-Raquet al. (2013)found that dilutiorinduced reduction in diversity of an activated
sludge community resulted in significant reductions in phenanthrene mineoalizBhese
studies eollectively show that whilgositive biodiversityfunction relationships may hold for
specific pharmaceutical biotransformatiorand collective pharmaceutical biotransformation
more resolved information, such as the relative activity of specific taxa and/or functions, is
neededstaunderstandconflicting patterns observed for individual pharmaceutical compounds.
Understanding “whether pharmaceutibabtransformationsare catalyzed by highly redundant
populations, orperformed by rare taxa can help us identify the enzymes that eathigx
transformation and exploit opportunities for enhancing biotransformations during wastewa

treatment
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The goal of this study was to elucidate a more resolved understanding ana/ow
biodiversity affects pharmaceutical biotransformation by experimentally manipulatimg
biodiversity of wastewater microbial communitie®/e manipulated an activated sludge
communityusing a dilutioato-extinction approacto create communitiesith different levels of
biodiversity.andirectly test the relationship betwekiodiversity and function (here, defined
pharmaceutical biotransformation). With this approach, bec#useommunities were all
establishedrom the sameriginal communitywe hypothesized that we could identify taxa and
differentially"expressed genes that were correlated with pharmaceutical biotransformation. These
taxa and genesan serve aspredictive biomarkers for pharmaceutical biotransformatemd
WWTPs ceuldybe designeat operatedo enhance the activitgf these taxa and functions to

improve overall pharmaceutical biotransformationAastewater microbial communities.

Results

Dilution resulted in communities with different levels of biodiversity

A gradient in microbial biodiversity in an activated sludgenmunity was established
using a.dilutiorto-extinction approacl{Szabdet al., 2007; Peteet al., 2010; Philippotet al.,
2013; Yllaet alyy 2013) In this approach, each dilution thetically removes the least abundant
species fromsthe previous culture, resulting in a less diverse subset ofgihalaommunity.
Activated sludge was serially dilutestepwise (1:10) in sterile semsynthetic sewage media
(SSM) to ‘achieve dilution cortibns from 10" to 10°. After serial dilution, triplicate flasks of
the 107, 10*, and 10 dilutions were allowed to regrow overnigbtich that all the dilution
cultureswereasimilar abundance. After regrowth, the biomass was pelleted and resuspended in
fresh SSM,_before performing the pharmaceutical biotransformation batch experiiénts.
quantified theless of seven pharmaceuticadésd normalized the loss of each compoundhay
biomass concentration and time elapsed between initial and final sample collection for each
batch. Biomass samples were collected from each BatcBDNA and RNA extractionsand
sequenging. fie 16S rRNA gene and 16S rRNA sequencing data were usedctitatma the
DNA- and RNAbased taxonomic biodiversity measurements, respectively, and the shotgun
metagenomic and metatranscriptomic sequencing data were used to generate thanBDNA

RNA-based functional biodiversity measurements, respectively.
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With increased dilutionthere was a decreasetime taxonomiaichness of the activated
sludge microbial communitypased onboth 16S rRNA gene and 16S rRNA sequencing
(ANOVA, P<0.05) Rarefaction curvesf uniqueoperational taxonomic unit©OTUs grouped
based on _sequence similarity of greater or equal to ®2%gd on both DNA and RNyersus
sequences.samplastiow distinct clustering of the dilution cultures, with samples from the most
diverse culture (16) having the greatest number of unique OTUs, followed by the medium
biodiversity*eulture (1), and the lowbiodiversity culture (10) that plateaued with the lowest
number of unique OTUgFigure JA and XIC). Differences inDNA-basedtaxonomicdiversity
between the dilution culturesre supporéd by various biodiversityndicesbased on the 16S
rRNA gene sequence ddfeable 1).

We did not observe significant differences in DidAsed functional richness betweea th
dilution conditions Figure 1B, Table % t test, Bonferroniadjusted twesided P>0.05), in
contrast to_theDNA-based taxonomic richnesmeasurementsConversely, RNAbased
functional richnesgFigure 1D)was significantly different between each dilution condition basedfigure 1
on pairwisescomparisons test, Bonferroniadjusted twesidedP<0.05).Overall, differences in Table 1
biodiversity measurements were not consistent between DNA andb@BEd approaches, or

between‘taxonomic and functional datasets.

Taxonomi€ and functional diversity positively associated with one another

Towunderstand ifmore unique taxa corresponded tancreased functionatraits in the
wastewater microbial communities ewirst tested whethamxonomic richness wasositively
associated, with functional richness. We found tfat both he DNA- and RNAbased
annotations;“there was a significant positive association between taxonadniturectional
richness*(Figur&s2, SpearmanP<0.005).The shape of the data in Figu®8 suggests that the
number of uniqudunctions does not increase linearly with the number of unique Gihds
instead the number of functions levels out at high numbers of Oliiks is consistent with the
idea thatthe_most diverse communities are also the most functionally redundant ardethat

unique OTUS contaimary of the same functional genes.

Carbon oxidation and pharmaceutical transformations show different patternswith dilution

Carbonutilization, aprocesghatis widespread across all forms of life, is a function that
we expected to be functionally redamd acrossall the dilution conditions.Thus, we
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146 hypothesized that there would not be a significifierencein specificcarbon oxidation rate
147 between the dilution conditions. To test thissdlvedorganic carbon was measured in samples
148 across theexperiment to determine carbon oxidation rategure S3).Indeed, ve found no
149 significant difference betweenolatile suspended solid8/$9-normalized carbon oxidation
150 ratesacrossall dilution conditions ANOVA, P>0.64).In all dilution conditions weound ro

151 significant'assaciation betweespecific carbon oxidation rate and taxonomic or functional
152 richness $pearmanP >0.80) supporting the notion that carbon oxidation is a function that is
153 widespreadand redundant in wastewater microbial communities (Franklin and2ao6).

154 In contrast to specific carbon oxidation rate pattenggmifccant differences between the
155 degree ofs hietransformation and the dilutim@ondition were observed for5 of the 7

156 pharmaceuticacompounds, with greater extents of biotransformation observed in the most
157 diverseculture(ANOVA, P<0.05 Figure 3. Two compounds did not follow the same pattern as
158 the rest: for_glyburide, o significant differences in extent of biotransformation between the
159 dilution cultures were observebvery limited loss of the parent compoumdcurred and for

160 erythromygcinythareatest loss was observed in thé £@ndition thoughit wasnot statistically

161 significantly different from the I®condition { test, Bonferroni adjustel>0.05). Atenolol was

162 the only=eampound for which the stepwise dilution resulted in a corresgorstiepwise
163 reduction<n biotransformatiofror the othecompoundsthere was only aignificant difference
164 in biotransformation extertetweerthe 107 and the othedilution conditions

165 Significant associations between functional richness and pharmaceutical biotransformation Figure 2

166 extent were observed

167 We observed aignificantpositiveassociation betweddNA- and RNAbased functional

168 richness measuremergrsdscaledpharmaceutical biotransimation extents§pearmanP<0.05;

169 Figure 3. Notably, RNA-based functional richness was a better predictor of pharmaceutical
170 Dbiotransformation extenthan DNAbased functional richnesbased on Spearman rank
171 correlation“eoefficient value®rna-funcrichness= 0.93, poNa-funcrichness= 0.77) This indicates that

172 expressed geneare better predictors of pharmaceutical biotransformation and supports the
173 notion that metagenomidatasets may mask significant associations withagnitudes of

174 commuity functions as they include naxpressed traitsThe observed functional richness
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175 appears to plateafFigure 3\), particularly between the Toand 10* conditions,whereas the

176 observed taxonomic richness does KBigure 3B), again indicative of a large degree of

177 functional redundancy in the most diverse microbial communities. We chose to focus en RNA

178 based taxonomic and functional richness when assessing associations with pharmaceutical
179  biotransformation and to identify losctive OTUs and expressed functional genes across thgyure 3

180 dilution conditions.

181 Differential expression of functional genes suggests potential enzymes associated with

182 biodegradation

183 After observingthat there were significant positive associations betweelriveisity and
184 pharmaceutical biotransformatientent we asked which functions were differentially expressed
185 across the dilution cultureand specificallywhich functions were lost®f the 710,40Zenes
186 with predicted functions analyzed from the combirestembly 15,290 were found to be
187 differentially expressed betwedhe three dilutionconditions BenjaminiHochberg adjusted
188 P<0.05) and. tdhave matches ithe KEGG Orthology databaseDifferential expressiortould
189 have beemue to differences in transptiabundances, or to gene absence in the different dilution
190 conditions.The majorityof the significany differentially expressed functions were lagith
191 dilution from=the 1G to the 10" cultures (negative log fold change, FiguBé). For the
192 compounds that wergansformed to different extents across the three dilution conditibas
193 geneshathada lower level of expression in the least diverse cultur€)(@6uld be responsible
194 for pharmaceultical biotransformation.

195 We sought © establish whether gen#sat might havebeen involved in pharmaceutical
196 Dbiotransformation were differentially expressacross the dilution conditiorend thusfocused
197 on compounds‘that were transformed to a different extent with increased diéd&onlol,17a-
198 ethinylestradiol(EE2), trimethoprim, venlafaxineerythromycin,and carbamazepinelror all
199 compounds except erythromycin,ewurther narrowed the lisof genes relevant to those
200 compounds bysselecting genes only if they were lost with increased dilution. Thé dishes
201 was narrowed by focusing on classes of metabolic genes that were predicted tovieel imvitie
202 compound’s biotransformation by ti®AWAG-BBD Pathway Prediction Syste(kllis et al.,
203 2006; EAWAG, 2016) The classes of metabolic genes included were those furittional

204 assignments for genes which transcribe the followingraes: amidase, niteése, transamase,
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demethylase, oxidase, hydrolase, dehydrogenase, aminotransfenasepoxygenase
hydroxylases, esterase, lactonase, amidatgse, dioxygenasexygenasglactamasesulfatase
and dimethylaminehydrogenaseSpearmanrank correlation testbetween the normalized
expression of each of the genes that were prediotbd involved in biotransformaticand each
compound’s.bitransformationextentwas performedo identify genesvith expression pattesn
that were significantly associted with biotransformationextent. The list of statistically
significant'genes for each compousdjiven inTable $.

Gene'set enrichment analysis was used to understand MB@G functionsweremore
likely to be positively or negatively associated vitbtransformatioracross all the compounds
analyzed By eemparing entire categories of functions, rather than individual géees,
statistical power of the analysis increaddss analysis als@llowed us to evaluate which KEGG
functional groupcategoriesverebiomarkerdor overall transformatiofiTable S7) rather than
just statistically correlated with transformatioheach individual compoun&ased on a
literature review, there isrevious evidence for use wiany of the associategnes as
biomarkerssferiaromatic compound degradation. A heat map showing expression of genes
annotated with'to thes¢EGG categories across the differdiitition conditionss shown in
FigureS6
Active taxayor operational taxonomic units (OTUs) that associated with biotransformation

extent were identified

We identified specific OTUs that may have been involved in pharmaceutical
biotransformation and were lost across the dilution conditions. Using the 16S rRNAGague
results, wesidentified specific OTUs whose activity (abundance of 16S rRNA gene transcripts)
significantly=associated with individual and collective pharmaceutical biotransforneatients
(Table 2)"We"narrowed the list of significly associated OTUs to thosieat were relatively
active in the 18condition (using a cutoff of 0.5%veragaelative activity in the 18 condition)

Five OTUs whose activity significantly associated with individual and/or collective
pharmaceutical biotransformation extewese identified (Tabl@). While this approach does not
allow us to definitively conclude that these taxa are involved in biotranafmm (e.g., they
could simply ceoccur with taxa that perform the biotransformation reactions), they can be
viewed as a list of useful biomarkers that are predictive of biotransformation. Based on a
literature review of thessociateddTUs (references pragied in Table 2)all have previously
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236 been identified in biodegradation studies, either as directly involved in tmartgfdrmation of a

237 pollutant,or identified in systemperformingaerobic pollutant degradation, thus supporting their
238 potentialimportance in catalyzingharmaceutical biotransformat®n

239 Discussion

240 Despite,a wealth of both pharmaceutical loss data across WWTPs and activated sludge
241 sequencing. data, we lack robust datasetsall@t us to link the two sets of information. Further

242 studies"are'needed to generate candidate lists of taxa that might be used as predictive biomarkers
243 for pharmaceutical biotransformation so that we may be able to design and operafeswoN

244  enhance bioansformation and address emerging water quality goals. While a previous study
245 looked atsthey relationship between biodiversity and pharmaceutical biotranséornma

246 WWTPs, they“did not go beyond testing associations with whole community biodiversity
247 measurements.)In order to gain a more mechanistic understanding of (1) why certain
248 pharmaceuticals have strong positive associations with taxonomic and/or functionalrbitygive

249 and (2) “how_ microbial community structure and activity influences pharmadeuti-E%ble 2
250 biotransformation, we need to look at which specific functions and taxa are streagtyased

251 with pharmaceutical loss. In this study, we go beyond bulk biodiversity measurements and
252 identified*both functional gene@able S7)and OTUs(Table 2)whoseactivity significantly

253 associatedwith pharmaceutical biotransformation. As the communities were all established from
254  the same original community and diversity manipulations were achieved with areihuti

255 extinction‘approach, we could examine how the loss of specific functions and taxonomic groups
256 affected pharmaceutical biotransformation. Further, by comparing the reletiviéyaof OTUs

257 and genevaeross the dilution conditions, we identified OTUs and functional genes whose
258 presenceland expression ctated with biotransformatiorilhe dataset generated in this study

259 represents a resource for future studies that seek to link WWTP community structurevigd act

260 to pharmaceutical biotransformation.

261 Taxonomic and functional richness associated with pharmaceutical biotransformation, and
262 RNA-basedrichness had stronger associations than DNA-based richness measurements.

263 We saw a strong positive association between both taxonomic and functional bibdiversi
264 and overall biotransformatioextent(Figure 3, similar to the findings of Johnson et é€015).
265 These results aralso consistent withmicrobial communitiesstudied in WWTPs anather
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environmentghat showed that communities with more taxa are likely to have more functional
traits (Gilbertet al., 2010; Bryangt al., 2012; Johnsost al., 2014).We also observefilinctional
redundancyas the shape of the associatidretween taxonomic and functional genes was not
linear (Figure S2)and thus the most diversemmunitiedikely had significant redundanayith
respect to_functional gene®e chose tause RNA-based functional and taxonomic richness
measurementsar testing associations with pharmaceutical biotransformatsoRNAexcludes
non-expressed-traits and captutke active fraction of the communitWe observed differences
in biodiversity"measurements between DNad RNAbased approaches; for exampRNA-
basedfunctional richness was significantly different between the dilution conditionsndiut
significantly different based on DNA (Table 1). This indicated that our fRBged could
potentially“capture more pronounced differencexpressed functionbetween the dilution

conditions.

Wersfound that pharmaceutical biotransformation rates were significasgtyciated with
both functional and taxamic richness(Figure 3) This indicates that for the purpose of
understanding the relationship between biodiversity and function, amplicon seguehdhe
16S rRNA was a sufficient measure of biodiversity to test associations with process rates. This
may not hold=true in highly functionally redundant microbial communities, where exgresse
taxonomic-and-functional diversity are not strongly associated with one anothéfligeg.al.,
2013. Using 16S rRNA to test relationships with biodiversity isaadageous because amplicon
sequencing“is'more affordable, less computationally intensive because it generates a fraction of
the data, and has more developed reference databases compared with functional genes. However
only by performing metagenomic and ntedascriptomic sequencing is it possible to test
associations with specific genes and generate candidate gene lists that can be used to discover

mechanistiedinks with biotransformation.

The taxa and functional genes that associated with pharmaceutical biotransformation were
consistent withsprevious research and form a basis for testing causal relationships.

We identified five OTUs whose activity significantly associated with imidiad
compound biotransformatioextents(atenolol and/or venlafaxindable 3. All the OTUshave
previously been identifiedni biodegradation processddelbling et al.(2015) also found a

significant association betweewvenlafaxine and the activity ofChryseobacterium, despite
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differences in experimental design (fed vs. starved batolditions)and using different WWTP
biomass.This supportghe validity of our approach arsliggestghat the OTUs identified may
serve as useful biomarkers across a range of wastewater enviranmether, axonomic
diversity may underpin faster, moresilient, and more robust processes because the different
microbial cemmunity members have different properties (e.g. substratdiedfirenergy, and
nutrient requirements, etcYhile many different organisms may express similar genesiand
capable'of“biotransforming pharmaceuticals, specific groups of organisms may be larger
contributorstooverall transformation rates. For example, Khunjar €0dl1)found that both
ammonia| oxidizing bacterigf AOB) and heterotrophswere capable of catalyzing the
hydroxylationsef EE2, likely using anonooxygenasenzyme but AOB perform the process
much more=rajdly than heterotrophs. Thus, understanding “who” is performing the function
may be more important than the expression of the relevant functionaiogemeerstanding what
controls a_biotransformation rat&his may also explain why we saw a stroagsociation
between atenolol biotransformation and functional richness. Based on our knowledgmlol ate
biotransformation in aerobic systems (hydrolysis of the primary amide, Table S2Zyjght
expect that itswould be a relatively broad process. Howef/¢he rate of the primary amide
hydrolysiswdiffers highly between taxa, then the positive association between atenolol
biotransformation and taxonomic biodiversity would hold, and in turn also be positively
associated with functional richness becausthe positive association between taxonomic and
functional“richnes8eyond taxonomic data, we can usetagenomic and metatranscriptomic
sequencing”to, test associatiohstween pharmaceutical biotransformatiextent andgene
activity andwgenerate candigagene list{Table S6)that can be used to discover mechanistic
links with’ biotransformationin this study, associated genes were extensive, the number of
associated KEGG orthologs ranged fr6si56 depending on the compound. Therefane, data
gener¢ed from theseassociations is intended to be hypothgsreratingand elucidate targets

for further_study. To focus thesargetswe used gene set enrichment analysis to ideM&GG
functional_groups that were statistically associated with pharmaakttansformations across

all of the compoundghat had loss of transformation at increased diluficable S7 and Figure
S6). Twentyeight of the 39 KEGG functional grouplat were significantlyassociated with
pharmaceutical transformation encoded for dehydrogenase enzymeaddition many ofthe
significantly associategenessncoded functions that are partcehtral metabolic pathways such
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as oxidative phosphorylation, amino acid metabolism, and the TCA .cytlese associations
were likely significant because theBK&EGG categories represented those #sociged with
transformation of all the compoundsenescatalyzing morespecific initial transformations were
associated with_the tramsmation of individual compoursdFor example, the gene encoding for
subunit C of.the ammonia monooxygenase ge&as associated with EE2 biotransformation
(BenjamintHochberg adjustedP=0.025, p=0.69, adjusted for multiple comparisonsls we
would expect given our knowledge of the transformation path{iféynjar et al., 2011) In
addition, genes' encoding amidase zgmes were associated with atenolol transformation
(Helbling et al., 2010)(BenjaminiHochberg adjuste®<0.03,p>0.78).The consistency of these
results with ether previous studies provides some validity to our approach. \Wildirect
involvement of the enzymes encoded by these genes was not validated experimentally, the
dataset of significantly associated gern@able $) provides insight to potentially important
functional genes in pharmaceutical biotransformatéer initial biotransformation reactions
pharmaceutical compoundse eventuallypbroken downinto central intermediate which may
explain thencreased expressiai genes that encodgeneraimetabolic pathwayunctions.This

is consistent'with gvious studieghat observed increased expression of geneeelated to
amino aeid, metabolism, TCA cycle, and oxidative phosphorylation in microbial precesse
degradingrerganic contaminarifsnnweileret al., 2000; Liet al., 2012).

Enhancing biodiversity in wastewater treatment plants could enhance overall

biotransformation of pharmaceuticals.

For those compound$or which we saw ncsignificant differencebetween lossand
dilution condition(e.g. erythromycin)increased biodiversity is not likely a successful strategy
for achieving=enhanced removéhterestingly, lhe biotransformations ahostthe compounds
studied (5 ©f"7) were narrow processes, as thdent of losslecreased with increased dilution
(Figure 3. One way o0 enhance the loss of compounds that undergo these narrow
biotransformation processesy be tadesign WWTPg0 support diverse microbial communities
and harnessspecific low abundance community membdRecent studies suggest that certain
WWTP operational parametersuch as solids retention tim{®uono et al., 2016), dssolved
oxygen conditions (Stadler and Love, 2Q1&)d concentration and composition of dissolved
organic matterLi et al., 2014)canall influence the degree of microbial biodiverséapd the
extent of micropollutant removal Further research is needed to understémal relative
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importance of theseperational parameters and environment conditions and otheM\hP
microbialbiodiversityandpharmaceutical biotransformation.

In conclusion, we observed significant positive associations between biodivefsity
WWTP microbial communities and pharmaceutical biotransformation. By linking gene
expressionand, relative activity with individual plnaaceutical biotransformatioextents, our
work goes,beyond testing associations between biodiversity measurements and pharmaceutical
biotransformation to identifymetabolicgenesand OTUs which can beotentially used as
biomarkers“for" biotransformatiorMetabolic genes such as dehydrogenases, amidases, and
monooxygenases were significantly associated with pharmaceutical biotransfornfave
genera weren, identified whose activity significantly associated with pharmaceutical
biotransformation (Table 2) and previous studies support their potential involvament
catalyzing biotransformationkFurther experimentation is needed to conclusively link those
functions and_taxato biotransformation reactions. The strong positive association between
biodiversity_andpharmaceutical biotransformatiextenthas implications for the design and
operation gof=WWTPs to increase pharmaceutical removal. Specificallyfingreaiche
environmentssthat support the growth of diverse microbial communities could reséttéer
overall perfermance with respect to pharmaceutical remblraderstanding the factors that drive
biodiversityand enhancthe activity of key populations involved in biotransformatienneeded
to harness the benefits of biodiversity for wastewater treatment

Experimental Procedures

Experimental_design and biodiversity manipulation

An 8 L grab sample of activated sludge mixed liquor was collected from the aeration
basin ofsthe=Ann Arbor WWTP, a facility that performs nitrification and modebatlogical
phoghorus removalBiodiversity manipulations were achieved using a dilutmextinction
approachDilution-induced reductions in diversity has been used in numerous previous studies to
understand structwfeinction relationships in mixed microbial commuét(e.g. Franklin and
Mills, 2006; HernandeRaquetet al., 2013; Philippotet al., 2013) Before serial dilution,
disaggregation of macroflocs in thectivated sludgesample was achieved by blending
approximately 500 mL of mixed liquor in an industrial blender (Waring CommerdgaidBr,

Model 516L31) at maximum speed for 10 minutes. After blending, stepwise dilfidi®)
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395
396
397
398
399
400
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402

403
404
405
406
407
408
409
410
411
412
413
414
415
416
417

were performed by transferring 100 mL into 900 mL of sterile sgmihetic sewage media
(SSM) to achieve dilution conditions from™.@ 10’. The SSM was comprised of filtered (0.22
um Stericup, Millipore, Darmstadt, Germany) and autoclaved gsineffluent collected from

the Ann Arbor WWTP (detailed in Section 1.1 of the Supporting Information). Chemical oxygen
demand (CODR)wvas determined in the filtered and sterilized primary effluent using Standard
Methods (2005)and then supplemented with carbon (a mixture of peptone, meat extraict, hum
acid) and"ammonium chloride to achieve a final concentration of 1,850 mg/L as COD and 3
mg-N/L as ammonium.The COD concentration was selected in order to maintain “fed”
conditions throughout a significant portion of the batch experim&fier serial dilution,
triplicate flasks, of 200 mL of the 0 10 and 10 dilutions were allowed to regrow
(approximately 14 hoursih an incubatoshaker at 20°C. Regrowth was performed to allow each
of the dilution cultures to reach a similar abundance and biomass was pelleted and resuspended
in fresh SSMprior adding the pharmaceutical compounds and initiating the biotransformation

batch experiments.

Pharmaceutical biotransformation batch experiments

Thew.compounds selected for investigation in this study included: atenolol, EEZ2,
trimethoprim, venlafaxine, carbamazepine, glyburide, and erythromyypgirc¢mpound selection
process andadditional information about each compound is provided in Section 1.2 of the
Supporting, Information Batch reactor experiments were initiated after Thdnour regrowth
period bypélleting the biomass via centrifugation and transferring tbaspended ilition
cultures inte=500 mL bottles containing SSM and pharmaceuticals at a target initial concentration
of 10 ug/L. each. The bottles were prepared by first drying methanol stocks containistueemi
of the compounds. Once dry, the pharmaceuticals were resuspended in SSM by stirring for one
hour. At eachgdilution level (1¥) 10 107) triplicate batch reactors with a 350 mL starting
volume weresprepared. A control batch reactor was also prepared with a roixtneebiomass
from eachsdilution level inactivated with sodium azide (0.2 % \{¥n et al., 2005). Every 24
hours, an additional 2 mL of 100 g/L sodium azide stock solution was added to the conftrol batc
reactor to maintain abiotic conditions. Beginning and endpoinhRGamples were collected
from each batch reactor corresponding to time points of 30 minutes and 4 days afteminitiat

respectively, for pharmaceutical quantification. After collection, samples were spiked with
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440
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deuterated analogs of the target compounds to achieve a target concentratiom@i2each,

filtered through a 0.3 um gia fiber filter (Sterlitech, Kent, WA), and stored at 4°C until analysis
(less than 24h after collection). 10 mL samples were collected at time points of approximately 30
min, 4h, 8h, 12h, 24h, and 48h and filtered through 0.3 um glass fiber filter t€8terlio
determine_dissolved organic carbon concentrations (TOC Analyzer, Shimadzu, Kyato). Ja
Total and wolatile. suspended solids (TSS/VSS) concentrations were determined according to
Standard Method&005)at the beginning and end of the experiment (96 hours) for each batch
reactor(Table S5. The average volatile suspended solids concentration between the beginning
and endpoint was used to normalize all carbon oxidation rate and pharmaceutstafrration

extent data (calculation details are provided in Section 2.2 of the Supporting lndodma
Transformation extents were also normalized by the amount of time elapsed between the initial

and final sample collections.

Pharmaceutical concentrations were determined vilnenpreconcentration followed
by high performance liquid chromatography and high resolution mass spectrometry (details i
Section 1.3 of the Supporting Information). Background concentrations of pharmaceuticals w
considered.negligible as compared to the spiked concentrdiasesl on reported values in
wastewater influest(e.g.Josset al., 2005; Nakadat al., 2006)and previous characterization of
Ann ArborWWTP influent(Stadleret al., 2014). Quantification was performed using a matrix
matched calibration curve (Figure S1). Pharmaceutical biotransformation extents and percent
loss for each compound were calculated based on the change between the initial and final

samples.

DNA and RNA sample collection, library preparation, and sequencing

Duplicate 15 mL samples from each batch reactor were collected for DNA analysis from
each of the triplicate dilidn cultures between 4h20min and 5h40min after initiating the batch
experiments. The biomass was pelleted via centrifugatiotCaadd 6,200 x g for 5 minutes, the
supernatant was discarded, and the pellet was stor@d°at until DNA extraction. Duplida 15
mL samples were collected for RNA analysis from each of the triplicate dilution cultures
between 5h30min and 7h50min after initiating the batch experiments to get a reresent
sample of microbial activity at a time when residual organic carbah prarmaceutical

concentrations were detectable. The biomass was pelleted via centrifugafiGreat46,200 x g
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for 5 minutes, the supernatant was discarded, and the pellet vgaspended in 2 mL of
RNALater (Qiagen, Valencia, CA) and stored&Q1°C wntil RNA extraction.

DNA and RNA extraction were performed as described in the Supporting Information
(Section.1.4)..Amplicon sequencing of the 16S rRNA gene and cDNA were performed on
lllumina MiSeq (lllumina Inc., San Diego, CA) using universal primers F515 (5
GTGCCAGCMGCCGCGGTAA3) and R806 (5 GGACTACHVGGGTWTCTAAT-3) for
bacteria and archaea targeting the V4 region of the 16S rRNA(§enieh et al., 2013. DNA
samples weresprepared for shotgun metagenomic sequencing at the University gaMi2NiA
Sequencing.Core (details provided in Section 1.5 of the Supporting Information) and séquence
on a 106cycle paired end run on a HiSeq 2500 (llluminr@NA samples were prepared for
shotgun metatranscriptomic sequencing by first enriching the mRNA from the thi@al R
extracts using.the MICROBEXxpress Bacterial mRNA Enrichment Kit (Invitrogen, Carlsbad, CA)
based onsprevious studig¢ble et al., 2010; Mettelet al., 2010). Individual libraries were
prepared for“each sample as for the DNA samples and the samples were multiplexed using
samplespecific adaptors on a single lane of a HiSeq Flow Cell (lllumisgquencingnalysis
procedures, parameteend subsampling depths are provided in Section 1.6 of the Supporting

Information.

Statistical"analyses

Differences in pharmaceutical biotransformation extentstardnomic and functional
diversity measurements between the dilution conditions were tested with ANOVA. lioaddi
posthoc analysis using twsided t tests were used tgoerfam pairwise tests of
biotransformation extents and pairwise tests of taxonomic and functional diveesisppraments
between_the different dilution conditionBonferroni corrections were used to account for
multiple cemparisons in the pesbc analysegAbdi, 2007) We also assessed associations
between thescollective extents of pharmaceutical biotransformation and bidgivgrsicaling
each compound’s normalized extent of loss (mean of 0, standard deviatiofZat/dletaet al.,

2010) Two-sidedSpearman rank correlation was used to test associations between biodiversity
measurements and pharmaceutical biotransformation extents. Metatranscriptomic reagped

were analyzed using the Bioconductor DESeq2 package based on the negative binomial model
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477 (Love et al., 2014) More information about the statistical analysis used is given in the

478 Supplementary Information (Section 1.7).

479 Experimental Data

480 Raw metagenemic and metatranscriptomic reads are publically available viRAST (project

481 1D 12795)¢ Raw 16S rRNA gene and transcript data is publically available via NCBI (project ID
482 PRJNA319442)"Assembled metagenomes are available via the Joint Genome Institute (Taxon
483 Object ID3300005080).
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Tableand Figure L egends

Table 1. Biodiversity indices based on 16S rRNA gene, 16S rRNA, metagenomic, and
metatranscriptomic sequencing of biomass from the dilution cultures. The same letter indicates
treatments without significant differences based on pairwise comparidgess Bonferroni-
adjusted twesidedP>0.05). Reported values are averages and standard deviations of triplicate
batches.

Table 2"Phylogenetic assignments of OTUs with relative activities that significantly associated
with pharmaceuticabiotransformation extents.

Figure 1. Rarefaction plots for the dilution cultures based on 16S rRNA gene and 16S rRNA
sequencing (taxonomic) amgetagenomi@ndmetatranscriptomisequencing (functional).

Dilution conditions are shown in black (30 dark grey, dotted (1%) and light grey, dashed (10

7).

Figure 2. Average pharmaceutical loss (disappearance of the parent compound, n=3) normalized
to volatile suspended solids concentration for each dilution condition (blagkdatk grey

hatch: 10'4light'grey: 10). The asterisk (*by the compound name indicates a significant
difference'among the group means (ANO\PX0.05). The same letters above the bars indicate
treatments.without significant differences between biotransformation ektesit Bonferroni-
adjusted.twesidedP>0.05). Error bars represent standard deviations of triplicate batches.
Figure 3. Relationship between richness and pharmaceutical biotransformation e&te(d)
represents.the functional richness, and right (B) represents taxonomic richnestiafeactd or
circle represents a different pharmaceutical compound. Open diamonds andrepdssnt
DNA-basedwrichness and filled diamonds and cingdesesent RNAased richnes§he 10

“dilution condition (least diverse) is represented in light giey 10* condition is in grey, and

the 107 condition (most diverse) is in blackhe average transformation extents across all
compounds.are, shown with a black line (DWased richness) and a cross (Rbhi#sed

richness). Reparteld-values ang (rho) valus (Spearman rank correlation coefficients) are
based on asdwstded Spearman rank correlation test.
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Table 1. Biodiversity indices based on 16S rRNA gene, 16S rRNA, metagenomic, and
metatranscriptomic sequencing of biomass from the dilution cultures. The same letter indicates
treatments without significant differences based on pairwise comparisons (t test, Bonferroni-

adjusted two-sided P>0.05). Reported values are averages and standard deviations of triplicate

batches.
Biodiversity index Dilution condition
10 10 107

DNA

Taxonofmic'richness (unique OTUSs) 311+ 63.0° 123 + 6.66 51.0+ 20.§
Chaol extrapolated taxonomic richness 358+ 67.8" 136+ 3.7% 64.1+ 23.4
Shannon taxonomic diversity 2.67+0.184  2.02+0.061% 1.37+ 0.0594
Pielou taxonomic evenness 1.05+ 0.0547  0.944+0.0239®  0.773+0.0902
Functional richness (unique functional gen. 4600 + 45.0° 4560 + 27.0" 4130+ 221%
Chao1 extrapolated functional richness 4760 + 12.9" 4720 + 46.9" 4240+ 181°
ShanfgAfaRctional diversity 7.64+0.0103  7.60 £0.00258  7.55+ 0.00905

Pielou funetional evenness 2.08+ 0.00332

2.07+ 0.00308

2.08+ 0.00823

RNA

Taxonomic richness (unique OTUS) 512+ 9.54'
Chaol extrapolated taxonomic richness 983+ 61.9"
Shannon‘taxonomic diversity 2.71+ 0.0407

Pielou taxonomic evenness 0.906+ 0.0211

Functiohal richhess (unique functional gen: 3930+ 20.3'
Chaol extrapeolated functional richness 4220+ 24.1
Shannon functional diversity 6.51+ 0.0590
Pielou functional evenness 1.80+0.017%

190+ 21.7
354+ 31.7
1.95+ 0.0406
0.767+ 0.0065%
3820+ 20.18
4140+ 53.8
6.56+ 0.120"

1.82+ 0.0310

109+ 35.9
208+ 84.4
1.62+0.12%
0.710+ 0.102*®
3420+ 106°
3650+ 115°
6.53+ 0.0369

1.83+ 0.00627
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Table 2. Phylogenetic assignments of OTUs with relative activities that significantly associated with pharmaceutical

biotransformation extents.

Phylum Class Order Family Genus Compound(s) Literature
supportingrolein

biotransfor mation

Proteobacteria| Betaproteobacterii Neisseriales Neisseriaceae Vogesella atenolol, Pérez-Pantoja et al.
venlafaxine, 201Q Arroyo-
collective Caraballo and Colon-

Burgos, 2000

Bacteroidetes Flavobacteriia | Flavobacterialey Weeksellaceae | Cloacibacterium atenolol, Amorim et al., 2013;
collective Allen et al., 2006
Proteobacteria| Betaproteobacterii Burkholderiales| Comamonadaceal Acidovorax atenolol, Martinkova and Kien,
venlafaxine 2010
Bacteroidetes Flavobacteriia | Flavobacterialey Weeksellaceae | Chryseobacteriun| atenolol, Helbling et al., 2015;
venlafaxine Jobanputra et al.
2011; Takenaka et al
2013
Bacteroidetes Flavobacteriia | Flavobacteriale§ Flavobacteriacea( Flavobacterium atenolol, Crawford and Mohn,
venlafaxine, 1985; Tweel eth,
collective 1988
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